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Referat

Herzmuskelzellen von Sédugetieren verlieren in der Perinatalzeit die Fahrigkeit zu
Proliferation und Zellteilung. In der Vergangenheit konnte gezeigt werden, dass bei der
Aufrechterhaltung dieser kardiomyozytiren Zellzyklus-Blockade p53 eine wichtige
Rolle spielt. p53 stellt jedoch einen typischen Tumor-Suppressor dar, so dass die p53-
Hemmung mit dem Risiko der Tumor-Induktion verbunden ist. p73 stellt ein Mitglied
der p53-Familie dar, das in struktureller und funktioneller Hinsicht pS3 sehr dhnlich ist.
Im Gegensatz zu p53 stellt p73 keinen typischen Tumor-Suppressor dar. Es konnte
gezeigt werden, dass die Expression einer dominant-negativen Isoform von p73

(p73DD) die p53/p73—-Signalkaskade inhibiert.

Im Rahmen der hier vorgestellten Untersuchung wurde untersucht, inwiefern die
Expression von p73DD den Wiedereintritt von Kardiomyozyten in den Zellzyklus
ermoglicht. Zur Expression von p73DD wurden rekombinante Adenoviren konstruiert.
Mittels der viralen Vektoren wurde p73DD in neonatalen Herzen von Maéusen
exprimiert. Die Expression von p73DD resultierte bei den Tieren nach 3 und 14 Tagen
in einem signifikanten Anstieg der relativen Herzgewichte. p73DD fiihrte zur
vermehrten Proliferation von Kardiomyozyten (BrdU-Inkorporation, Phosphorylierung
von Histon3, Expression von AuroraB). Die Proliferation war nicht von vermehrten
Kardiomyozyten-Apoptosen  begleitet. ~ Als  molekularer = Mechanismus  der
Proliferationssteigung ldsst sich die Hemmung des p53-abhidngig CDK-Inhibitors
p21WAF bei gleichzeitiger Induktion von D-Cyclinen, Cyclin A, B2 und E nachweisen.
Des Weiteren =zeigte sich, dass p73DD auch zur Proliferation von adulten

Kardimyozyten fiihrt.

p73DD konnte somit einen viel versprechenden Kandidaten zur Stimulation der

Proliferation von Kardiomyozyten im Rahmen regenerativer Therapieansitze darstellen.

Zhang, Ying: Directed expression of dominant-negative p73 in mouse hearts. Halle
(Saale), Univ., Med. Fak,, Diss., 66 Seiten, 2011
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Abstract

Mammalian cardiomyocytes lose their ability to proliferate shortly after birth. Previous
studies have demonstrated that p53 plays an important role in maintaining cell cycle
arrest of cardiomyocytes, which might account for the inability of human hearts to
regenerate after injury, e.g. myocardial infarction. Thus, inhibition of p53 might be a
promising strategy to reactivate cell cycle progression in cardiomyocytes although such
a concept is limited by the fact that p53 is a well-known tumor suppressor. N-terminal
truncated isoforms of the p53-related protein p73 function as antagonists against p53

and p73 during normal development without induction of tumor.

Recombinant adenovirus encoding dominant-interfering p73 (Ad-p73DD) were
generated to inhibit p53/p73 signaling in mouse hearts at different stages. The
expression of p73DD led to the increase of the relative heart weights after 3 days and 14
days which was accompanied by a significant increase of proliferating cardiomyocytes
(BrdU-incorporation, phosphorylation of histone3, expression of AuroraB) without
induction of apoptosis. Progression of cardiomyocyte cell cycle went along with a
significant downregulation of the p53-dependent CDK-inhibitor p21WAF both on
mRNA and protein level. Furthermore, mRNA and protein expression of D-type cyclins
and cyclin A, B2 and E were increased after Ad-p73DD injection. The cell cycle reentry
of cardiomyocytes was not restricted to neonatal hearts, but was also found in adult

hearts 5 days after intramyocardial injection of Ad-p73DD.

Thus, expression of dominant-negative p73 might be utilized to stimulate proliferation

of cardiomyocytes to improve cardiac regeneration.
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1 INTRODUCTION

1.1 Cardiomyocyte cell cycle

1.1.1 Mammalian cell cycle

The most basic function of the cell cycle is to duplicate accurately the vast amount of
DNA in the chromosomes and then segregate the copies precisely into two genetically
identical daughter cells [1]. These processes define the two major phases of the cell
cycle. Chromosome duplication occurs during S phase (S for DNA synthesis), which
requires 10-12 hours and occupies about half of the cell-cycle time in a typical
mammalian cell [2]. After S-phase, chromosome segregation and cell division occur in
M phase (M for mitosis), which requires much less time. M phase comprises two major
events: nuclear division, or mitosis, during which the copied chromosomes are
distributed into a pair of daughter nuclei; and cytoplasmic division, or cytokinesis, when

the cell itself divides in two [3].
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Figure 1: The mammalian cell cycle [4]. The cell-division cycle is usually divided into four
distinct phases and the cell-cycle progression is controlled by the sequential activation of the
cyclin-dependent kinases. CDK: cyclin-dependent kinase, CDI: CDK inhibitor, G1: gapl, S
phase: DNA synthesis phase, G2: gap2, M phase: mitosis.

At the end of S phase, the DNA molecules in each pair of duplicated chromosomes are

intertwined and held tightly together by specialized protein linkages. Early in mitosis at



a stage called prophase, the two DNA molecules are gradually disentangled and
condensed into pairs of rigid and compact rods called sister chromatids, which remain
linked together by sister-chromatid cohesion. When the nuclear envelope disassembles
later in mitosis, the sister chromatid pairs become attached to the mitotic spindle, a giant
bipolar array of microtubules. Sister chromatids are attached to opposite poles of the
spindle, and, eventually, all sisters align at the spindle equator in a stage called
metaphase. The destruction of sister-chromatid cohesion at the start of anaphase
separated the sister chromatids, which are pulled to opposite poles of the spindle. The
spindle is then disassembled, and the segregated chromosomes are packaged into
separate nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each
daughter cell inherits one of the two nuclei [3].

Partly to allow more time for growth, most cell cycles have extra gap phases — a Gl
phase between M phase and S phase and a G2 phase between S phase and mitosis.
Thus, the eukaryotic cell cycle is traditionally divided into four sequential phases: G1,
S, G2, and M. G1, S, and G2 together are called interphase [2].

The two gap phases also provide time for the cell to monitor the internal and external
environment to ensure that conditions are suitable and preparations are complete before
the cell commits itself to the major upheavals of S phase and mitosis. If extracellular
conditions are favourable and signals to grow and divide are present, cells in early G1
or GO progress through a commitment point near the end of G1 known as the restriction
point [5]. After passing this point, cells are committed to DNA replication, even if the
extracellular signals that stimulate cell growth and division are removed.

In most eukaryotic cells, the cell-cycle control system triggers cell-cycle progression at
three major regulatory transitions, or checkpoints [6]. The first checkpoint is Start in
late G1, where the cell commits to cell-cycle entry and chromosome duplication. The
second is the G2/M checkpoint, where the control system triggers the early mitotic
events that lead to chromosome alignment on the spindle in metaphase. The third is the
metaphase-to-anaphase transition, where the control system stimulates sister-chromatid
separation, leading to the completion of mitosis and cytokinesis. The control system
blocks progression through each of these checkpoints of it detects problems inside or
outside the cell [5].

Central components of the cell-cycle control system are members of a family of protein
kinases known as cyclin-dependent kinases (CDKs) [7]. The activities of these kinases

rise and fall as the cell progresses through the cycle, leading to cyclical changes in the



phosphorylation of intracellular proteins that initiate or regulate the major events of the
cell cycle.

Cyclical changes in CDK activity are controlled by a complex array of enzymes and
other proteins that regulate these kinases [8]. The most important of these CDK
regulators are proteins know as cyclins. CDKs, as their name implies, are dependent on
cyclins for their activity: unless they are tightly bound to a cyclin, they have nearly no
protein kinase activity [9]. Cyclins were originally named because they undergo a cycle
of synthesis and degradation in each cell cycle. Cyclinal changes in cyclin protein levels
results in the cyclic assembly and activation of the cyclin-CDK complexes, this
activation in turn triggers cell-cycle events. The initial commitment to a new round of
cell division requires transit through restriction point (G1 to S), regulated by CDK4/6
and the D-type cyclins [10]. CDK4/cyclin D-mediated phosphorylation of members of
the Rb protein family disrupts Rb-E2F binding, thereby permitting E2F-mediated
transcription of genes involved in regulating DNA synthesis [11]. After the restriction
point, the CDK/cyclin D activity is no longer required for the cell cycle progression.
Cyclin E activates CDK2 during the G1/S phase transition [12]. Cyclin A binds to
CDK2 during S-phase or to CDC2 in the G2/M phase transition [12]. The cyclin
B/CDC2 complex also functions during the G2/M phase transition [7].

The activity of CDK complexes is also negatively regulated by the CDK-inhibitory
subunits — CKIs. In mammalian cells, two classes of CKIs, the Cip/Kip and the Ink4
families, provide a tissue-specific mechanism by which cell cycle progression can be
restrained in response to extracellular and intracellular signals [13]. The Cip/Kip family
includes p21 [14], p27 [15] and p57 [16] and predominantly inhibits the CDKs of the
G1/S-phase transition. The members of INK4 family, comprising p15 [17], p16 [18],
pl8 [19] and p19 [20], block the progression of the cell cycle by binding to either
CDK4 or CDK6 and inhibiting the action of cyclin D.

1.1.2 Cardiomyocyte cell cycle activity

In the adult myocardium, it is generally accepted that the wvast majority of
cardiomyocytes do not proliferate [21]. This view is supported partially by clinical
observations that functionally significant myocardial regeneration has not been
documented in diseases and/or injuries that result in cardiomyocyte loss. Furthermore,

primary myocardial tumours are rarely noted in adults. Although some findings suggest



that adult cardiomyocytes retain the proliferative capacity, there is considerable debate
regarding the frequency at which cardiomyocyte proliferation occurs and if re-initiation
of DNA synthesis necessarily leads to cell division [22, 23].

Previous studies demonstrated that in mice there are two temporally distinct phases of
cardiomyocyte DNA synthesis. The first phase of DNA synthesis occurs in fetal life and
is associated exclusively with cardiomyocyte proliferation [24]. An exceedingly high
level of DNA synthesis (around 70 %) is seen in the precardiac mesoderm of the
myoepicardial plate in E§ mouse embryos. The onset of cardiomyogenic differentiation
is accompanied by transient reduction in the DNA synthesis that recovers to
approximately 45 % by EIll1 during mouse ontology and the overall rate of
cardiomyocyte proliferation gradually declines during later stages of embryogenesis
[21]. The second phase occurs in immediate postnatal life. Shortly after birth, there is a
transition from hyperplastic to hypertrophic myocardial growth. At the morphological
level, this transition is characterized by a marked increase in myofibril density, the
appearance of mature intercalated discs, and the formation of binucleated
cardiomyocytes [25]. Numerous studies have demonstrated a gradual decrease in DNA
synthesis that is coincident with the appearance of binucleated cardiomyocytes, leading
to the suggestion that binucleation results from a round of genomic duplication and
karyokinesis in the absence of cytokinesis [26, 27].

Many regulatory molecules that control the mammalian cell cycle have recently been
identified. In general, positive cell cycle regulators (such as, cyclins, cyclin-dependent
kinases [CDKs], and protooncogenes) are highly expressed in the embryonic hearts
where the cell cycle activity of cardiomyocytes is relatively high [21]. Most of these
positive cell cycle regulators are down regulated in the adult heart. In general,
expression patterns of negative cell cycle regulators genes (such as CDK inhibitors) are
frequently increased in adult hearts, where cardiomyocyte cell cycle activity is largely
absent. However, there are some reports showing that at least under certain pathological

conditions some cardiomyocytes re-enter the cell cycle [27].

1.1.3 p53 and cell cycle control

p53 is a short-lived transcription factor that has been most extensively studied in its
capacity to mediate innate tumour suppression [28]. In addition, there is evidence that
p53 can play a part in determining which response is induced through differential

activation of target-gene expression. p53 controls the mammalian cell cycle checkpoint



in response to the DNA damage through activation of the p21 gene, which directly
inhibits the activity of CDKs needed for entry into S phase. In accordance, p21
knockout mice exhibit a partial failure to arrest at G1 [29]. Inactivation of p53 (e.g., by
SV40 large T-antigen) may extend the life of cells that are of late passage, thereby
implicating a role of p53 in cellular senescence. Cells from p53-null mice are able to
escape cellular senescence and produce aneuploid immortalized cell lines [30].

In mammalian hearts, p53 is also known to be involved in the regulation of the
cardiomyocytes’ cell cycle. Induction of cell cycle activity in transgenic animals was
achieved by the expression of SV40 large T-antigen oncoprotein [31]. It was believed
that the cardiomyocytes proliferation in part might have been resulted from T-antigen
binding to endogenous cell cycle regulator proteins. Later three predominant
cardiomyocyte T-antigen binding proteins, p53, p107 and p193 were identified. Some
other studies further support a central role for p53 in DNA tumour virus oncoprotein-
induced cardiomyocyte proliferation. The antagonization of pl193 and p53 activity
relaxes cell cycle checkpoints that would otherwise prevent reactivation of
cardiomyocyte DNA synthesis after injury [32]. The blockade of p53 activity enables
border zone cardiomyocytes to re-enter the cell cycle after myocardial infarction, which

suggests that p53 induction engages a cardiomyocyte cell cycle checkpoint [32].

