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I. INTRODUCTION

1. The human heart

1.1. Cells of the human heart

The human heart is one of the most complex organs in our body which executes vital
functions. Our heart is considered to be a heterogeneous organ, comprised of a great variety of
different cell types. Cells of most significance are the cardiac myocytes, whose number
(several billions) accounts for more than half of all cell numbers (Banerjee 2007). These fairly
large cells play a particularly important role in the maintaining of proper heart function. They
are the primary contractile unit of the heart supplying all organs with the necessary amount of
blood (Avenue 2012).

Human hearts, considered to be a postmitotic organ (Nadal-Ginard 2003), do not have the
potential of an unlimited capacity of cell renewing and repair (Dumler et al. 1999) as cardiac
myocytes show a constancy in their number throughout the whole life of a human. Human
cardiac myocytes are believed to be terminally differentiated, meaning that they do not
replicate or re-entry in the cell-cycle once they are fully mature. For this reason cardiac
homeostasis also shows static properties. Furthermore, it is believed that there is a deficiency
of stem cells in the myocardium (Nadal-Ginard 2003). However, this assertion relates only to
mature multi-nucleated cardiomyocyte, since neonatal and early cardiomyocytes do have the
ability to proliferate (Avenue 2012). Furthermore, so called stem-like cells located in the
myocardium, enable the differentiation of a small number of cardiac myocytes (Nadal-Ginard
2003). New findings speak of so called resident cardiac progenitor cells (rCPcs) owning the
ability to regenerate and repair the damaged myocardium. Animal and human studies revealed

the potential of rCPcs to migrate into the damaged myocardium and begin to proliferate. This



way it is possible to regenerate the damaged area. However, more investigations are needed to

fully understand the repair capacity of the adult heart (Liang and Phillips 2013).

1.2. The failing human heart

Despite the constant improvement in research, diagnosis and therapeutic interventions
cardiovascular disease (CVD) is still one of the leading causes of human death. In spite of the
improvement of therapeutic interventions and reduced mortality there are no significant
changes in morbidity numbers (Singh et al. 2004). Nearly 50 percent of all deaths in Europe
are affected by cardiovascular diseases (Nichols et al. 2014). The most common result of
cardiovascular disease is the ischemic injury of the myocardium which when uncontrolled
may lead to heart failure or arrhytmias (Singh et al. 2004). There are many factors whose
interplay results in the increased risk of developing CVD like lifestyle e.g. diet, smoking, poor
physical activity and not modifiable factors such as gender, age or genotype (Fearon and Faux
2009, Mozaffarian et al. 2008). Cardiovascular diseases (cardiomyopathy, myocarditis,
atherosclerosis etc.) may serve as precursors and lead to the development of heart failure
(Fearon and Faux 2009, Morita et al. 2005). Associated with the development of CVD small
blood vessels closure due to atherosclerosis or atheroma can disrupt the blood flow. An
improper blood flow can lead to the occurrence of myocardial infarction or stroke (Fearon and
Faux 2009). Therefore it is an important point to begin preventive measures many years prior

to the development of first signs of coronary heart disease (Pais 2006).

2. Apoptosis

The designation of apoptosis is derived from two Greek words "apo” meaning "from" and
"ptosis™ meaning falling (Katz 2010). As first, Carl Vogt (1842) observed the formation of so
called "apoptotic bodies" in cells, but it was John Kerr in the year 1972 who first described

this phenomenon as apoptosis (Kerr et al. 1972).



Cell death of cardiomyocytes can result in various severe consequences and negatively
affect the living organisms (Dumler et al. 1999). Programmed cell death termed apoptosis has
been shown to have an influence on the occurrence of diverse heart diseases including
myocardial infarction and heart failure. Cardiac myocytes respond to hypoxia (Tanaka et al.
1994), reactive oxygen species (von Harsdorf et al. 1999), acidosis (Webster et al. 1999),
metabolic inhibition (Bialik et al. 1999) amongst others by undergoing apoptosis (Crow et al.
2004).

Apoptosis plays an important role as “programmed cell death” and leads to the elimination
of specific cells. It can occur under normal physiological circumstances during development,
in homeostasis and remodeling but also in the case of aging. Additionally it can also play a
main role as a defense mechanism of postnatal tissue to evade cancer development. Apoptosis
is an essential process for life but a dysregulated apoptotic pathway can have various negative
consequences. The dysregulation can result in an inappropriate quantity e.g. too many, but
also in too little cell death. Carcinogenesis can be a result of an inadequate cell death. On the
contrary an excessive cell death may be the reason for a myocardial infarction or heart failure
(Crow et al. 2004, Elmore 2007, Norbury and Hickson 2001).

Apoptotic cells go through many biochemical/physical changes in all cellular compartments
including the plasma membrane, cytoplasm and cell nucleus (Lawen 2003). Apoptosis is an
energy-dependent pathway that activates a cascade of molecular events, linking initiator
stimuli to effector proteins (EImore 2007). Firstly, cells undergoing apoptosis begin to shrink.
Shrinkage is characterized by rounding up of cells and the loss of cell-to-cell contact. It comes
to the stretching of the ER and as a consequence to the formation of vacuoles and vesicles.
The chromosomes, localized in the nucleus, undergo a condensation followed by a
fragmentation of the generated mass by proteolytically active endonucleases. Gradually the

cell nucleus fragments completely with trapping of the resulting fragments by apoptotic



bodies. Phagocytic cells are capable of recognizing and degrading apoptotic bodies (Lawen

2003).

2.1. The transcription factor p53 and its role in apoptosis

Diverse stimuli including DNA damage, oxidative stress, hypoxia and other cellular
damaging processes lead to the activation of the transcription factor p53 by modifications at
its phosphorylation sites found at its N-terminus (Ser15;-20 and 33) (Shieh et al. 1999) and as
a consequence it comes to the genetically determined (Elmore 2007) elimination of the
damaged cells by undergoing apoptosis (Schuler and Green 2001). In the case of apoptosis not
only an individual cell but also a whole cluster of cells can be recognized and eliminated
(Elmore 2007).

p53 is a key protein in the induction of apoptosis and is responsible for the elimination of
cells carrying damaged DNA . Under normal physiological conditions p53 is only a short-
lived protein but in the case of stress or DNA damage p53 is overexpressed. Activation of p53
results in two outcomes: cell-growth arrest or the induction of programmed cell death. The
choice of action depends on the incoming stimuli, expression level of p53 and cell type.
Cellular growth arrest may be achieved by cell cycle arrest or induction of senescence (Haupt
et al. 2003).

Hypoxia found in cardiac myocytes also has the potential to increase p53 levels and this
way leading to p53 dependent apoptosis of normoxic cadiac myocytes (Crow et al. 2004). p53
has the ability to bind to DNA in a sequence-specific manner (Petty et al. 2011) in order to
activate its downstream targets and to subsequently induce apoptosis.

An improper functioning p53 leads to the proliferation of cells harboring damaged DNA,
immortalization of mutated cells or genomic instability. As a consequence this can lead to the
development of cancer in the case of inactivation of p53 or to the development of

degenerative diseases including multiple sclerosis (Wosik et al. 2003) or neuropathies



(Mattson et al. 2001) in the case of hyperactivated p53 and the resulting death of neurons
(Fridman and Lowe 2003).

p53 not only leads to apoptotic cell death, but it also has the ability to induce cell cycle
arrest to allow repair of DNA damage. This way it counteracts the proliferation of cells
harboring mutated DNA. Once the damage is repaired, cell cycle proceeds (Lakin and Jackson
1999). The way of action is based on the enhanced expression of p21 by p53. p21 serves as an
inhibitor of the cyclin A/cdk2 and cyclin E/cdk2 kinases. The inhibition of these kinases leads
to a cell cycle arrest in the G1 phase and subsequently to the repair of damages found in the
DNA (Levine 1997). Additionally, Agarwal and colleagues (1995) demonstrated through
experiments with human fibroblasts, that p53 is not only responsible for cell cycle arrest in

the G1 phase, but it has also the ability to arrest cells in their G2 phase.

2.2. The extrinsic apoptotic pathway

We can distinguish between two apoptotic pathways leading to the activation of effector
caspases: the extrinsic (death receptor) and the instrinsic (mitochondrial) pathway. In addition
these two pathways are linked to each other by a range of molecules resulting in a crosstalk
between both pathways (Basu et al. 2006).

The extrinsic pathway starts by binding of specific ligands to their corresponding receptors.
The death ligand can be an integral membrane protein located on the surface of a second cell
such as Fas (including CD95/AP0O-1) (Nagata and Golstein 1995) or a soluble extracellular
protein like tumor necrosis factor-a (Crow et al. 2004). The binding of ligands to their
receptors initiates the formation of the death-inducing signalling complex (DISC) (Hengartner
2000). DISC is composed of caspase-8 and FADD, an adapter molecule. Caspase-8 can

activate the effector pro-caspases either by cleaving them directly or by cleaving of BH3



protein Bid, which is a pro-apoptotic Bcl-2 protein (Figure 1.) (Crow et al. 2004, Elmore

2007, Schuler and Green 2001).