1.2 Programmed cell death

1.2.1 Cell death — basic concept

Cells can activate an intracellular death program and kill themselves in a controlled way
— a process called programmed cell death or apoptosis. In this way, animal cells that are
irreversibly damaged, no longer needed, or are a threat to the organism can be
eliminated quickly and neatly. During this process the cells shrink, condense, and
frequently fragment, and neighbouring cells or macrophages rapidly phagocytose the
cells or fragments before there is any leakage of cytoplasmic contents.

Necrosis is a general term describing another mode of cell death that differs from
apoptosis, in which the cells suffer a major insult, resulting in a loss of membrane
integrity, swelling and disrupture of the cells [33]. However, dead cells are so severely
degraded at the final stage that it cannot be morphologically determined whether they
died via apoptosis or necrosis. To address this issue, an old term — “oncosis” — was

proposed to substitute “necrosis” in cells dying via a process involving cellular swelling



or dropsy [34]. Necrosis, was then proposed to refer to the final stage of either apoptosis
Or ONcosis.

Autophagic cell death is another form of programmed cell death that was thought to be
a physiological process for eliminating unnecessary cells [35]. In contrast to apoptosis,
autophagic cell death is caspase-independent, and vacuolar degeneration is its most

characteristic feature.

1.2.2 Apoptosis pathways

Apoptosis is an energy dependent process that is tightly regulated and at the same time
it is a highly efficient cell death program that requires the interplay of a multitude of
factors. The components of the apoptotic signaling network are genetically encoded and
are considered to be usually in place in a nucleated cell ready to be activated by a death-
inducing stimulus [34].

Cells use at least two distinct pathways to activate initiator procaspases and trigger a
caspase cascade leading to apoptosis: the intrinsic pathway is activated by intracellular
signals generated when cells are stressed; the extrinsic pathway is activated by
extracellular ligands binding to cell-surface death receptors [36]. Each pathway uses its
own initiator procaspases, which are activated in distinct activation complexes, called
the DISC and the apoptosome, respectively [37].

The intracellular machinery responsible for apoptosis depends on a family of proteases
that have a cysteine at their active site and cleave their target proteins at specific
aspartic acids. They are therefore called caspases (¢ for cysteine and asp for aspartic
acid). Caspases are synthesized in the cell as inactive precursors, or procaspases, which
are typically activated by proteolytic cleavage. Procaspase cleavage occurs at one or
two specific aspartic acids and is catalyzed by other caspases; the procaspase is split
into a large and a small subunit that form a heterodimer, and two such dimmers
assemble to form the active tetramer. Once activated, caspases cleave, and thereby
activate, other procaspases, resulting in an amplifying proteolytic cascade [38].
Excellular signal proteins binding to cell-surface death receptors trigger the extrinsic
pathway of apoptosis. Death receptors are transmembrane proteins containing an
extracellular ligand-binding domain, a single transmembrane domain, and an
intracellular death domain, which is required for the receptors to activate the apoptotic
program. The receptors are homotrimers and belong to the tumour necrosis factor

(TNF) receptor family, which includes a receptor for TNF itself and the Fas death



receptor. The ligands that activate the death receptors are also homotrimers; they are
structurally related to one another and belong to the TNF family of signal proteins [39].

A well-understood example of how death receptors trigger the extrinsic pathway of
apoptosis is the activation of Fas on the surface of a target cell by Fas ligand on the
surface of a killer (cytotoxic) lymphocyte [40]. When activated by the binding of Fas
ligand, the death domains on the cytosolic tails of the Fas death receptors recruit
intracellur adaptor proteins, which in turn recruit initiator procaspases (procaspase-8,
procaspase-10), forming a death-inducing signaling complex (DISC) [41]. Once
activated in the DISC, the initiator caspases activate downstream executioner

procaspases to induce apoptosis.

1.2.3 Apoptotic activities of p53

One of the most dramatic responses to p53 is the induction of apoptosis [42]. Although
pS3 has been implicated in both intrinsic and extrinsic pathways, it predominantly
seems to influence the intrinsic pathway [43]. The intrinsic pathway leads to a
perturbation of mitochondrial membrane potential, and so the release of apoptogenic
factors from the mitochondrial intermembrane space in to the cytoplasm [43]. A family
of proteins with structurally conserved domains, known as the Bcl-2 homology (BH)
domains, have a central role in the intrinsic apoptotic pathway [44]. Two of these BH-
domain proteins, Bax and Bak, function to promote apoptosis by regulating
mitochondrial membrane potential. Anti-apoptotic BH-2 proteins, such as Bcl-2 and
Bcl-xL, negatively regulate Bax and Bak, whereas a further group of these proteins, the
Bcl-2 homology domain-3 (BH3)-only proteins, control these survival proteins. One of
the key contributions of p53 to apoptosis is the induction of the expression of genes that
encode apoptotic proteins, functioning in both extrinsic and intrinsic pathways [42].
Many potential apoptotic target genes of p5S3 have been described, including those that
encode the BH3-domain proteins NOXA and PUMA. Deletion of many of the described
apoptotic targets of p53 has little effect on the sensitivity of the cell to stress-induced
apoptosis, probably reflecting the multitude of the other apoptotic signals that can be
induced by p53 [45]. The dramatic effect that loss of PUMA has on the sensitivity of
several different cell types to p53-induced cell death is therefore particularly telling,
indicating that PUMA is a crucial mediator of apoptosis in response to p53 [46].
Interestingly, PUMA has been proposed to function to release cytoplasmic p53 from



inhibitory interactions with anti-apoptotic BH3-domain proteins, allowing p53 to

function in a transcriptionally independent manner as a BH3-only protein [46].

1.3 p73

The p53 protein was discovered in 1979 through its physical interactions with
transmorming proteins of DNA tumour viruses [47]. p53 has evolved, since that time,
from a potential oncogene to the principle tumour suppressor in mammals: its
inactivation is a precondition to most human cancers [48]. Further confirmation of the
role of p53 in tumour suppression has come from animal studies that show increased

tumourigenesis in p53-null mice [49, 50].
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Figure 2: Gene structure of TP73, TP53 and p73DD (modified) [51]. The TP73 contains two
separate promoters give rise to the transactivating (TA) and AN classes of product. Alternative
splicing at the carboxyl terminus yields further p73 isoforms (e.g., a, b, g). Sequence identity
and domain homology to the tumour suppressor TP53 are indicated. p73 mutant (p73DD),
encompassing C-terminal portions of p73 (amino acid 327-636), was constructed and exerted

dominant-negative effects [52].



p73, a p53-related gene, was identified in 1997 [53]. The p53 and p73 proteins share
significant homology both at the genomic and the protein level (Fig. 2). Each of these
proteins contains the acidic amino terminal transactivation domain (TAD), the central
core specific DNA-binding domain (DBD) and the carboxy-terminal oligomerization
domain (OD). Unlike p53 protein, p73 contains long C-termini. The highest level of
homology is observed in the DBD (65 % identity between p53 and p73), which suggests
that the two proteins can bind to the same DNA sequence and are responsible for
transactivation from the same set of promoters [51], causing cell cycle arrest or
apoptosis. In addition, p73 shows 25 % identity with the TAD and 35 % identity with
OD. Different splicing of the p73 gene is responsible for formation of seven C-terminal
p73-isoforms and four N-terminal isoforms. The TP73 gene is alternatively transcribed
from two different promoters: P1 in the 5 UTR upstream of a noncoding exon 1, and
P2 located within the 23 kb spanning intron 3. P1 and P2 promoters give rise to two
different proteins: i) TA-p73 with transactivation domain (TA) and ii) AN-p73 that
lacks the TA domain [51].

Despite the similarities between p53 and p73 activity, it has become evident that they
are not functionally redundant. Unlike p53, p73 is not considered as a typical tumour
suppressor as it is usually not found mutated in malignancies and mice lacking p73 do
not show signs of increased tumour formation [54, 55]. Genetic manipulated mice,
which were functionally deficient for all p73 isoforms, exhibited profound
developmental defects, including hippocampal dysgenesis, hydrocephalus, chronic
infections and inflammation, as well as abnormalities in pheromone sensory pathways
[56].

The TAp73 isoforms are able to bind specifically to DNA through p53 response
element (RE) and activate transcription of target genes which are responsible for
inducing cell cycle arrest and apoptosis [57], however, studies also indicate that p73
proteins can bind DNA through response element slightly different to pS3RE [58]. In
addition, ANp73 isoforms were also shown to directly activate specific gene targets not
induced by TA isoforms [59].

Previous studies clearly demonstrated that the AN isoforms of p73 protein can exert
dominant-negative effects over p53 and p73 activities by either competing for DNA
binding sites or by direct protein interaction [60, 61] [62]. For instance, The ANp73
isoforms are highly expressed in the developing mouse brain [63] to counteract p53-

mediated neuronal death. The removal of the nerve growth factor leads to both an
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induction of p53-mediated cell death and a decrease of ANp73. The importance of
ANp73 in this system is demonstrated by the fact that increasing ANp73 levels alone
rescue the sympathetic neurones from death [63].

In another study, the authors constructed a mutant p73 protein (p73DD(wt))
encompassing C-terminal portions of p73alpha (amino acid 327-636) (Fig. 2), which
exerted the dominant-negative effects over p73 and blocked p73-dependent
transcriptional activation and apoptosis [52]. These effects were specific as they were
not observed using a p73DD mutant which harbours a point mutation (L371P) leading
to the loss of the dominant-negative properties (p73DD(mut)).

1.4 Cardiac hypertrophy

1.4.1 Physiological and pathological hypertrophy

Physiological cardiac growth is a feature of normal postnatal development in which an
increase in cardiac muscle cell diameter is observed as infants mature to adults.

Insulin or IGF-1 has been proposed to regulate developmental and physiological growth
of the heart [64]. Ligand binding to the IGF-1 receptor activates PI3K of the IA group
(PI3Ka). PI3Ka is a heterodimer that consists of a p85 regulatory subunit and a p110
catalytic subunit. PI3K activation results in the sarcolemmal recruitment of the kinases
AKT/PKB and phosphoinositide-dependent kinase-1 (PDK-1) through their pleckstrin-
homology domains. When PDK-1 and AKT/PKB are brought into close proximity,
PKD-1 phosphorylates and thereby activates AKT/PKB [65]. Of the three AKT genes,
only AKT1 and AKT2 are highly expressed in the heart [66, 67]. AKT1 knockout
(AKT1-/-) mice have a 20 % reduction in body size, with a concomitant reduction in
heart size [66]. More recently, AKTI1-/- mice were also shown to be defective in
exercise-induced cardiac hypertrophy [66]. These findings indicated that AKT/PKB
signaling is indeed important for the physiological growth of the heart. GSK3f, which
is normally active but becomes inhibited by AKT/PKB-mediated phosphorylation, is an
important downstream target of AKT/PKB in the heart [68]. Active GSK3f negatively
regulates hypertrophic transcriptional effectors, such as p-catenin. P-catenin is a
cytoplasmic structural protein that can translocate to the nucleus and induce gene
expression through binding to transcription factors. The overexpression of active
GSK3p in the heart blunted hypertrophy in response to pressure overload, or [3-

adrenergic stimulation, respectively [68].
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In contrast, pathological hypertrophy which regularly occurs in patients with
hypertension or valvular heart disease, shows a number of molecular distinctions from
physiological hypertrophy. For example, pathological cardiac hypertrophy is typically
associated with interstitial fibrosis, activation of a fetal gene program, and myocyte
apoptosis [69], whereas physiological heart growth does not display these features.
Cardiac myocytes are normally surrounded by a fine network of collagen fibers. In
response to pathological stress (for instance after MI), cardiac fibroblasts secrete
extracellular matrix proteins disproportionately and excessively. Myocardial fibrosis, a
characteristic of many forms of cardiac pathology, leads to mechanical stiffness of the
myocardium, which contributes to contractile dysfunction [70].

As mentioned above, another hallmark of pathological hypertrophy is the reactivation of
a set of fetal cardiac genes, including those encoding atrial natriuretic peptide, B-type
natriuretic peptide, and fetal isoforms of contractile proteins, such as skeletal a-actin
and p-myosin heavy chain (B-MHC) [71]. These genes are typically repressed
postnatally and replaced by the expression of a set of adult cardiac genes. The
consequences of fetal gene expression on cardiac function and remodeling are not
completely understood, but the upregulation of B-MHC, a slow ATPase, and
downregulation of a-MHC, a fast contracting ATPase, in response to stress has been
implicated in the diminution of cardiac function. Relatively minor changes in the ratio
of a- to B-MHC have been shown to have profound effects on cardiac contractility in

humans and rodents [72].

1.4.2 Chromatin remodelling and hypertrophy

Genomic DNA within the nuclei of eukaryotic cells is highly compacted with histone
and nonhistone proteins in a dynamic polymer called chromatin. The basic unit of
chromatin is the nucleosome, which comprises 146 base pairs of DNA wrapped around
a histone octamer that consists of 2 copies each of histones H2A, H2B, H3, and H4.
Histones control gene expression by modulating the structure of chromatin and the
accessibility of regulatory DNA sequences to transcriptional activators and repressors
[73]. Posttranslational modifications of histones have been proposed to establish a
“code” that determines patterns of cellular gene expression [74]. Acetylation of histones
by histone acetyltransferases (HAT) stimulates gene expression by relaxing chromatin

structure, allowing access of transcription factors to DNA, whereas deacetylation of
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histones by histone deacetylases (HDAC) promotes chromatin condensation and
transcriptional repression [75].