2.3. The intrinsic apoptotic pathway

The intrinsic pathway is under the regulation of Bcl-2 family proteins. Bcl-2 family proteins
are composed of four essential Bcl-2 homology domains: BH1, BH2, BH3 and BH4 (Lawen
2003). The proteins can have pro- and anti-apoptotic property, respectively. Anti-apoptotic
members are characterized by the presence of a membrane anchor at the C-terminus of the
four domains (e.g. Bcl-2 and Bcl-x.) (Greenhalf et al. 1996). Pro-apoptotic members (missing
some domains) can be further subdivided into multidomain pro-apoptotics (Bax and Bak) and
BH3-only pro-apoptotics (eg. Bid, Bad, Puma, Noxa) (Lawen 2003, Akhtar et al. 2006).

On the contrary to the extrinsic pathway the intrinsic pathway is activated by stress stimuli.
The stress stimuli may be of extracellular nature including radiation or damaging agents or of
intracellular nature including oxidative stress, DNA damage or protein misfolding. The
apoptosome (composed of Apaf-1 and caspase-9) is constituted due the release of cytochrome
¢ from the mitochondria. After releasing, cytochrome c binds to WD40 repeats found at the C-
terminus of Apaf-1. These events are followed by a conformational change in Apaf-1 leading
to its homo-oligomerization. p53 induces transactivation of promoters of multiple pro-
apoptotic proteins like Bax, Noxa, PUMA, Bid, apaf-1, Fas may serves as a trigger for
mitochondrial cytochrome c release. The presence of p53 response elements on the above
mentioned proteins supports this assumption. Subsequently, the effector caspases can be
cleaved and activated this way (Figure 1.) (Schuler and Green 2001, Lawen 2003, Crow et al.

2004).
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Figure 1. Instrinsic vs. extrinsic apoptotic pathway (Favaloro et al. 2012).

3. Role of proteases in the human heart

Recent studies and transgenic mouse models suggest an involvement of proteases in the
development of diverse cardiac diseases. Mostly, proteases can be found in the cytosol or in
other subcellular organelles like mitochondria. Further it can be distinguished between
exopeptidases and endopeptidases. As their name already suggests, exopeptidases are capable
of cleaving polypeptides at their peptide bonds found near to their N-or C-terminus, while
endopeptidases have the potential of cleaving peptide bonds widely from the N-or C terminus
(Singh et al. 2004). The apoptotic machinery is dependent on proteases and activation of them
results in changes affecting specific proteins by cleaving their targets at specific aspartic acids
(Alberts et al. 2002).

Caspases are a major group of proteases of proteolytic activity. Till now, ten important
caspases were identified and grouped into three categories; initiators (caspase-2, -8, -9, -10)

and executioners (caspase-3, -6, -7). Additionally there is a group of caspases termed as
8



inflammatory caspases (caspase-1, -4, -5) (EImore 2007, Cohen 1997). Upstream signaling
pathway is induced by the activation of initiator caspases, mostly by dimerization. As a
consequence, initiator caspases subsequently activate effector caspases (Mcllwain et al.
2013). Effector caspases can be cleaved between their large and small subunits and this way
leading to a conformational change and to the activation of effector caspases. The active sites
come together and form an active dimer (Riedl and Shi 2004). Activated executioner caspases
can afterwards activate further executioner caspases or other downstream targets (Figure 2.)

(Mcllwain et al. 2013).
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Figure 2. Mode of action of caspases (Chang and Yang 2000).

Caspases possess a cysteine at their active site and are derived from pro-caspases, which are
proteolytically cleaved and activated by other caspases (Alberts et al. 2002). Binding of ligand
to their corresponding cell surface death receptors or the release of cytochrome ¢ from the
mitochondria can serve as an activating stimulus for the activation of caspases (Singh et al.
2004). Caspases have protease activity and are the key mediators of apoptosis (Chang and
Yang 2000). Caspase-3 was identified as a key regulator in cell death but it has also main
roles in condensation of apoptotic chromatin or DNA fragmentation. It belongs to the family

of CED-3 caspases and has a high expression rate in lymphocytic origin cell lines. This



property suggests its importance as a mediator of apoptosis found in the immune system. It is
believed that caspase-3 is one of the key proteins of apoptosis. It is responsible for either the
total or only partial proteolytic cleavage of many important proteins e.g. Poly (ADP) ribose
polymerase (PARP) (Cohen 1997, Fernandes-Alnemri et al. 1994). Caspase-3 recognizes the
Asp-Xaa-Xaa-Asp motif (Kim et al. 2003) on a number of large substrates and it is
responsible for the proteolytic cleavage of them (Cohen 1997). Results of animals models
imply that up-regulation of caspase-3 is involved in the activation of apoptotic pathways of
cardiac myocytes and furthermore in the development of heart failure (Sabbah et al. 2000).
This hypothesis is supported by the observation of the presence of activated caspase-3 in the
myocardium of end-stage heart failure patients (Narula et al. 1999). Upregulation of caspase-3
has been further observed in patients suffering from right ventricular dysplasia (RvD). RvD
is accompanied with cardiac myocyte death indicating a correlation between myocardial
apoptosis and upregulation of caspase-3 (Condorelli et al. 2001).