The most extensively studied HATs in muscle are p300 and the closely related
coactivator, CREB-binding protein (CBP), which play critical roles in physiological and
pathological growth of cardiac myocytes [76]. The importance of p300 in normal
cardiac transcription is illustrated by the phenotype of p300 knockout mice, which die
between days 9 and 11.5 of gestation and show reduced expression of muscle structural
proteins such as f-MHC and a-actinin [77].

There are currently 18 known human HDACs, which fall into 3 classes based on their
homology with 3 distinct yeast HDACs. Among them, class II HDACs have been
shown to repress growth of myocytes [78]. In vivo, hypertrophy that is induced by
activated calcineurin or pressure overload was associated with enhanced serine
phosphorylation of HDACS5 and HDAC9, which suggested that chromatin-regulation
could influence the hypertrophic response. HDACS5- and HDAC9-knockout mice each
showed spontaneous cardiac hypertrophy with age and enhanced hypertrophy in

response to pathological stimuli [79].

1.5 Adenoviral expression vectors

A variety of viruses have been used for gene expression in mammalian cells, taking
advantage of their ability to efficiently introduce foreign genes. Amongst the viral
vectors, adenoviral vectors have been of interest because they infect a wide spectrum of
mammalian cells and are capable of incorporating large DNA inserts [80].
Adenoviruses have been used to express recombinant proteins in cell lines and tissues
that are otherwise difficult to transfect with high efficiency. The adenovirus vectors are
capable of high efficiency in vivo gene transfer [81].

In cardiac cells it has been demonstrated that intrathoracic injection of an adenovirus
encoding a reporter gene leads to infection rates of 71 + 8% for more than 50 days [82].
This makes adenovirus-mediated gene transfer a powerful tool to introduce desired

genes in cardiomyocytes.
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2 AIM OF THE WORK

Previous studies have demonstrated that in a transgenic model, inhibition of p53 leads
to the proliferation of cardiomyocytes after myocardial infarction [32]. However, it
seems difficult to separate the induction of cardiac regeneration by inactivation of the
pS3 gene from the increased incidence of cancer, as p53 is known to be an important
tumour suppressor in mammals [49]. Manipulation of the p53-related p73 gene might
offer a solution to this dilemma. Unlike p53, p73 is not a classical tumour suppressor
since mutations of p73 are not typically found in malignancies and deletion of p73 does
not lead to an increased tumour incidence in mice [55, 56]. Furthermore, several
truncated forms of p73 are expressed under physiological conditions in various tissues
such as the brain, which interfere in a dominant-negative manner with p73 and p53 [83].
Obviously, expression of truncated forms of p73 does not completely abrogate all
functions of p53, since the appearance of these dominant-negative forms of p73 does
not coincide with tumour formation [56].

Inspired by these findings, the aim of the presented experiments was to assess the
potency of the truncated isoform p73DD to release the cell cycle arrest of
cardiomyocytes thereby avoiding the potential pitfalls that are associated with a direct
inactivation of the tumour-suppressor gene p53. The initial task of the study was to
confirm the expression and function of adenoviral expression vectors Ad-p73DD(wt)
and Ad-p73DD(mut). The second part of the work was aimed at analyzing the effects of
the directed expression of p73DD in hearts of neonatal adult mice with regard to cell

cycle progression and apoptosis.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Mice

aMHC-nlsLacZ transgenic mice were kindly provided by Dr. L. J. Field (Indianapolis,
USA). In these mice, the a-myosin heavy chain (MHC) promoter ensures the targeted
expression of a nuclear localized (-galactosidase in cardiomyocytes [22]. Therefore,
cardiomyocyte nuclei in mice carrying the aMHC-nlsLacZ reporter transgene can be
easily identified by LacZ expression (X-Gal staining or anti-LacZ immunoassay). The
transgenic mice were maintained by repeated breeding with wildtype ICR mice and
were identified by PCR-genotyping. All animal studies were approved by local

regulatory authorities.

3.1.2 Adenoviral expression constructs

Adenoviral constructs expression N-terminal truncated mutants of human p73 were
kindly provided by Dr. Henning Ebelt (Martin-Luther-University, Halle, Germany).
Plasmids encoding truncated mutants of human p73 linked to an N-terminal T7-tag
(p73DD) [52] were kindly provided by Dr. M. Irwin (Harvard Medical School, Boston,
Massachusetts, USA). The linkage to the T7-tag fusion protein allows the expression of
the p73DD proteins to be monitored using an anti-T7 immunoassay. Both the wildtype
p73DD (p73DD(wt)) and a mutant p73DD which harbours a point mutation (L371P)
leading to the loss of the dominant-negative properties (p73DD(mut)) were first cloned
into the EcoRI-Site of pIRES2-EGFP (BD Clontech). The internal ribosomal entry site
(IRES) directs translation of the enhanced green fluorescence protein, which allows the
confirmation of the gene expression under fluorescence microscopy. Then the cassette
containing p73DD-IRES-EGFP was excised and further cloned into pShuttle-CMV
(Xhol/Xbal) of the AdEasy system for generation of recombinant adenoviruses as
described [82]. Adenoviral vectors were amplified on monolayers of HEK293 cells in

DMEM 2.5% FCS until complete cytopathic effect was observed, and viral titers were



15

determined by
L371P
m— CMV  T7 p73DD

IRES/

plaque-assay.

| o

Figure 3: A partial overview of adenoviral construct of p73DD. N-terminal truncated

mutants of human p73 linked to an N-terminal T7-tag were driven by the human

cytomegalovirus (CMV) promoter, and followed by the internal ribosomal entry site (IRES),

which directs translation of an enhanced green fluorescence protein (EGFP).

3.1.3 Chemicals

Chemical

Acetic acid

Aceton

Agarose, for Molecular Biology

Albumin, Bovine Serum (BSA)

Ammonium Persulfate
5-Bromo-4-chloro-3-indolyl-B-D-galactoside
5-Bromo-2’-deoxyuridine

Calcium Chloride

Chlorophenol red-B-D-galactopyranoside (CPRQG)
Chloroform

3,3’-Diaminobenzidine Tablets (DAB)

Diethyl pyro-carbonate (DEPC)
Dimethylsulfoxid (DMSO)

Dithiothreitol (DTT)

DNA Ladder (GeneRuler™ 100 bp DNA Ladder)
Entellan

Ethanol

Ethdium Bromide

Manufacturer
Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth
AppliChem
Sigma-Aldrich
Merck
Sigma-Aldrich
Carl Roth
Sigma-Aldrich
AppliChem
Merck

Carl Roth
Fermentas
Merck

Carl Roth

AppliChem



16

Ethylenediaminetetraacetic acid (EDTA)
Glycerol

Hemotoxyelin (Solution, Gill No.3)

Hydrogen chloride

Hydrogen Peroxide (30 %)

Magnesium Chloride

b-Mercaptoethanol

Methanol

Mowiol

Na-desoxycholat

Nonidet P-40

PageRuler™ Prestained Protein Ladder
Paraformaldehyde

Potassium hexacyano-ferrate (I1I) (K3Fe(CN)6)
Potassium hexacyano-ferrate (1), trihydrate (K4Fe(CN)6 3H20)
Potassium di-hydrogen phosphate

Sodium Chloride

Sodium dodecyl sulfate (SDS)

Sodium Hydroxide

di-Sodium hydrogen phosphate

Sodium di-hydrogen phosphate

Sucrose

POLYFREEZE™

2-Propanol

Tetramethylethylendiamin (TEMED)

Tris (base)

Triton X-100

VECTABOND™ Reagent

X-Gal (5-Bromo-4-chloro-3-indolyl-b-D-galactoside)

Xylene

Carl Roth

Carl Roth
Sigma-Aldrich
Carl Roth

Carl Roth
Merck

Carl Roth

Carl Roth
Calbiochem
Sigma-Aldrich
Sigma-Aldrich
Fermentas
Merck
Sigma-Aldrich
Sigma-Aldrich
Carl Roth

Carl Roth

Carl Roth

Carl Roth
Merck

Merck
Sigma-Aldrich
Polysciences
Carl Roth

Carl Roth

Carl Roth

Carl Roth
Vector Laboratories
Carl Roth

Carl Roth



3.1.4 Buffers and solutions

Genotyping
Proteinase K buffer
Tris-EDTA buffer (TE)

DNA Electrophoresis

50x TAE buffer
(Tris/boric acid/EDTA buffer)

10 x DNA loading buffer

B-Gal assay

Z-buffer

CPRG buffer
Immunohistological staning

10 x PBS (phosphate-buffered saline)

4% Paraformaldehyde (PFA)

X-QGal stock solution

X-Gal phosphate buffer

X-Gal wash solution

X-Gal staining solution
Blocking solution
Permeabilization solution
ABC solution

DAB solution

PBS-T

SDS-PAGE
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100 mM Tris-HCI, 5 mM EDTA, 0.2 % SDS, 200
mM NaCl in dH,0, pH 8.0

10 mM Tris-HCI (pH 7.5), 1 mM EDTA (pH 8.0)

2 M Tris-acetate, 50 mM EDTA in dH,O

100 mM EDTA, 20 % Ficoll 400, 1 % SDS, 0.25
% Bromphenol blue and 0.25 % Xylencyanol, pH
7.5

0.06 M Na,HPO4, 0.04 M NaH,PO4, 0.01 M
KCI, I mM B-mercaptoethanol in dH,O

50 mM CPRG stock solution 1:7 diluted in Z-
buffer

1.37 M NacCl, 27 mM KCI, 80 mM Na,HPO, and
18 mM KH,PO, in dH,0, pH 7.4

4 % Paraformaldehyde in PBS, stirred and heated
to 60-65 °C till the solution became clear, pH
adjust to 7.2. Aliquots were stored at -20 °C

40 mg/ml X-Gal in DMSO, stored in dark at -20
°C

840 ml 0.2 M Na,HPO,, 160 ml 0.2 M NaH,PO,
in dH,O

2 ml 1 M magesium chloride, 10 ml 1 % sodium
desoxycholate, 10 ml 2 % NP-40 in X-Gal
phosphate buffer

5 mM KsFe(CN)g, 5 mM KyFe(CN)s, 5 mM
MgCl,, and 1 mg/ml X-Gal in PBS

1 % BSA, 3 % horse serum in PBS

0.1 % Triton X-100 in PBS

40 pl solution A and 40 pl solution B in 10 ml
PBS, prepared 30 min before application.

0.67 mg/ml diaminobenzidine in 0.03% H,O, /
PBS.

0.05 % (v/v) Tween-20 in PBS.



Ammonium persulfate stock solution

4x SDS gel loading buffer
Tris-glycin electrophoresis buffer
1 x Blotting buffer

10 x TBS-T buffer

Blocking solution

RNA

DEPC (Diethylpyrocarbonat) H,O

3.1.5 Antibodies

Primary Antibodies

Anti-Bromodeoxyuridine, mouse monoclonal
Anti-phospho-Histone H3, rabbit polyclonal

Anti-ACTIVE® Caspase-3, rabbit polyclonal

Anti-AuroraB, rabbit polyclonal
Anti-T7, mouse monoclonal
Anti-p73, rabbit monoclonal
Anti-p53, mouse monoclonal
Anti-Cyclin A, rabbit polyclonal
Anti-Cyclin B2, rabbit polyclonal
Anti-Cyclin D1, mouse monoclonal
Anti-Cyclin D2, rabbit polyclonal
Anti-Cyclin D3, mouse monoclonal
Anti-Cyclin E, rabbit polyclonal
Anti-p15INK, rabbit polyclonal
Anti-p21 WAF, mouse monoclonal

Anti-p27, rabbit polyclonal

18

10 % (w/v) ammonium persulfate in dH,O and
stored at -20 °C

50 mM Tris, 5 % (w/v) SDS, 10% 2-
mercaptoethanol and 10 % (v/v) glycerol

23 mM Tris base, 190 mM glycine and 0.2 %
SDS in dH,O, pH 8.3.

14.4 g glycine, 3.03 g Tris, 200 ml methanol in
dH,O, pH 8.3.

80 g NaCl, 2 g KCI, 30.3 g Tris base in dH,0, pH
7.5.

5 % dried milk powder dissolved in TBS-T.

0.1 % (v/v) DEPC in dH,O, autoclaved and
aliquots.