Youn and colleagues (2007) showed that H,O, treatment of fibroblast cells led to more
frequent cleaving of procaspase-3 and procaspase-7 to their active caspase forms resulting in a
higher occurrence of apoptosis in H,O; treated cells than in the control group (Youn et al.
2007). The results support the assumption of a relationship between elevated levels of H,0,

and apoptosis-inducing factors e.g. caspase-3 and 7.

4. DNA damage

Cells of the human body are exposed to exogenous and endogenous harmful agents causing
severe damages in the DNA of the corresponding cells. Every single day the human DNA
suffers tens of thousands of lesions (Jackson and Bartek 2010). Oxidative stress, radiation,
UV light, food or high temperatures can cause damages to the DNA. In most cases the

resulting DNA damages are recognized rapidly by the DNA damage response signaling
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pathway. This pathway consists of several sensor proteins (e.g. MRN complex) recognizing
DNA damage, and transducers (e.g. ATM or ATR) signaling the recognized damage to
downstream effectors. It was shown that MRN plays an important role in the recognition and
ATM/ATR in transmission of DNA damage. A properly functioning MRN complex is
necessary for the correct activation of ATM and subsequent ATM pathway activation.
Downstream targets include cell-cycle checkpoints leading to the appropriate DNA repair
mechanism or to programmed cell death of the damaged cell (Barzilai and Yamamoto 2004).
The Mrell-Rad50-Nbsl1 (MRN) complex acting as DNA damage sensor recruits ATM to the
site of DNA damage. The inactivation or an improperly functioning ATM leads to the
accumulation of DNA damage and to an altered redox state of cells. It has been shown that
cells with an ATM-deficiency show a higher sensitivity to oxidative stress in comparison to
normal cells. Studies with ATM-deficient mice support the in vitro results (Barzilai and
Yamamoto 2004).

ATM serves as a primary activator to DNA damages and it leads to the phosphorylation of
the transcription factor p53. As a consequence p53 activates further downstream targets
responsible for DNA repair, cell cycle arrest or programmed cell death (apoptosis) (Saito et al.
2002, Lee and Paull 2005).

BAX, a pro-apoptotic Bcl2-family member is believed to play a main role in the regulation
of cardiac myocyte cell death under physiological and pathological conditions (Dong et al.
2003). Hou and colleagues (2005) used neonatal rat cardiac myocytes and H9C2
cardiomyblasts to examine the role of BAX in the pathway of apoptosis. Inhibition of BAX
by anti-apoptotic Bcl-2 or Bcl-X resulted in cardiac damage of smaller extent and as a
consequence in the prevention of the cells from undergoing apoptosis. Further experiments
suggested a translocation of BAX from the cytosol to the mitochondria of the cells, which
goes along with a decreased membrane potential and the release of cytochrome c from the

mitochondria. Furthermore, translocation was accompanied by conformational changes of
11



BAX, by exposure of NH2- and COOH-termini. The COOH-terminal segment is responsible
for the integration of BAX into the outer membrane (Hou and Hsu 2005).

Programmed cell death is induced by the apoptosis inducing factor known as p53 (Shetty et
al. 2007). An elevated level of p53 is associated with cardiomycyte death. p53 is known to
activate the transcription of pro-apoptotic molecules (Birks et al. 2008, Benchimol 2001,
Amaral et al. 2010). The p53 dependent cell death pathway leads to the activation of protein
caspases. The activation and translocation of apoptogenic factors including the pro-apoptotic
protein BAX from the cytosol is the first step. It is one of the main steps in the effector phase
of programmed cell death (Schuler and Green 2001). Translocation is followed by the release
of cytochrome c by opening of the mitochondrial permeability transition pore (MPTP) (Singh
et al. 2004), allowing the formation of the so called apoptosome. The apoptosome consists of
apoptotic protease-activating factor-1 (Apaf-1), an adapter protein, and procaspase-9 (Riedl
and Salvesen 2007).