Dako (M0744)
Upstate (06-570)
Promega (G7481)
Abcam (ab2254)
Novagen (69522)
Epitomics (1636-1)
BD Science (554157)
Santa Cruz (sc-751)
Santa Cruz (sc-22776)
Cell Signaling (2926)
Santa Cruz (sc-593)
Cell Signaling (2936)
Santa Cruz (sc-481)
Cell Signaling (4822)
BD Science (556431)

Cell Signaling (2552)
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Anti-CDK4, mouse monoclonal
Anti-GAPDH, rabbit monoclonal

Secondary Antibodies

Biotinylated Anti-Mouse/Rabbit IgG (H+L), horse polyclonal

Peroxidase, Anti-Mouse IgG, horse polyclonal

Peroxidase, Anti-Rabbit IgG, goat polyclonal

3.1.6 Enzymes

Enzyme
Neuraminidase type V
Taq polymerase, recombinant

Proteinase K

3.1.7 Kits

Kits

BD™ TransFactor Extraction Kit

Pierce BCA Protein Assay Kit

Luciferase Reporter Assay Kit

SuperScript™ First-Strand Synthesis System for RT-PCR
SuperSignal West Pico Chemiluminescent Substrate
SuperSignal West Femto Maximum Sensitivity Substrate

VECTASTAIN Elite ABC Kit (Standard)

3.1.8 Primers

Primer Sequence

Cell Signaling (2906)

Cell Signaling (2118)

Vector Laboratories
(BA-1400)

Cell Signaling (7076)

Cell Signaling (7074)

Manufacturer
Sigma-Aldrich (N2876)
Invitrogen (10342-020)

Novagen (70663)

Manufacturer

BD Biosciences
(631921)

Pierce (23225)

BD Biosciences
(K2039-1)

Invitrogen (11904-018)
Pierce (34079)

Pierce (34095)

Vector Laboratories
(PK-6100)

Annealing Product

Lacz forward: CTCTGACAGAGAAGCAGGCACTTTACATGG 62 °C 340 bp

reverse: GCCAGGGTTTTCCCAGTCACGACGTTGT

ANF forward: CGTGCCCCGACCCACGCCAGCATGGGCTCC 62°C 494 bp



GAPDH

p21WA

cyclin A

cyclin
B1

cyclin
B2

cyclin
Dl

cyclin
D2

cyclin
D3

cyclin E

ANP

BNP

aMHC

bMHC
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reverse:GGCTCCGAGGGCCAGCGAGCAGAGCCCTCA
forward: ACCACAGTCCATGCCATCAC

reverse: TCCACCACCCTGTTGCTGTA

forward: TGTGGACATCACCCGTGACC

reverse: GGAGAGGGCAGGCAGCGTAT
forward: TGAGACCCTGCATTTGGCTGTGAACT

reverse: CCCCCAGAAGTAGCAGAGTTTGTGTA

forward: TCGATCGGTTCATGCAGGAC

reverse: AGAGCTCCATGAGGTATTTGGC

forward: AAAGCCGGAGAGGTGGATGTTG

reverse: CAGGAGTCTGCTGCTGGCATAC

forward: CCTGTGCTGCGAAGTGGAGA

reverse: CTGGCATTTTGGAGAGGAAGTGT

forward: TGGCCGCAGTCACCCCTCAC

reverse: TCTCTTGCCGCCCGAATGG

forward: TTCCAGTGCGTGCAAAAGGA

reverse: CTCGCAGGCAGTCCACTTCA

forward: TTGTGTCCTGGCTGAATGTCTATGTCC
reverse: CTGCTCGCTGCTCTGCCTTCTTACT

forward: ACCTGCTAGACCACCTGGAGGAG

reverse: CCTTGGCTGTTATCTTCGGTACCGG
forward: ATCTCCTGCAGGTGCTGTCCCAG

reverse: GGTCTTCCTACAACAACTTCAGTGCGTTAC
forward: CTGCTGGAGAGGTTATTCCTCG

reverse: GGAAGAGTGAGCGGCGCATCAAGG
forward: TGCAAAGGCTCCAGGTCTGAGGGC

reverse: GCCAACACCAACCTGTCCAAGTTC

60 °C

60 °C

60 °C

56 °C

60 °C

60 °C

60 °C

56 °C

60 °C

65 °C

65 °C

65 °C

65°C

451 bp

793 bp

523 bp

300 bp

300 bp

494 bp

446 bp

592 bp

486 bp

347 bp

369 bp

302 bp

203 bp
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3.1.9 Equipments

Product

Agarose electrophoresis unit
Biofuge/pico

Biofuge/fresco

Cell culture incubator

Confocal Microscope, Leica TCS SP2
Cryostat, Leica 3050S

iCycler iQ Real-Time PCR detection system
Digital Camera COOLPIX 4500

Fastblot B33/B34

Fluorescence Microscope ECLIPSE/E600
Homogenizer

Laminar flow hood

Light Microscope ECLIPSE/E200
Luminometer FB12

Microcentrifuge 5415R

Micropipette

PCR Thermocycler

Power-Pac 200

Shaker, Rocky 100

Mini-PROTEAN Tetra Electrophoresis System
Spectrophotometer

Vortex

Water bath DIN 40050-IP20

X-ray film processor

Manufacturer

OWI

Heraeus Instruments (Hanau)

Heraeus Instruments
Heraeus Instruments
Leica

Leica

Bio-Rad

Nikon

Biometra

Nikon

IKA

Heraeus Instruments
Nikon

Berthold

Eppendorf

Gilson S.A.S.
Bio-Rad

Bio-Rad
Labortechnik Frobel
Bio-Rad

Bio-Rad

IKA

Memert

Kodak
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3.2 Methods

3.2.1 Neonatal rat cardiomyocytes preparation

Neonatal rat cardiomyocytes from 1- to 3-day postnatal rats were isolated and cultivated
as described [84]. Briefly, hearts were dissected, minced, and gently digested with
dissociation solution containing 0.03 % collagenase and 0.12 % trypsin. The dissociated
cells were preplated onto 175 cm” culture flasks for 1 h, allowing the quick attachment
of non-cardiomyocytes. The resultant cell suspension was plated onto 25 cm® culture
flasks in plating medium (DEME) supplemented with 25 ul/ml bovine serum albumin,

25 pl/ml transferrin and 25 pl/ml insulin.

3.2.2 Analysis of subcellular localization of p73 isoforms

HEK293 cells were plated in 150 mm plates at a density of 5x10° cells per dish. They
were cultured in DMEM medium with 10 % FCS and incubated in 10 % CO, at 37 °C.
The next day HEK?293 cells were subjected to recombinant viruses encoding
p73DD(wt) or p73DD(mut) at 10° pfu/ml, respectively. Untreated cells were used as a
control. After 1 h incubation with the viruses, medium was changed to DMEM with 2.5
% FCS and left for 48 h. For determination of subcellular localization of p73DD,
cytoplasmic and nuclear fraction of proteins were isolated using BD™ Transfection
Extraction Kit according to the manufacturer’s instructions. The concentration of
proteins was measured using Pierce BCA Protein Assay, and protein fractions were

subjected to SDS-PAGE.

3.2.3 pS3 reporter assay

HEK293 or H1299 (p53 knockout cell line) cells were plated in 6-well plates at a
density of 5 x 10’ cells per well, respectively, and cultured in DMEM medium with 10
% FCS. The next day, cells were transfected with 4 pg of a p53-dependent luciferase
plasmid containing a p53-response element (Mercury'™ Profiling Vectors; Clontech)
and 1 pg of a p-galactosidase plasmid using METAFECTENE™ PRO according to the
manufacturer’s instructions. After 24 h the cells were infected for 1 h with 10® pfu Ad-
p73DD(wt), Ad-p73DD(mut), or Ad-EGFP, respectively, and subsequently cultured
with DMEM with 2.5 % FCS. 24 h later, medium was aspirated and 150 pl cell lysis
buffer (BD luciferase reporter assay kit) was added to each well. The lysis buffer
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suspension was incubated on ice for 20 min and centrifuged at 13,000 for 1 min. The
resulting supernatants were subjected to the luciferase assay according to the instruction
of BD luciferase reporter assay kit. To normalize the transfection efficiency, [3-
galactosidase assay was performed. To the 10 ul supernatants, 80 ul CPRG buffer was
added, shortly centrifuged and incubated at 37 °C. 500 ul 1 M Na,COs; was immediately
added to stop the reaction after the solution turned dark red, and OD 574 nm was

measured using spectrophotometer.

3.2.4 [Isolation of genomic DNA and genotyping PCR

For genotyping, around 0.5 cm of mouse-tail was excised. Then 500 pl proteinase K
buffer containing 200 pg/ml proteinase K enzyme was added to the excised tails and
kept for overnight digestion at 56 °C. The digested tails were vortexed briefly and
centrifuged at 14,000 rpm for 10 min. The supernatant was transferred to a fresh
microtube containing 500 pl ice-cold isopropanol and mixed carefully by swirling the
tubes for 3 times. Again the tubes were centrifuged at 14,000 rpm for 10 min in order to
precipitate the genomic DNA. The supernatant was discarded and the DNA pellet was
washed with 70 % ethanol by centrifuging at 14,000 rpm for 10 min at RT. Ethanol was
then discarded and tubes were air dried to get rid of excess ethanol. The DNA pellet
was dissolved in 100 pl TE buffer (pH 7.5) and stored at -20 °C.

PCR was used for genotyping following DNA isolation. Amplification of the ANF
gene, which generally exists in mouse genomic DNA, serves as an internal control to
assess the quality of DNA preparation. LacZ gene fragment was only detectable in the
transgenic mice by using LacZ primers. PCR reaction was prepared in 25 pl total
volume containing 1 pl genomic DNA template, 0.3 U Tag-polymerase, 5 nmol forward
primer and reverse primer respectively, 10 pmol dNTPs, 1.5 mM MgCl, and 2.5 pl
Tag-polymerase buffer. The PCR program was performed with activating the enzyme
and denaturing the DNA template at 95 °C for 5 min, followed by 40 cycles of DNA
denaturation at 95 °C for 1 min, annealing at 62 °C for 2 min and extension at 72 °C for
3 min, and the final extension at 72 °C for 10 min. The PCR products were analyzed on

a 1.5 % agarose gel marked with 100 bp DNA marker (Fig. 4).
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ANF 494 bp
LacZ 340 bp

Figure 4: LacZ genotyping PCR.

Lane 1: 100bp DNA marker.

Lane 2-7: DNA samples from mice, in which Lane2, 4 and 6 indicated transgenic mouse.
Lane 8: aMHC-nLacZ positive control.

Lane 9: aMHC-nLacZ negative control.

3.2.5 Intrathoracic injection

The progeny of LacZ and ICR mice were designated into three groups: Ad-p73DD(wt),
Ad-p73DD(mut) and control group, respectively. For the adenovirus-treated groups, on
the day of birth the neonatal mice were anesthetized by cooling on ice for
approximately 2 min and put in front of cold light source to visualize the silhouette of
the heart. Using a Hamilton syringe, a total volume of 10 pl recombinant virus (10® pfu)
was injected into the thoracic cavity beside the heart at a left parasternal position.
Finally the animals were re-warmed and put back to their mothers. The mice who
served as control group were untouched on the day of birth. On the 7™ day after birth,
all the mice were numbered by ear marking and tails were excised for PCR genotyping.
On the 13™ day after birth, the LacZ-transgenic mice were injected with BrdU (100
mg/kg body weight) and on the following day all the animals (both LacZ-transgenic and
non-transgenic mice) were sacrificed by cervical dislocation. Lungs, livers and hearts
were isolated, washed with PBS, and the individual organ weights were then
determined. The hearts were checked under fluorescence microscope for EGFP
expression to give a brief estimate of viral transfection efficiency. The LacZ-positive
hearts (detected by genotyping as described above) were preserved for histological
analysis. Briefly, the hearts were incubated in 30 % sucrose overnight at 4 °C and then

freezed in POLYFREEZE™ using dry ice. The tissue sections were prepared at 10 um
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thickness and dried for 30 minutes before placing back to -20 °C freezer where they
were kept until use.
The LacZ-negative hearts were immediately dipped in liquid nitrogen and used for

mRNA- and protein-expression analysis.

3.2.6 Intramyocardial injection

Adult aMHC-nlsLacZ transgenic mice were used in this part of the study. On day 0,
mice were initially anesthetized with inhalational isoflurane (95 % oxygen and 5 %
isoflurane) and ventilated at 200 breaths/min through a plastic tube placed in the trachea
using a rodent ventilator. Anesthesia was maintained subsequently with 2.5 %
isoflurane delivered in O, through the ventilator. Ketotifen (5 mg/kg) was administrated
preoperatively for analgesia and the operation was performed on a heated table (38 °C)
to maintain body temperature. An incision was made into the skin to the left of the
sternum and the underlying muscle layers were dissected. After thoracotomy in the
fourth intercostal space, hearts were exposed and adenoviral vector was directly injected
into the myocardium of the left ventricle. The ribs, muscle and skin layers were then
closed separately. The mice were allowed to recover and transferred to the cage. On day
3 and 4, they received two times an injection of BrdU (100 mgkg BW)
intraperitoneally and were finally sacrificed on day5 by cervical dislocation. Liver, lung
and heart were isolated, washed and weighed separately. The hearts were put into 30 %
sucrose/PBS at 4 °C overnight, then placed in POLYFREEZE™ and put on the dry ice
until the tissue matrix had frozen completely. The tissue block was place on the cryostat
specimen disk and 10 um frozen sections were prepared followed by drying for 30 min

at RT. The slides were kept at -20 °C until staining.

3.2.7 Immunohistochemical staining

LacZ staining

Before performing immunostaining, tissue slides were stained with X-gal in order to
identify the cardiomyocyte nuclei (blue signal; derived from aMHC-nlsLacZ transgene).
Briefly, slides were washed three times with PBS solution for 10 min each, then once
with X-gal wash solution for 10 min. The slides were then immersed in X-gal staining
solution and incubated at 37 °C. Once the cardiomyocytes’ nuclei turned blue, the slides

were washed with PBS solution and preceeded with immunostaining.
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BrdU immunoassay

At this step, slides were first fixed with 70% methanol/ 30% acetone at RT for 15 min.
They were then immersed in 3% H,0O,/ methanol solution to block endogenous
peroxidase activity and then treated with permeabilization solution for 15 min. For
BrdU immunoassay, slides were incubated with 4 N HCI to denature the double-
stranded genomic DNA. Before applying the primary antibody, unspecific binding sites
were first blocked using immunohistological blocking solution at RT for 30 min and
afterwards slides were incubated with BrdU antibody (1:1000 in 1 % BSA) at RT for 2
h. After washing with PBS and 1 % BSA/PBS, they were incubated with a biotinylated
anti-mouse/rabbit IgG antibody (1:1000 in PBS) at RT for 1 h. The immunoactive
signal was amplified by incubating slides with ABC solution (VECTASTAIN Elite
ABC Kit) for 30 min, and visualized using DAB solution. Finally, the slides were
dehydrated with series of alcohols (70 % ethanol — 96 % ethanol — Xylol) and covered

with coverslips using entellan.

T7 immunoassay

Slides were first fixed with 70% methanol/ 30% acetone at RT for 15 min. They were
then immersed in 3% H,0O,/ methanol solution to block the endogenous peroxidase
activity and then treated with permeabilization solution for 15 min. Before applying the
primary antibody, unspecific binding sites were first blocked using immunohistological
blocking solution at RT for 30 min and slides were incubated with a T7-antibody (1:100
in 1 % BSA) at 4 °C overnight. After washing with PBS and 1 % BSA/PBS, they were
incubated with a biotinylated anti-mouse/rabbit IgG antibody (1:1000 in PBS) at RT for
1 h. The immunoactive signal was amplified by incubating slides with ABC solution
(VECTASTAIN Elite ABC Kit) for 30 min, and visualized using DAB solution.
Finally, slides were dehydrated with series of alcohols (70 % ethanol — 96 % ethanol —

Xylol) and covered with coverslips using entellan.

Phosphorylated histon3 immunoassay

Slides were first fixed with 70% methanol/ 30% acetone at RT for 15 min. They were
then immersed in 3% H,0O,/ methanol solution to block the endogenous peroxidase
activity and then treated with permeabilization solution for 15 min. Unspecific binding
sites were first blocked using immunohistological blocking solution at RT for 30 min

and slides were incubated with phospho-H3 antibody (1:1000 in 1 % BSA) at RT for 2
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h. After washing with PBS and 1 % BSA/PBS, they were incubated with biotinylated
anti-mouse/rabbit IgG antibody (1:1000 in PBS) at RT for 1 h. The immunoactive
signal was amplified by incubating slides with ABC solution (VECTASTAIN Elite
ABC Kit) for 30 min, and visualized using DAB solution. Finally, slides were
dehydrated with series of alcohols (70 % ethanol — 96 % ethanol — Xylol) and covered

with coverslips using entellan.

AuroraB immunoassay

Slides were first fixed with 10 % neutral buffered formalin at RT for 15 min. They were
then immersed in 3% H,0O,/ methanol solution to block the endogenous peroxidase
activity and then treated with permeabilization solution for 15 min. Unspecific binding
sites were first blocked using immunohistological blocking solution at RT for 30 min
and slides were incubated with AuroraB antibody (1:300 in 1 % BSA) at 4 °C overnight.
After washing with PBS and 1 % BSA/PBS, they were incubated with biotinylated anti-
mouse/rabbit IgG antibody (1:1000 in PBS) at RT for 1 h. The immunoactive signal
was amplified by incubating slides with ABC solution (VECTASTAIN Elite ABC Kit)
for 30 min, and visualized using DAB solution. Finally, slides were dehydrated with
series of alcohols (70 % ethanol — 96 % ethanol — Xylol) and covered with coverslips

using entellan.

Activated caspase3 immunoassay

Slides were first fixed with 4 % PFA at RT for 15 min. They were then immersed in 3%
H,0,/ methanol solution to block the endogenous peroxidase activity and then treated
with permeabilization solution for 15 min. Before applying primary antibody,
unspecific binding sites were first blocked using immunohistological blocking solution
at RT for 30 min and slides were incubated with activated caspase3 antibody (1:100 in 1
% BSA) at 4 °C overnight. After washing with PBS and 1 % BSA/PBS, they were
incubated with biotinylated anti-mouse/rabbit IgG antibody (1:1000 in PBS) at RT for 1
h. The immunoactive signal was amplified by incubating slides with ABC solution
(VECTASTAIN Elite ABC Kit) for 30 min, and visualized using DAB solution. Slides
were counterstained with hematoxylin solution at RT for 5 min. Finally, slides were
dehydrated with series of alcohols (70 % ethanol — 96 % ethanol — Xylol) and covered

with coverslips using entellan.
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3.2.8 Myocyte cross-sectional area (MCSA) and interstitial collagen fraction (ICF)

determination

Slides were fixed with 4 % PFA at RT for 15 min. After treating with 3.3 U/ml
neuroaminidase type V at 37 °C for 1 h, slides were incubated with fluorescein-
conjugated peanut agglutinin at 37 °C for 2 h to stain the extracellular collagen thereby
delineating myocyte cross-sectional area (MCSA). Adjacent slides were fixed with 4 %
PFA for 15 min and incubated with rhodamine-labeled griffonia simplicifolia lectin I
(GSL-I) at RT for 2 h to selectively stain the capillaries.

Slides were then photographed using a laser scan microscope, and the cross-sectional
area of individual myocytes was measured by image analyze software (Image J, NIH).
Additionally, the total surface area (microscopic field), the interstitial space (total
collagen) and area occupied by capillaries alone were measured by image analyze
software (Image J, NIH). Interstitial collagen fraction was calculated by percent total
surface area occupied by the interstitial space minus the percent total surface area

occupied by the capillaries [85].
3.2.9 Analysis of mRNA expression

Isolation of mRNA

Commercial available Trizol reagent was used to isolate total RNA according to
manufacturer’s instructions. First, the pestle of the homogenizer was dipped in 1 M
NaOH for 10-15 min, then in DEPC water and was again washed with RNase digesting
spray. The heart samples were taken out of the -80 °C freezer, shortly immersed in
liquid nitrogen and kept on ice. Per heart, 1 ml of Trizol reagent was added and the
sample was homogenized. To the homogenate, 200 pl chloroform were added and kept
at RT for 10 min, then centrifuged at 12,000 g for 15 min at 4°C. The immiscible clear
supernatant was taken to a fresh tube and 500 pul isopropanol were added and kept at RT
for 15 min, then centrifuged at 12,000 g for at 4 °C for 15 min. The supernatant was
discarded and the pellet was washed twice with 1 ml 75% ethanol. The pellet was air
dried to get rid of excess ethanol. The dried pellet was then dissolved in 25 ul DEPC
water and kept at 60 °C for 10 min. The concentration of RNA was determined by
measuring OD at 260/280 nm. Additionally, RNA quality was assessed by gel

electrophoresis.
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Microarray analysis

Mouse hearts from 7 days after virus injection were homogenized in Trizol reagent and
then shipped to Max Planck Institute of Heart and Lung Research (Prof. Dr. Dr. Thomas
Braun, Bad Neuheim, Germany). Microarray analysis was performed using Affymetrix
Mouse Genome 430 2.0 Microarray, and the results of the gen expression

quantifications were sent back for further analysis.

Reverse transcription and quantitative Real-Time PCR

To analyze mRNA expression by PCR, the RNA samples were first converted into a
single-stranded ¢cDNA template using SuperScript™ First-Strand Synthesis System for
RT-PCR. For that, 10 pg mRNA were added to 2 pl Oligo dT-primer and the final
volume was made up to 21 pl with water. Then the samples were shortly centrifuged
and incubated at 65 °C for 10 min. Reverse transcription reaction mixture (8 pl 5 x
Transcription buffer, 4 pl DTT, 4 pul 10 mM dNTPs, 1 pl RNasin and 1 pl reverse
transcriptase) was added and incubated at 42 °C for 90 min. After incubation the
volume of the reaction mix was made to 400 pl with normal water and stored at -20 °C.
PCR reaction was prepared in 25 pl total volume containing 10 ul cDNA template, 0.3
U Tag-polymerase, 5 nmol forward and reverse primer, 10 umol dNTPs, 1.5 mM
MgCl,, 2.5 ul Tag-polymerase buffer, 10 umol dNTPs, 0.25 ul 100 times fluorescein,
and 0.5 pl 10 times SybrGreen I. Real-Time PCR was performed with activating the
enzyme and denaturing the DNA template at 95 °C for 8 min, followed by 45 cycles of
DNA denaturation at 95 °C for 1 min, annealing at the desired temperatures (see table
3.1.8) for 30 s and extension at 72 °C for 1 min. Melting curve analysis was performed
to ensure amplification of the intended fragments.

Relative expression level of a gene of interest (geneX) is shown as follows: expression
level = [(copy number geneX per ul cDNA) / (copy number GAPDH per ul cDNA) x
1000].

3.2.10 Analysis of protein expression

Protein isolation

Heart samples were taken from -80 °C freezer and put on the ice. 30 mg tissue samples
were homogenized in 400ul RIPA-buffer (50 mM Tris-HCI, pH 7.4, 1 % Triton X-100,
0.2 % sodium deoxycholate, 0.2 % SDS, 1 mM EDTA) containing 1 mM
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phenylmethylsulfonyl fluoride (PMSF), 5 pg/ml aprotinin and 5 pg/ml leupeptin. The
homogenates were centrifuged at 4 °C for 30 min and the supernatant were taken to a
fresh microtube. Protein concentration was determined using Pierce BCA Protein Assay

Kit and subjected to SDS-PAGE.

SDS-PAGE (Sodium dodecylsulfate polyacrylamide gel electrophoresis)

Appropriate percentage of SDS-PAGE gel was prepared according the molecular
weight of the protein of interest. 30 pg protein samples were mixed with loading buffer,
heated at 95 °C for 5 min and then quickly spun down. Protein lysates were loaded and
separated by running the gel at a constant current of 20 mA per gel until the
bromophenol blue marker reached the bottom of the gel. After electrophoresis the gel
was placed in blotting buffer. Nitrocellulose membrane, filter paper and sponge pads
were soaked in the blotting buffer and nitrocellulose membrane was placed to the
positive side of the gel. Blotting was carried out at 360 mA for 1 h. After blotting, the
membrane was washed in TBT buffer for 5 minutes. Nonspecific protein binding sites
were blocked using the blocking solution for 1 h at RT. The membrane was incubated
with primary antibodies overnight at 4 °C. Immunoreactive proteins were visualized
with corresponding HRP-conjugated secondary antibodies on Bio-light films using the
SuperSignal West Pico or West Femto detection solutions. Blots were scanned and

analyzed using ImageJ.

Immunoprecipitation

Cultured neonatal rat cardiomyocytes were infected with recombinant adenoviruses at
10® pfu/ml. After 48 h, the cells were harvested with ice-cold cell lysis buffer (RIPA)
and protein concentration was determined by BCA assay. 100 pg cell lysates were
incubated with 30 pl Dynabeads® Protein A (Invitrogen) for 30 min at 4 °C to eliminate
molecules that unspecifically bind to Protein A. Followed by magnetic separation, the
supernatants were transferred to new tubes and incubated with p73 antibody (1:50 in
PBS) with gentle rocking overnight at 4 °C to form an antibody-antigen complex. On
the next day, 30 pul Dynabeads® Protein A were added into the cell lysates and
incubated at 4 °C for 1 h to capture the antibody-antigen complex. The immuno-
complexes were eluted from the Dynabeads® Protein A by heating for 5 min at 95 °C
using SDS sampling buffer, and then subjected to SDS-PAGE.
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3.2.11 Statistical analysis

All data are presented as means + standard error of the mean (SEM). Statistical
significance was analyzed by either t-test or analysis of variance (ANOVA). p < 0.05

was considered statistically significant.
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4 RESULTS

4.1 Subcellular localization of p73DD(wt) and p73DD(mut)

In order to determine the subcellular localization of the recombinant p73DD proteins,
HEK293 cells were infected with adenoviruses which encode p73DD(wt) and
p73DD(mut), respectively. Noninfected cells were used as control. After 48 h, the
protein lysates from individually treated cells were separated into nuclear and
cytoplasmic fractions and subjected to SDS-PAGE. The resulting nitrocellulose
membrane was analyzed using a T7-tag antibody, which ensured the detection of
recombinant p73DD proteins, but not the endogenous p73 proteins.

As shown in Fig. 5, the T7-tag antibody detected proteins of 35 kDa, which corresponds
to the expected molecular weight of the p73DD proteins. Additionally, p73DD was not

found in the cytoplasmic, but exclusively in the nuclear fraction.