Caspase-9, derived from procaspase-9 can be activated due to its recruitment into the
apoptosome. Caspase-9 in turn activates the effector caspases e.g. caspase-3 and caspase-7 by
cleaving them proteolytically. The name of effector caspases derived from the fact that they
have the ability of execution of the death program (Schuler and Green 2001). Additionally it
comes also to the release of other pro-apoptotic factors including second mitochondrial
activator of caspases (SMAC/Diablo), apoptosis inducing factor (AlF) and endonuclease G.
The function of SMAC/Diablo lies in the binding and inactivation of the inhibitors of
apoptosis proteins (IAP) and this ways allowing the activation of caspases and endonuclease

G and AIF are responsible for the DNA fragmentation (Singh et al. 2004, Du et al. 2000).
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5. Oxidative stress in the heart

5.1. The generation of reactive oxygen species (ROS)

The human heart is an obligate aerobic organ, which means it requires a certain amount of
oxygen in order to function properly. However, our heart does not have the potential to pro-
duce the amount of energy required under anaerobic conditions, so therefore it is of major
importance to provide the heart with the required amount of oxygen. Oxygen plays an impor-
tant role as regulator of myocardial gene expression. When levels of oxygen decrease an al-
tered gene expression profile is induced. Furthermore, oxygen has an important role in the
generation of NO, which participates in determining cardiac contractility and vascular tone.
Additionally, oxygen is also responsible for the generation of reactive oxygen species (ROS).
In summary it can be said, that oxygen can be essential but on the contrary also harmful to the
heart (Giordano 2005, Davies 1995, Huang et al. 2004).

Under normal circumstances there is a continuous production of reactive oxygen species
(ROS) in living cells (Cooke et al. 2003). A certain level of ROS plays an important role as
regulatory mediators in the signaling pathway (Droge 2002). At normal physiological levels
ROS has a role in regulating signaling pathways and expression of genes. ROS can arise from
endogenous and exogenous sources. By-products derived from normal cellular metabolism,
such as oxidative phosphorylation in the mitochondria or inflammation, can act as ROS
(Giordano 2005, Cooke et al. 2003).

Moreover phagocytic cell induced immune responses may also contribute to the ROS pro-
duction by generating hydrogen peroxide, hypochlorous acid and superoxide (Martin and Bar-
rett 2002). Exogenous sources can be ionizing radiation (IR) and exposure to high tempera-
ture (Barzilai and Yamamoto 2004, Parihar 1998). ROS include hydroxyl radical (OH), supe-
roxide radical (O2) and hydrogen peroxide (H,O;) and NO (Barzilai and Yamamoto 2004,

Cooke et al. 2003). Oxygen contains 2 unpaired electrons, a property making it highly reac-
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tive and able to take part in several chemical or biochemical processes. Formation of the supe-
roxide radical occurs when oxygen receives one single electron. The donation of two elec-
trons leads to the formation of peroxide, leading to the production of hydrogen peroxide
(H20-) by protonation of peroxide. Donation of a third electron results in the generation of a
hydroxyl radical. Donation of a fourth electron leads to the production of water (Figure 3.)

(Giordano 2005, Genova et al. 2003, Davies 1995).

Formation and Elimination of Reactive Oxygen Species (ROS)

02 — 07 —— H0; —— OH' — H:0
‘0:0° -9:9:‘ H:0:0:H ‘O:H H:O:H

Oxygen Superoxide Hydrogen Hydoxyl Water
anion peroxide radical

Superoxide dismutase Glutathione peroxidase
Catalase

Figure 3. The way of elimination and formation of reactive oxygen species (ROS) (Racila and Bickenbach 2009).

5.2. Reactive oxygen species (ROS) and the human heart

Damages caused by reactive oxygen species (ROS) are generally quickly repaired as they
are immediately recognized by several defense mechanisms acquired by the cell. There are
several defense mechanisms against ROS in the mammalian heart (Cooke et al. 2003). How-
ever, some lesions may escape defense mechanisms leading to an accumulation associated
with age. As a consequence of accumulated DNA damages cells can undergo apoptosis or
necrosis. Necrosis is accompanied by the loss of cellular homeostasis (Martin and Barrett
2002).

Two pathways for oxidative damage protection and repair can be distinguished, an enzymat-
ic and a non-enzymatic pathway (Giordano 2005, Nordberg and Arnér 2001). Enzymatic
pathways are e.g. catalase (CAT) or glutathion peroxidase (GPx). Both enzymes catalyze
H,0, to water or superoxide dismutase (SOD) (Giordano 2005, Kirkman et al. 1999). Some

further enzymatic defense pathways are thioredoxin and thioredoxin reductase, playing a key
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role in the regeneration of antioxidant molecules like e.g. ascorbic acid or ubiquinone (Q10).
On the other side the family of non-enzymatic defense mechanisms includes antioxidants (vi-
tamin C, E and beta-carotene), lipoic acid and glutathione (Giordano 2005, Nordberg and
Arnér 2001, Conrad et al. 2004). The action path of antioxidants consists of becoming a weak
radical itself. Therefore they are capable of intercepting free radicals and protecting cells from
damage (Cooke et al. 2003). The balance between ROS and counteracting antioxidants is of
key role in the context of preventing cells from toxicity (Martin and Barrett 2002)