= 5
= -
=) a 5
()] =) 2
(Y) -~—
2 ™ c
a = Q
o o
= © @ © ®© © @
o D [0) 8 (<)) 173} o))
= o © O O S ©
[} 5 3 5. S = 03
= o c O c o c
46kd =

31kd anti-T7 (tag)

Figure 5: Subcellular localization of p73DD proteins in HEK293 cell line (kindly provided
by P. Gajawada, Universititsklinik und Poliklinik fiir Innere Medizin III, Halle (Saale))
[86]. HEK293 cells were infected with recombinant adenoviruses encoding p73DD(wt) and
p73DD(mut). Protein lysates were harvested and separated to cytoplasmic and nuclear fraction
after 48 hours, and subjected to SDS-PAGE. Recombinant p73DD proteins (35 kDa), detected

using an anti-T7 antibody, are exclusively found in the nuclear fraction.
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4.2 p53 luciferase reporter assay

To investigate the interference of p73DD proteins on p53/p73-dependent transcription,
a p53-dependent luciferase reporter assay was applied. This assay relies on the
inhibition of a luciferase reporter gene expression driven by a p53-responsive promoter.
To exclude any unspecific effects of the viral constructs, an adenovirus encoding EGFP
(Ad-EGFP) was used as an internal viral control. Expression of p73DD(wt)
significantly reduced the level of the luciferase reporter gene expression in comparison
to Ad-EGFP group (Fig. 6). As expected, p73DD(mut), which carries a point mutation
and thereby lacks its dominant-negative property, only had minor effects on the reporter
gene expression.

To further elucidate the biological properties of p73DD(wt), H1299 cells (p53 knockout
cell line) was additionally used. Similar results were observed in H1299 cells, in which
induction of the luciferase reporter gene exclusively depends on the activity of

endogenous p73 (Fig. 6).
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Figure 6: p53 luciferase reporter assay [86]. Cultured cells were first transfected with a p53-
dependent luciferase plasmid (and a galactosidase plasmid to control for transfection
efficiency). After 24 hours, cells were then infected with Ad-p73DD(wt), Ad-p73DD(mut), or
Ad-EGFP, respectively. p73DD(wt) significantly reduces p53-/p73-dependent transcription of
the luciferase reporter gene as seen from reduced light emission both in HEK293 and in H1299

(p537) cells. "P < 0.05 vs Ad-EGFP; *P<0.05 vs Ad-p73DD(mut).



34

4.3 Regulation of endogenous p53 and p73 after expression of p73DD(wt)

In order to determine the effects of the recombinant p73DD proteins on the regulation
of endogenous p53 and p73, neonatal rat cardiomyocytes were infected with
recombinant adenoviruses encoding p73DD(wt), p73DD(mut), respectively. After 48 h,
protein lysates were harvested and subjected to SDS-PAGE.

As seen from the examples given in Fig. 7, expression of p73DD(wt) led to the

induction of p53 protein expression (feed-back regulation).
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Figure 7: Western blot analysis of p53 and p73 protein level after expression of p73DD
proteins in neonatal rat cardiomyocytes [86]. Cells were infected with indicated recombinant
adenoviruses and protein lysates were harvested after 48 h and subjected to SDS-PAGE.
p73DD(wt) induced expression of full-length p73 as well as p53 protein. IP:

immunoprecipitaiton.

However, full-length p73 proteins were not detectable in lysates from neonatal rat
cardiomyocytes by western blot using an antibody which doesn’t react with the
truncated p73DD-isoforms, whereas several endogenous p73 protein isoforms with low
molecular weight were detected (Fig. 7). Expression of these p73 derivatives was
suppressed both by p73DD(wt) and p73DD(mut). Interestingly, immunoprecipitation

analysis revealed an induction of full-length p73 protein (feed-back regulation) in
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lysates treated with p73DD(wt) whereas only a minor up-regulation of p73 was seen in

p73DD(mut)-infected neonatal rat cardiomyocytes (Fig. 7).

4.4 Microarray analysis of gene expression after directed expression of
p73DD(wt) in neonatal mouse hearts

Since activation of p53 is known to be a crucial event during the cell cycle exit of
cardiomyocytes in the perinatal period, the effects of directed expression of p73DD on

cardiomyocyte gene expression were first analyzed.
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Figure 8: Microarray analysis of gene expression in neonatal mice hearts 7 days after
intrathoracic injection of p73DD(wt) in comparison to p73DD(mut) [86]. (n=3; Affymetrix
Mouse Genome 430 2.0 Microarray, kindly performed by Prof. Dr. Dr. Thomas Braun, Max
Planck Institute of Heart and Lung Research, Bad Neuheim, Germany). ¥ confirmed by real-time

PCR;  confirmed by Western blot.
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p73DD (wildtype and mutant, respectively) was expressed in the neonatal mice hearts
using adenoviral vectors as decribed. At day 7, neonatal hearts were removed and their
mRNA expression was analyzed by microarray hybridization (Fig. 8). Directed
expression of p73DD(wt) resulted in an induction of the mRNA expression of key cell
cycle regulators, such as A- and D-type cyclins as well as several cyclin dependent
kinases. Additionally, p73DD(wt) expression had a severe impact on the expression of
histone modifying enzymes. Both class I and II histone deacetylases were suppressed
whereas histone acyltransferases were upregulated. Unexpectedly, however, the

expression of E2F transpcription factors was not changed after p73DD expression.

4.5 Effects of directed expression of p73DD(wt) on neonatal mouse hearts

4.5.1 Expression of p73DD proteins in neonatal mouse hearts

Since p73DD(wt) leads to a change of the expression of several cell cycle regulating
genes as seen from the microarray analysis, experiments were designed to investigate
whether the activation of these genes would indeed translate into cardiomyocyte
proliferation. Again, the p73DD proteins were expressed in the neonatal hearts using
adenoviral vectors. 3 days after injection, a robust expression of p73DD(wt) and
p73DD(mut) was detected on the histological sections using the T7-tag antibody (Fig.
9).

control p73DD(wt) p73DD(mut)
RNV ST 5

Figure 9: Expression of p73DD 3 days after intrathoracic injection [86]. Immunostaining
using a T7-tag antibody was performed on histological sections. T7-positive cells were
exclusively detected in the adenovirus-injected hearts (brown signal, horseradish peroxidase-

conjugated secondary antibody).
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4.5.2 Effects on cardiomyocyte cell cycle activity

Morphometric analysis of the neonatal hearts after 3 days revealed a significantly
increased relative heart weight in the p73DD(wt)-injected hearts (Tab. 1). To explore
whether the increased relative heart weight resulted from the induction of
cardiomyocyte proliferation, histological analysis of cardiomyocyte cell cycle activity
was performed.

BrdU is a thymidine analog, which is able to incorporate into DNA double-strand
during S-phase of the cell cycle. Thus, DNA-synthesizing cells can be detected on
histological sections by anti-BrdU immunoassay. In control hearts, only 0.67 % of all
cardiomyocytes (indentified by LacZ-staining; see method section 3.2.7) were BrdU-
positive. A similar level of BrdU-positive cardiomyocytes was found in the
p73DD(mut)-injected hearts. In contrast, p73DD(wt)-injected hearts revealed a
significantly higher rate of cardiomyocytes who underwent DNA-synthesis in
comparison to both the control and p73DD(mut)-injected hearts (Tab. 1).

DNA synthesis alone, however, does not indicate that cells finally complete the cell
cycle and divide. It remains possible that cardiomyocytes are arrested in G2/M-phase.
Therefore, sections from the different groups were screened for the presence of Aurora
B activity, which is a marker of cytokinesis. In the control hearts of 3 days old animals,
totally 14,218 cardiomyocytes were counted, however, none of them was under
cytokinesis at basal conditions. Again, a comparable low level of cardiomyocyte Aurora
B activity was detected after directed expression of p73DD(mut), whereas expression of
p73DD(wt) led to a significant rise of the number of Aurora B-positive cardiomyocytes

(Tab. 1; Fig. 10: J-L).

Table 1: Relative heart weights, cardiomyocyte cross sectional area (MCSA) and parameters
of cell cycle activity 3 days after expression of the indicated adenoviruses in neonatal mice

[86]

Parameter Control (n=13) p73DD(wt) (n=9) p73DD(mut) (n=13)
Relative heart weight .

6.9+ 0.2 7.7+0.3 7.2+0.2
[mg/g]
BrdU-positive CM 42/6275 (=0.67%) 108/9450 (=1.9%)""  78/8224 (=0.95%)
AuroraB-positive CM 0/14,218 (=0%) 6/14,607 (=0.04%)"  0/14,868 (=0%)
MCSA [pm’] 12.8+04 10.4 +0.6° 11.2+0.3

$p<0.05 vs. control; “p<0.05 vs. p73DD(mut)
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To test whether p73DD(wt) expression leads to sustained proliferation of
cardiomyocytes, hearts at later developmental stages were analyzed. Expression of
p73DD(wt) led to a moderate but significant increase of the relative heart weight 14
days after the virus injection in comparison to untreated hearts, whereas the relative
weights of liver and lung did not change (Tab. 2). No significant change of relative
heart weight was noted after expression of p73DD(mut). Signs of cardiomyocyte
proliferation were also observed in the p73DD(wt) hearts as indicated by a significantly
increased number of both BrdU-positive (Tab 2; Fig. 10: A-C) and phosphorylated

histone3-postive (a marker for mitosis) cardiomyocytes (Tab. 2; Fig. 10: G-I).

Table 2: Relative heart, lung, liver weights, parameters of cell cycle activity, apoptosis and
myocyte cross-sectional area (MCSA) 14 days after expression of the indicated adenoviruses in
neonatal mice (kindly provided by P. Gajawada, Universitdtsklinik und Poliklinik fiir Innere

Medizin III, Halle (Saale)) [86].

Parameter Control (n=15) p73DD(wt) (n=26) p73DD(mut) (n=11)
Relative heart weight .
6.1+0.2 6.8 +0.2° 6.5+0.2
[mg/g BW]
Relative lung weight
13.4+0.2 13.1£0.3 13.6+0.3
[mg/g BW]
Relative liver weight
37.0+£0.8 36.7+0.5 40.5+0.7
[mg/g BW]
- 1/120,182 17/191,109 3/141,922
BrdU-positive CM ”
(=0.001%) (=0.009%)" (=0.002%)
- 10/166,718 2/124,326
PhosphoH3-positive CM  0/109,030 (=0%) X
(=0.006%)" (=0.002%)
Activated caspase3-
o 23/153,790 23/168,726 28/162,236
positive cells
MCSA [pum’] 73.1+3.2 88.9 +0.8% 72.1+1.6

$p<0.05 vs. control; "p<0.05 vs. p73DD(mut).
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Figure 10: Examples of photographs taken from mouse heart histological sections after
directed expression of the indicated adenoviruses [86]. (A-C) BrdU staining. Cardiomyocyte
nuclei (transgenic mouse aMHC-nlsLacZ) were first visualized by X-Gal staining, and DNA-
synthesizing cells were identified by anti-BrdU immunoassay. Arrow: BrdU-positive
cardiomyocyte; Single arrowhead: BrdU-positive non-cardiomyocyte; Double arrowhead:
BrdU-negative cardiomyocyte. (D-F) Apoptosis assay detected with activated caspase 3
immune reactivity. Nuclei were counterstained with hematoxyline. (G-I) Phosphorylated histon
H3 staining. Cardiomyocyte nuclei were visualized by X-gal staining. Arrow: pH3-positive
cardiomyocyte; single arrowhead: pH3-positive non-cardiomyocyte; double arrowhead: pH3-
negative cardiomyocytes. (J-L) AuroraB staining. Cardiomyocyte nuclei were visualized by X-
gal staining. Arrow: AuroraB-positive cardiomyocyte; double arrowhead: AuroraB-negative
cardiomyocyte. Images (J-L) were taken from 3-day-old mice, others were taken from 14-day-

old mice.
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4.5.3 Effects on cell growth of cardiomyocytes

To determine whether cardiac hypertrophy also contributed to the increased relative
heart weight of the mice treated with Ad-p73DD(wt), myocyte cross-sectional area
(MCSA) was determined on the histological sections. It is of interest to note that at
early developmental stages, p73DD(wt) expression led to a significant reduction in the
size of cardiomyocytes in comparison to the control hearts (Tab. 1). However, this
situation was obviously changed 14 days after the virus injection, as seen in Tab. 2, the
mean size of the cardiomyocytes in p73DD(wt) group was significantly larger than seen
in control and p73DD(mut) groups (Fig. 11A).

Further analysis of cardiac hypertrophic cell growth 14 days after p73DD(wt)
expression revealed that the increase of cardiomyocyte size was accompanied by an
increase of the expression of BNP, the 3-MHC-isoform (Tab. 3) as well as a significant
increase of interstitial fibrosis (Fig. 11B), which are hallmarks of ‘“pathological”
hypertrophy. Meanwhile, increased expression level of PKB and p-catenin, which are
generally believed to represent markers of “physiological” cell growth, was also

detected in p73(wt)-injected hearts by Western blot analysis.

Table 3: mRNA expression 14 days after expression of the indicated adenoviruses in neonatal

mice (n = 4 per group) [86].

Gene control p73DD(wt) p73DD(mut)
ANP [deltaCT GAPDH] 1.41+0.70 1.65+0.14 1.13 £0.62
BNP [deltaCT GAPDH] 0.12 + 0.04 0.23 + 0.04 0.18 £ 0.05
bMHC/aMHC [x 10°] 1.61+0.18 2.71 +0.40° 2.29 +0.34

$p<0.05 vs. control



41

>

control p73DD(wt) p73DD(mut)

Peanut Agglutinin

GSL-I

15
§#
T
3k
10 I
- :
2 1E
L
Q
5
O A i §
control p73DD(wt) p73DD(mut)

Figure 11: Analysis of myocyte cross-sectional area (MCSA) and interstitial collagen
fraction (ICF) in hearts at day 14 after injection of recombinant adenovirus (n=5 per
group) [86]. A, Interstitial collagen staining with peanut agglutinin delineates the myocyte
cross-sectional area. GSL-I staining selectively binds to interstitial capillaries. B, Interstitial
collagen fraction was calculated by percent total surface area occupied by the interstitial space
(green pixel) minus the percent total surface area occupied by the capillaries (red pixel). $p<0.05

vs. control; “p<0.05 vs. p73DD(mut).