However, in the case of an imbalance between the ROS-producing pro-oxidant factors and
the antioxidant defense the levels of cell damage arises (Cooke et al. 2003). An increased lev-
el of ROS production leads to e.g. protein-DNA cross-linking, membrane lipid peroxidation,
degradation of proteins, DNA strand breaks, and purine oxidation (von Harsdorf 1999). Lipid
peroxidation leads to the damage of cell membranes as well as to the damage of the walls of
cellular organelles. ROS is also capable of modification of proteins resulting in their non-
functionality (Giordano 2005). Oxidative stress protagonists have the property to be short-
lived agents and to immediately react with molecules found in surroundings (Schnabel and
Blankenberg 2007).

ROS lead to the generation of modified bases. The most common product of DNA damage
is 8-0x0-7,8-dihydroguanine (8-oxoguanine). The damaging property of 8-oxoguanine lies in
mispairing with adenine during replication and therefore leading to DNA lesions. The results
of this mispairing are G:C and A:T transversions (Fortini 2003, Sampath et al. 2012). It is
believed that 8-oxoguanine has a cytotoxic and mutagenic potential. Specific proteins func-
tion as repair proteins of 8-oxoguanine. The most common excision mechanism for 8-
oxoguanine is base excision repair (BER) that removes the incorporated 8-oxoguanine from
the DNA (Singh et al. 2011). The excision repair is catalyzed by a glycosylase, known as 8-
oxoguanine-DNA glycosylase (OGG1), localized to nucleus and mitochondria, respectively

(Sampath et al. 2012). OGG1 counteracts the accumulated DNA damage caused by oxidative
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stress in eukaryotes (Youn et al. 2007). After removing 8-oxoguanine, several BER process
the remaining abasic site in order to eventually reconstitute a regular G:C base pair (Singh et
al. 2011, Hazra et al. 1998). Furthermore, there is a suspicion of the involvement of poly-
(ADP-ribose) polymerase (PARP) in the process of rejoining of DNA strand breaks caused by
ROS (Parihar 1998). Recent evidence indicates that there is a close link between the p53 le-
vels found within cells and OGG1 levels. Achanta and Huang (2004) observed the capability
of p53 to bind directly to damaged DNA and this way acting directly in repair and to enhance
the activity of OGGL1 in order to remove 8-oxoguanine. For this reason it can be considered
that p53 plays an essential role in BER by modulating its activity according to its own levels

in cells.

6. UPA/UPAR Pathway

Myocardial infarction concerning the human heart is accompanied with tissue injury and the
formation of scar tissue. In this regard it is of particular importance to repair the cardiac
muscle by replacement of the scar tissue and restoration of heart function (Krishna et al.
2011). Repair of tissue injury is a process, which includes the formation of a fibrin-containing
matrix, consisting of cross-linked fibrin (Brown et al. 1988). However, this matrix is only
preliminary as it is replaced by granulation tissue as the next step. Subsequently this is also
replaced by a secondary matrix, composed mostly of collagenous components. The
replacement of the fibrin matrix requires extracellular proteolysis, caused by so called
fibrinolytic enzymes. This process is also involved in the remodeling of the granulation tissue
(Schafer et al. 1994, Brown et al. 1993). Extracellular proteolysis is a way of cells to
influence and modify their environment. An improper extracellular proteolysis may have
profound effects on the development of disorders or serious diseases concerning human heart.
Enzymes having the property of degrading extracellular matrix, activating growth factors and

matrix metalloproteinases or influencing directed cell migration (Plow and Hoover-Plow
16



2004) play a major role during early embryonic development (e.qg. fertilization, blood vessel
formation) as well as in the adult organism (e.g. wound healing or tissue remodeling)
(Parfyonova et al. 2002, Vassalli et al. 1991).

Plasmin is a protein with a significant proteolytic activity. It has the ability of degrading
fibrin and a variety of other components of the extracellular matrix e.g. laminin, fibronectin or
proteoglycans at their lysyl or arginyl peptide bonds (Plow and Hoover-Plow 2004, Schafer et
al. 1994). However, plasmin needs to be activated. Only one single proteolytic reaction (Blasi
and Carmeliet 2002) is necessary to convert the inactive plasminogen zymogen (found in
plasma and interstitial fluid (Schafer et al. 1994, Miyashita et al. 1988)) into the active
plasmin by so called plasminogen activators (PA). Cleavage of plasminogen occurs at its Arg-
Val bond, which results in the active enzyme form. It is constituted of two polypeptide chains
that are linked by a disulfide bond (Sanderson-Smith et al. 2012).

PAs are main representatives of the class of serine proteases and are members of the trypsin
family. Two types of PAs have been idendified: urokinase-type plasminogen activator (UPA)
and tissue-type plasminogen activator (tPA). Both of them are first secreted as single-chain
(sc) gene products. sc tPA posses already proteolytic activity, by contrast sc UPA (pro-uPA) is
an inactive glycoprotein and must be activated. Pro-uPA can be cleaved at its Lys158-1le 159
peptide bond (Wu et al. 2005, Vassalli et al. 1991) by several proteins eg. plasmin, cathepsin
B, and kallikrein resulting in the active uPA form, consisting of two chains (Vassalli et al.
1991).

PAs are secreted by various cells including smooth muscle cells (Clowes et al. 1990),
monocytes (Vassalli et al. 1984), macrophages (Vassalli et al. 1984) or endothelial cells
(Pepper et al. 1993, Parfyonova et al. 2002).

uPA is a glycoprotein consisting of 411 amino acids and has a molecular mass of 54 kDA
(Wu et al. 2005). uPA has three important regions, the N-terminal domain, the kringle-domain

and the C-terminal domain. The N-terminal domain called growth factor domain (GFD)
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shows similarities in its structure to the epidermal growth factor (Mondino and Blasi 2004).

The binding of uPA to it receptor localized at cell surfaces, urokinase-plasminogen activator
receptor (UPAR) is mediated by the amino-terminal-fragment (ATF), localized at the N-
terminal domain. An increased stability is ensured by the kringle domain. C-terminal domain
(low-molecular-weight uPA) is believed to have a catalytic activity (Mondino and Blasi 2004,
Wau et al. 2005, Blasi and Carmeliet 2002).

The activity of uPA can be inhibited by so called serpins, which are serine protease
inhibitors. The two known uPA inhibitors are plasminogen activator inhibitor-1 (PAI-1) and

plasminogen activator inhibitor-2 (PAI-2) (Hildenbrand et al. 2008).

6.1. The urokinase plasminogen activator receptor (UPAR)

UPAR is a glycosylphosphatidylinositol (GPI)-anchored protein (Ploug et al. 1991) of 55-60
kDA (Wang et al. 2001) molecular mass and consisits of 283 amino acids (Ploug and Ellis
1994). It shows a strong affinity either to inactive sc uPA and active tc uPA. The binding of
the A chain of the active two-chain uPA results in the activation of the proteolytic cascade
(Hildenbrand et al. 2008). Furthermore, three extracellular domains belonging to the
Ly6/uPAR/a-neurotoxin family, named D1 (amino acids 1-92), D2 (amino acids 93-191) and
D3 (amino acids 192-281) can be defined in the receptor (Mondino and Blasi 2004, D’mello
et al. 2009, Hildenbrand et al. 2008). uPAR plays an important role as a protease receptor,
however it has impact on proliferation, differentiation and migration by its ability to
propagate intracellular signaling pathways. Although it lacks a proteolytic domain, different
types of transmembrane proteins (integrins, caveolin and GPCRs) enable the connection and
the activation of downstream targets of UPAR (protein-and tyrosine kinases) involved in

intracellular signalling (Blasi and Carmeliet 2002).

18



6.2. Plasminogen activator inhibitor (PAI-1)

Plasminogen activator inhibitors (PAIs) are members of the serine protease inhibitor family
more precisely, they belong to the group of serpins. There are four inhibitors of uPA, tPA and
thrombin known so far; PAI-1, PAI-2, PAI-3 and protease nexin 1 (PN-1). PAI-1 is believed to
be the inhibitor of primary significance playing an important role as uPA regulator. It inhibits
the interaction of uPA with its corresponding substrates by forming a covalent complex (Lee
and Huang 2005, Heeb et al. 1987, Barker et al. 1980). PAI-1 has a molecular weight of
45kDA (Correia and Haynes 2006) and is a single chain (Schneider et al. 2008) glycoprotein
(Lee and Huang 2005). Sawdey and Loskutoff (1991) analyzed the concentrations of PAI-1 in
different tissues with the most prominent concentrations found in adipose tissue, lung, heart
and aorta but also considerable amounts in the liver and kidney, considering these tissues as
being the main sources of PAI-1 (Sawdey and Loskutoff 1991). PAI-1 contains an active
center, which can be found on the surface, allowing the interaction with its proteinases. On the
contrary, the inactive PAI-1 does not expose its active center on the surface. The activity of
PAI-1 results in inhibition of PAs and diminished generation of plasmin (Schneider et al.
2008).

PAI-1 is an important downstream target of p53 and for this reason Kortlever and colleagues
(2006) investigated the effect of inhibition of PAI-1 on the senescence of primary mouse
embryo fibroblasts and human BJ fibroblasts. Results coming from experiments revealed the
capability of the fibroblasts to escape from the state of replicative senescence in the case of
suppression of PAI-1. In addition, inhibition of PAI-1 resulted in preserve of activated PI(3)K-

PKB-GSK3p pathway.