4.5.4 Effects on cardiomyocyte apoptosis

It is well known that activation of oncogenes, which activates the cardiomyocyte cell

cycle progression, often results in induction of apoptosis. Here, the effect of directed
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expression of recombinant adenoviruses on this type of cell death was examined by
staining activated caspase-3, an apoptotic cell marker. Of 168,726 cells counted, only
23 cells with activated caspase3 immune reactivity were detected in the p73DD(wt)-
treated hearts. Similar rate of program cell death was found in both untreated control

and p73DD(mut) hearts (Tab. 2; Fig. 10: D-F).

4.5.5 mRNA and protein expression of cell cycle related genes after directed

expression of p73DD(wt)

As mentioned before, mammalian cell cycle progression is especially driven by the
regulated activation of various cyclins and cyclin dependent kinases. Since directed
expression of p73DD(wt) leads to S- and M-phase entry of cardiomyocytes, further
experiments were designed to investigate whether this phenomenon was achieved by a

direct transcriptional activation of cyclins, or/and by suppression of inhibitory CKIs.

Table 4: Quantitative mRNA expression of cell cycle related genes 14 days after intrathoracic
injection of the indicated adenoviruses (n = 4 per group). Data are presented as copy number

per 1000 copies GAPDH and as percent of untreated control [86].

Gene Control p73DD(wt) p73DD(mut)
p21WAF 4.1 (100%) 1.9 (46%) 3.8 (94%)
cyclin A 0.79 (100%) 2.06 (263%) 0.97 (124%)
cyclin Bl 0.22 (100%) 0.39 (176%) 0.05 (25%)
cyclin B2 1.37 (100%) 4.44 (325%) 1.35 (99%)
cyclin D1 0.25 (100%) 0.25 (101%) 0.23 (94%)
cyclin D2 3.2 (100%) 7.52 (235%) 5.64 (176%)
cyclin D3 8.79 (100%) 9.5 (106%) 5.18 (58%)
cyclin E 0.25 (100%) 0.4 (157%) 0.16 (61%)

As seen in Tab. 4, expression of p73DD(wt) led to a change in the mRNA levels of
several cell cycle related genes while the expression of mutant p73DD did not differ
from untreated controls in most cases. In particular, p73DD(wt)-induced up-regulation
of cyclins that are related to G1/S-transition (cyclin D2), S-phase progression (cyclin
A/E) as well as M-phase entry (cyclin B1/B2). Additionally, the mRNA expression of
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the cyclin kinase inhibitor p21WAF was significantly reduced after p73DD(wt)
injection.

Since changes in mRNA levels do not always lead to changes in corresponding protein
levels, key components of the cell cycle machinery were also quantified by Western
blot analysis. Accordingly, the majority of genes which were induced by p73DD(wt) on
mRNA level also showed increased protein expression. However, the G1/S transition
related cyclin D2, which expression was induced by both wildtype and mutant p73DD,
showed no difference at the level of protein translation in comparison to untreated
control hearts. The transcriptional downregulation of p21WAF after p73DD(wt)
expression was confirmed by lower levels of the corresponding protein as well (Fig.
12).

Control p73DDwt p73DDmut

CDK4
Tt il BN s 20 Cyclin AS#
——— ——— Gy clin B2
— - — Cyclin D1
—— - - AN Cyclin D2
—— N — — Cyclin D3 §#
— Cyclin E §*#
S o p15INK
- - p21Waf §
v . p27Cip
GAPDH

Figure 12: Western blot analysis of important cell cycle regulators in hearts at day 14
after intrathoracic injection of the indicated adenoviruses (n=4 per group). §p<0.05 VS.

control; “p<0.05 vs. p73DD(mut)
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4.6 Effects of directed expression of p73DD(wt) in adult mouse myocardium

The potential of cardiomyocytes to proliferate during embryonic development drops in
the perinatal period. This phenomenon raises the question whether the elevated rate of
cardiomyocyte proliferation in neonatal mice after p73DD(wt) injection was due to an
inhibition or delay of cell cycle arrest rather than to a real induction of cell cycle re-
entry. Thus, it should be analyzed next whether expression of the dominant-negative
p73DD(wt) does also induce S-phase entry of adult cardiomyocytes.

The recombinant adenoviruses encoding the p73DD-isoforms were directly injected
into the myocardium of the left ventricle in adult mice. As the adenoviral constructs
also contain the EGFP-cDNA (see material section; 3.1.2), the expression of the
recombinant proteins could be directly confirmed on histological sections by analysing

EGFP-fluorescence (Fig. 13).

control p73DD(wt)

EGFP

Figure 13: Histological examples of intramyocardial adenovirus injection in adult mice.
A+B: EGFP expression (slides were counterstained with the nuclear dyeHoechst33258). C+D:
anti-BrdU immunoassay. BrdU-positive adult cardiomyocytes were detected after directed
expression of p73DDwt. Arrow: BrdU-positive cardiomyocyte; Single arrowhead: BrdU-

positive non-cardiomyocyte; Double arrowhead: BrdU-negative cardiomyocyte.
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Cardiomyocytes adjacent to the injection sites were counted for the analysis of cell
cycle activity and apoptosis. Interestingly, injection of p73DD(wt) into the myocardium
of adult mice also led to a significant elevated rate of cardiomyocyte BrdU-
incorporation (Fig. 13). In addition, also an increase of the number of phosphoH3-
positive cardiomyocytes after expression of p73DD(wt) was observed although this
elevation did not reach statistical significance. In line with the findings in neonatal
hearts, no difference was noted regarding the rate of apoptosis between p73DD-injected

and untreated control hearts (Tab. 5).

Table 5: Parameters of cell cycle activity and apoptosis after directed intramyocardial
injection of p73DD(wt) in adult mouse heart (kindly provided by K. Kéhler, Universitétsklinik
und Poliklinik fiir Innere Medizin III, Halle (Saale)) [86].

PhosphoH3-positive Activated caspase3-

Group BrdU-positive CM
CM positive cells
Control (n=6) 6/97830 (0.006%) 2/88675 (0.003%) 2/148293
25/106,811
p73DD(wt) (n=5) 8/104740 (0.008%) 0/265949

(0.023%)"

$p<0.05 vs control
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S DISCUSSION

Coronary artery occlusion attributable to plaque rupture as seen in myocardial infarction
results in the death of significant numbers of cardiac myocytes, causing impairment in
cardiac function and ultimately often resulting in heart failure. Current therapies can
only slow down the progression of patients with heart failure but do not tackle the
fundamental problem, i.e., the progressive loss of functional heart muscles. Thus, novel
therapeutic strategies aimed at replacing dead or damaged cardiomyocytes would
certainly herald a new era of chronic heart failure treatment. A recent explosion of
studies using cell transplantations of for example muscle progenitor cells or adult stem
cells show some promise in this regard [87]. However, it is currently unclear whether
the benefit, mode of action, and the potential side effects of stem cell transplantations
will justify a broad clinical application. An alternative approach to replace damaged
cardiomyocytes might be the strategy to stimulate the proliferation of remaining
cardiomyocytes [88, 89]. Such a strategy would be particularly useful in situations of

localized myocardial damage as, e.g., after myocardial infarction.

5.1 p73DD(wt) inhibits pS3/p73-dependent signaling in vitro

pS3 is known to function as a tetramer, and oligomerization of four identical p53
monomers allows its nuclear translocation, where p53 activates its downstream genes
by binding to the target response element (RE) sequences [90]. Due to the homologous
structure of p53 and p73 proteins, it is generally believed that p73 is also able to bind to
these RE [51]. Data from the original study, where the p73DD(wt) was first constructed
and used, demonstrates that p73DD(wt) is able to bind to p73 and blocks sequence-
specific DNA binding by p73 [52]. This finding was confirmed in the luciferase reporter
assay using p53-knockout cell line (H1299) where activation of RE solely depends on
p73. However, further analysis presented here using HEK293 cell line suggested that
p73DD(wt) interacts with both p53 and p73 thereby inhibits their transcriptional
activities, although the authors of the original paper mentioned above stated that
p73DD(wt) only binds to p73, but not to pS3 [52]. Our view was further supported by
the fact that the protein expression of p53 was significantly increased after p73DD(wt)-
treatment, indicating the activation of a compensatory feed-back loop which was likely

due to the functional abrogation of p53. In addition, a previous study had demonstrated
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that another truncated isoform of p73 (AN-p73) can bind to p53 protein, which
markedly suppressed p53-mediated apoptosis in sympathetic neurons in response to
nerve growth factor withdrawal [55]. Collectively, the present data suggests that
p73DD(wt) functionally abrogates the action of p53/p73-signaling by exerting
dominant-negative effects which might be achieved through its integration into
tetramers, thereby resulting in the inactivation of endogenous protein activity and the

suppression of p53/p73 transcriptional activity.

5.2 p73DD(wt) expression promotes cardiomyocyte proliferation in vivo

Since activation of p53 is known to be a crucial event during the cell cycle exit of
cardiomyocytes in the perinatal period [31, 91] and p73DD(wt) was shown to interfere
with p53/p73-signaling in cell culture experiments, it seemed possible that expression of
p73DD(wt) in neonatal hearts would relax the otherwise stringent regulation of
cardiomyocyte cell cycle reentry.

By using aMHC-LacZ transgenic mice, we were able to detect a BrdU-labeling index of
0.67 % in control hearts at an early developmental stage (day 3). The BrdU-labeling
index, however, dropped to 0.001 % at day 14 after birth. It is generally believed that
cardiac mass increases during fetal life as a consequence of cardiomyocyte proliferation
[24, 92]. During neonatal life, a transition from hyperplastic to hypertrophic cardiac
growth occurs, which is accompanied by increased numbers of binucleated
cardiomyocytes [22]. Therefore, it was not surprising to find a higher BrdU-labeling
index at the early developmental stage (day 3) than in later life. Further cell cycle
profile analysis, including phosphorylation of histon3 (marker of metaphase; 0 % in
control hearts) and AuroraB (marker of cytokinesis; 0 % in control hearts) strongly
supported the generally accepted concept [93, 94] that the vast majority of
cardiomyocytes lose the ability of proliferation after birth.

It is important to note that cardiomyocytes constitute only 20-30 % of the total number
of cells present in the heart and consequently, the preponderance of nuclei present in
histological sections of hearts are from non-cardiomyocytes [95]. Thus, assessment of
cardiomyocyte DNA synthesis can only be as accurate as the assay used to distinguish
cardiomyocyte nuclei from non-myocyte nuclei [22]. In our study, we have used
transgenic reporter mice in which the nuclei of all cardiomyocytes are labelled by the

LacZ gene (aMHC-nlsLacZ). Thus, we were able to unequivocally differentiate
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between cardiomyocytes and non-cardiomyocytes on histological sections, which is
indispensable to enable a reliable analysis of the cardiomyocyte cell cycle activity. It is
of interest to note that we detected a similar percentage of cardiomyocytes which were
in or have passed through S-phase in control samples (control: 0.001 % at day 14; 0.006
% in adult heart) as the group of L. J. Field who has established this transgenic mouse
strain (0.003 % in adult heart) [22]. Controversial rates of cardiomyocyte DNA-
synthesis were also reviewed in previous studies, where some research groups reported
as high as 2 % of mitotic index at day 14 [96]. However, it has to be kept in mind that
some of the studies relied on less strict histological methods to identify cardiomyocytes
[97], which of course could artificially increase the rate of mitotic index when
proliferating non-myocytes are mis-classified [98].

In comparison to control hearts, a strong effect of p73DD(wt) on induction of S-phase
entry and mitosis in hearts of newborn mice was observed in the study presented here.
This was indicated by a significantly increased rate of BrdU-incorporation, as well as
expression of phosphorylated histone H3 and AuroraB in cardiomyocytes, which was
found both at day 3 and day 14 after birth. Expression of a control virus, which encodes
a mutant p73DD harbouring a point mutation that blocks the dominant-negative
property of p73DD(wt), only had little effect on cardiomyocyte cell cycle activity
indicating that the effects of p73DD are mediated by interference with p53/p73-
signaling and are not due to other unspecific effects.

The observed S-phase entry of adult cardiomyocytes further suggested that
cardiomyocyte cell cycle relaxation after p73DD(wt) expression was achieved by an
induction of cell cycle re-entry, and not solely by an inhibition or delay of the naturally
occurring cell cycle arrest in perinatal life [98]. However, unlike seen for
cardiomyocyte DNA synthesis (BrdU-uptake), the extend of mitotic activity
(phosphoH3) found after expression of p73DD(wt) in adult heart muscle cells did not
reach statistical significance. It seems rather plausible that this is a consequence of
differences in the sensitivity of the assays used. As cell that passed S-phase will be
permanently marked by BrdU, therefore, BrdU immunoassay is known to stain all cells
that underwent S-phase during the time of BrdU-labeling (48 hours in the experiments
presented here). In contrast, the phosphorylated H3 immunoassay only detects the cells
that are currently in M-phase at the time of tissue fixation [98]. Furthermore,

intramyocardial virus injection is of limited efficiency in adult animals so that a better
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research model, e.g. aMHC-p73DD(wt) transgenic mice, should be used to further
investigate the effects of p73DD(wt) in adulthood in future experiments.

The CDK-inhibitor (CKI) p21 WAF which is known to be one of the direct targets of
p53, has been shown to severely suppress cell cycle progression of cardiomyocytes [99,
100]. p21WAF was implicated as a key cell cycle regulator, and its dissociation from
the CDK complexes led to the activation of CDK2, CDK4 and CDK6 and S-phase
reentry of cardiomyocytes followed by the E2F-1 overexpression in the presence of
insulin-like growth factor I (IGF-I) [101]. Moreover, a previous study suggested that
p21 regulates the proliferating cell nuclear antigen (PCNA) in adult cardiomyocytes,
which is essential for DNA-synthesis [100, 102]. As p73DD(wt) functions by
interfering with the expression of p53- and p73-dependent genes, it seemed likely that
p73DD would have impact on p21WAF expression. Subsequent analysis at the
molecular level indeed showed that directed expression of p73DD(wt) strongly
inhibited p2IWAF mRNA and protein expression, which might in part offer an
important mechanism of cardiomyocyte cell cycle relaxation in the presented study
[86].

As mentioned before, regulation of cell cycle activity depends on the coordinated action
of numerous genes including several cyclins [8]. Previous studies had demonstrated that
targeted expression of cyclin A or cyclin D2 in transgenic mice leads to cardiomyocyte
proliferation [88, 103]. In our experiments we found an mRNA induction of cyclin A,
E, Bl, and B2 expression upon directed expression of p73DD(wt), which finally
resulted in increased protein levels as revealed by Western blots. Although a high
mRNA expression of cyclin D2 was observed after p73DD(wt)-injection, its protein
amount was obviously unchanged that perhaps was caused by post-translational
modifications. Indeed, increased mRNA expression of cyclin D2 was noted after
p73DD(mut) so that the unspecific effects resulting from the p73DD constructs could
not be ruled out here. In addition, it is also important to note that the current study does
not allow to distinguish whether these cyclins were directly induced by p73DD(wt) or
whether their elevation rather reflected the regular course of cell cycle progression and

was caused by indirect means [86].
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5.3 p73DD(wt) induces cardiac hypertrophy in vivo

In the current experiments, it was shown that at early postnatal stage (day 3), expression
of p73DD(wt) leads to hyperplastic rather than hypertrophic cardiac cell growth. This
was indicated by an increased rate of BrdU-positive cardiomyocytes and a concomitant
reduced cell size in comparison to untreated control hearts. The situation obviously
changed at day 14, where the mean cell size of cardiomyocytes was significantly
increased in p73DD(wt)-treated hearts. It is reasonable to assume that arrest of cell
cycle progression of cardiomyocytes, which becomes more fixed in the first 2 weeks
after birth, caused a shift from hyperplastic to hypertrophic cell growth. This finding is
consistent with previous reports demonstrating that the targeted expression of other cell
cycle activators like D-type cyclins in terminally differentiated cardiomyocytes often
leads to induction of hypertrophy rather than to proliferation [104].

One possible mechanism to explain the observed hypertrophy is the elevated p300
transcriptional activity found by microarray analysis. p300 is a critical histone
acyltransferase (HAT) in muscle that modifies chromatin and associated transcription
factors and promotes gene activation [105]. Recent studies have demonstrated that p300
transcriptional activity is enhanced during agonist-induced cardiac hypertrophy and that
subsequent blocking of p300-HAT activity inhibits agonist-mediated cardiac growth [76,
106]. Moreover, transgenic mice that overexpress p300 in the heart develop cardiac
hypertrophy and eventual heart failure [107]. Importantly, it has been shown that p300
cooperates with p53 in the regulation of p53-mediated transcriptional activity [108].
Thus, it is plausible to presume that functional abrogation of p53 after directed
expression of p73DD(wt) leads to activation of a compensatory feedback loop of p300,
which subsequently might induce hypertrophic cell growth.

Further analysis of the mode of p73DD(wt)-induced hypertrophy (performed in addition
to the experiments presented here [86]) revealed the expression of BNP, f—MHC, and
increased deposition of interstitial collagen, which are linked to “pathological” cell
growth. Historically, the term “pathological” hypertrophy was introduced to describe a
pattern of mal-adaptation of adult cardiomyocytes caused by increased stress. From the
molecular point of view, this process is characterized by the re-induction of fetal genes
(e.g. pP—-MHC), which substitute for the mature isoform (e.g. a-MHC). Using
microarray hybridization and real-time PCR it could be demonstrated that expression of

p73DD(wt) delays the transition from the proliferating phenotype of fetal cells to
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mature “terminally differentiated” cardiomyocytes [86]. It is tempting to speculate that
extension of the phase of embryonic gene expression caused by p73DD(wt) collides
with the endogenous program of cardiomyocyte maturation thereby enhancing

increased maladaptive (-like) cell growth.

5.4 p73DD(wt) expression does not induce cardiomyocyte apoptosis in vivo

Forced expression of certain oncogenes in cardiomyocytes, such as E1A and E2F1, also
induces apoptosis in parallel with proliferation [109, 110]. In particular, p53 is a well-
known tumour suppressor that triggers cellular suicide upon various pathological
stimuli through transcriptional activation of its downstream pro-apoptotic targets
(review in [111]). In the current study, however, no signs of apoptosis induction were
seen after directed expression of p73DD(wt) in neonatal as well as in adult hearts. This
was provided by the facts that: (i) induction of caspase gene expression was not noted 7
days after p73DD(wt) expression (microarray analysis), and (ii) the rate of activated
caspase3-positive cells in neonatal and adult hearts was similar between p73DD(wt),

control and p73DD(mut) group (activated caspase3 immunoassay).

5.5 p73DD(wt) and E2Fs

A large body of evidence indicates that there is extensive crosstalk between the E2F
transcription factors and the p53 protein family [112-114]. E2Fs are essential
transcriptional factors that induce expression of genes required for the induction of cell
cycle entry [4]. Furthermore, p73 was shown to mediate E2F1-induced apoptosis in the
absence of p53 [115]. On the other hand, inhibition of the p53-dependent cell cycle
inhibitor p21 WAF activates cyclin/CDK complexes, which release E2F transcription
factors through phosphorylation of retinoblastoma protein (Rb) [116, 117].

Unexpectedly, in the experiments presented here expression of p73DD(wt) had almost
no compact on E2F transcription factors according to the microarray analysis, although
expression of p73DD(wt) was shown to suppress p53/p73-signaling and inhibited
transcription and translation of p21 WAF in the neonatal hearts. As a matter of fact,
there was also no detectable increase of expression of CDK4 and cyclinD1/D2 on
protein level, which somewhat is in line with the unchanged E2F expression. However,

it is of importance to note that E2F expression was determined solely by microarray
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analysis in this study. Further analysis using quantitative real-time PCR or Western blot
would certainly yield further insights into the crosstalk of p53/p73 and E2F-activity but

was beyond the scope of the presented work.

5.6 p73DD: the “big brother” of dominant-negative p53-isoforms?

According to a previous study, expression of a dominant-interfering p53 isoform in a
transgenic model did not lead to cardiomyocyte proliferation under baseline conditions
[32]. In contrast, the present data shows that injection of p73DD(wt) leads to S-phase
entry of both neonatal and adult cardiomyocytes. This finding raises the question
whether p73DD(wt) acts as a stronger antagonist of cell cycle arrest than the dominant-
negative CB7 allele of p53 used previously [32] so that no additional stimuli were
necessary to induce cell cycle re-entry.

Although p73 belongs to the p53 family, p73 is nevertheless also able to bind DNA and
activate transcription via response elements slightly different from pS3RE and hence
might affect genes which do not respond to p53 although both p53 and p73 are able to
act via the p53 response element (pS3RE) [51, 58]. Unfortunately, no data regarding
cardiomyocyte cell cycle activity at early developmental stages were reported after the
targeted expression of the dominant-interfering p53 isoform mentioned above [32].
Therefore, the possibility that the dominant-interfering p53 isoform is also able to
induce cell cycle progression at least shortly after birth cannot be ruled out at present
[86].

Moreover, in the present study, the expression of p73DD in adult hearts was achieved
by direct intramyocardial injection of the adenoviruses, which also generates an
environment of myocardial injury that might stimulate regenerative processes although
the presence of cardiomyocytes that incorporated BrdU was not strictly confined to the
injection site.

Thus, further experiments using transgenic mice, in which targeted expression of
p73DD(wt) in cardiomyocytes, could allow us to directly compare the effects of

dominant-interfering p53 and p73 isoforms on cardiac regeneration.
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5.7 Controversial effects from p73DD(wt) and p73DD(mut) treated hearts

It was clearly demonstrated in our study that expression of p73DD(wt) has a strong
impact on gene expression and cell cycle regulation of cardiomyocytes. Surprisingly,
there was also a similar tendency after the expression of the mutant p73DD isoform in
some of the assays although p73DD(mut) should not interact with p53 or p73. One
possible explanation of this finding might be due to a residual binding activity of mutant
p73DD, which might cause a mild inhibition of p53/p73. However, the possibility that
the p73DD-isoforms exert other activities in addition to the inhibition of p53/p73 cannot

be excluded completely.

5.8 Perspectives

So far, we have to point out that the degree of proliferation of cardiomyocytes, which
was achieved by manipulation of the p73/p53 pathway, was relatively low. The
plasmids encoding p73DD which were employed for the generation of the recombinant
adenoviruses used in this study, were originally used in experiments to explore and
suppress the pro-apoptotic mechanisms of E2F1 [52]. In agreement with this study we
did not detect an increase in the rate of apoptosis after forced expression of p73DD.
Since overexpression of E2F does also stimulate cell cycle entry of cardiomyocytes but
often coincides with induction of apoptosis, it seems promising to combine p73DD(wt)
and E2Fs to achieve synergistic effects on cardiomyocyte proliferation and heart
regeneration in further experiments [89].

Additionally, it will be interesting to investigate whether the ability to undergo
proliferation might be reached by any given cardiomyocyte after appropriate cellular
reprogramming or resides only in a rare (sub)- population of (stem-cell like)

cardiomyocytes.
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6 CONCLUSION

The current study shows that directed expression of a dominant-negative isoform of p73
(p73DD(wt)) enables cardiomyocytes to re-enter the cell cycle both at neonatal and
adult stages. In parallel, p73DD leads to hypertrophic growth without provoking
apoptosis. Cell cycle activation in cardiomyocytes seems to be mediated by inhibition
of the cdk-inhibitor p21WAF and the induction and stabilization of S- and M-phase
cyclins. However, prospective investigations are still mandatory to further explore the

potential of p73DD as a candidate to be used for the stimulation of cardiac regeneration.
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THESEN

Herzmuskelzellen von Sdugetieren verlieren in der Perinatalzeit die Fahrigkeit zu
Proliferation und Zellteillung, so dass der adulte Organismus nicht in der Lage ist,

untergegangene Herzmuskelzellen (z.B. nach einem Herzinfarkt) zu ersetzen.

In der Vergangenheit konnte gezeigt werden, dass bei der Aufrechterhaltung
dieser kardiomyozytiren Zellzyklus-Blockade p53 eine wesentliche Rolle spielt.
p53 stellt jedoch einen typischen Tumor-Suppressor dar, so dass die p53-

Hemmung mit dem Risiko der Tumor-Induktion gebunden ist.

p73 stellt ein Mitglied der p53-Familie dar, das in struktureller und funktioneller
Hinsicht p53 sehr dhnlich ist. Im Gegensatz zu p53 stellt p73 keinen typischen

Tumor-Suppressor im engeren Sinne dar.

Mittels rekombinanter Adenoviren wurden die Auswirkungen der gezielten
Expression von p73DD — einer trunkierten Version von p73 mit dominant-
nagativen Eigenschaften gegeniiber p73 und p53 — auf Proliferation und Apoptose

von neonatalen und adulten Kardiomyozyten analysiert.

Es konnte gezeigt werden, dass die Expression von p73DD bei neonatalen Tieren

in einem signifikanten Anstieg der relativen Herzgewichte resultiert.

Die Auswirkung auf die Zellzyklus-Aktivitdt der Kardimyozyten wurden anhand
von BrdU-Inkorporation, Phosphorylierung von Histon3 und Expression von
AuroraB bestimmt. p73DD fiihrt sowohl in neonatalen als auch in adulten Miusen

zur vermehrten Proliferation von Kardiomyozyten

Der Zellzyklus-Eintritt ist nicht von vermehrten Kardiomyozyten-Apoptosen

begleitet.

Als molekularer Mechanismus der Proliferationssteigerung lisst sich die
Inhibierung des bekanntermaBlen p53-abhidngigen CDK-Inhibitors p21WAF

nachweisen.

Des Weiteren zeigt sich, dass p73DD auch zur Induktion von D-Cycline, Cyclin
A, B2 und E fiihrt.
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10. p73DD konnte somit einen versprechenden Kandidaten zur Stimulation der
Proliferation von Kardiomyzyten im Rahmen regenerativer Therapieansitze

darstellen.
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