6.3. uUPA/UPAR and cardiovascular diseases

Binding of urokinase plasminogen activator (uPA) to its receptor (UPAR) localized on the
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cell surface leads to the activation of intracellular signaling pathways (Smith and Marshall
2010). uPA/UPAR system has been implicated in the process of fibrinolysis, matrix
proteolysis, cell migration, tissue remodeling and wound healing (Stojkovic et al. 2014,
Mondino and Blasi 2004). Plasmin and activated matrix metalloproteases (MMPs) are
responsible for the degradation of extracellular matrix allowing the migration of inflammatory
or mutated cells in the tissue (Wu et al. 2005). uPA is known as an activator of pro-MMPs as
it activates plasmin therefore beeing responsible for the plasmin-mediated MMP activation.
However, PAI-1 is known to inhibit this plasmin-mediated activation of MMPs and therefore
increase the accumulation of collagen and extracellular matrix components in the heart (Kiyan
et al. 2014, Heymanns et al. 1999).

Previous studies have demonstrated the involvement of uPA in the remodeling of
extracellular matrix of the heart after myocardial infarction (Cleutjens and Creemers 2002,
Jugdutt 2003). Heymans et al. (1999) showed a protective function after myocardial infarction
in uPA knock-out mice. Myocardial infarction led in 30% of wild-type mice and mice lacking
either tPA, uPAR, MMP-3 or MMP-12 to cardiac rupture. On the contrary, mice deficient in
uPA (uPA -/-) showed a complete protection against cardiac rupture (Wu et al. 2005). Aside of
this protective effect, uPA deficient mice showed some adverse effects. The formation of scars
and revascularization in the infarct zone occurred, which resulted furthermore in cardiac
failure as a consequence of depressed contractility, ischemia and arrhytmias (Heymans et al.
1999). In summary it can be considered that uPA plays an important role as a contributor of
repair and healing of damaged myocardium at a later stage after myocardial infarction (Wu et
al. 2005).

The occurrence of myocardial infarction (MI) causes necrosis of cardiac myocytes. After Ml
the process of wound healing starts, which involves the proteolytic degradation of
extracellular matrices and necrotic cardiomyocytes, which is then followed by the

proliferation of fibroblasts and angiogenesis. Additionally there can be a persisted existence of
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myofibroblast observed in the damaged myocardium (Creemers et al. 2000, Willems et al.
1994).

Creemers and colleagues (2000) induced myocardial infarction in plasminogen-deficient
(Plg -/-) and wild-type (Plg +/+) mice in order to investigate the effect of plasminogen on
wound healing in the cardiac system. Results suggest a positive effect of plasminogen on the
wound healing after a myocardial infarct either directly by extracellular matrix degradation or
indirectly by activating MMPs. Wound healing did not occur in (Plg -/-) mice at all, but a
stable presence of necrotic cardiomycotes could been observed in this test group. The absence
of plasminogen was associated with the missing migration of inflammatory cells to the
infarcted zone of the myocardium. For this reason there was a lack of formation of fibrin-
containing matrix and granulation tissue. On the other hand in (Plg +/+) mice the replacement
of necrotic cardiomyocytes by granulation tissue has taken place. The granulation tissue was
composed of abundant macrophages, alpha-smooth muscle actin-positive cells and endothelial
cells (Creemers et al. 2000).

An overexpression of UPAR can be observed in the case of injury or stress, suggesting its

major role in wound healing (Smith and Marshall 2010).

6.4. UPA/UPAR pathway and p53

It has been previously described, that uPA plays a pivotal role in the emergence of
inflammatory lung diseases and neoplasms such as lung tumors (Shetty et al. 2004). An
overexpression of uPA is accompanied with a massive extracellular degradation of matrix
leading to the propagation of neoplasms (Soff et al. 1995). The uPA /uPAR pathway is
furthermore also involved in regulation of sensitivity of cells to proliferation and apoptotic
stimuli (Alfano et al. 2005). As it has been previously described by Greenblatt et al. (1994), a

mutated p53 can be observed in most tumor forms. The fact, that high accumulation of uPA
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and p53 in tumors is associated with a poor prognosis in the case of breast cancers (Broét et
al. 1999), points towards a possible link between p53 and uPA.

For this reason Shetty et al. (2005) investigated the relationship between uPA and p53 in the
human lung, to see if uPA might regulate the expression of p53. Results coming from their
experiments confirm their assumption and revealed that uPA influences the expression of p53
in a time-and concentration dependent manner in Beas2B cells. Interestingly, uPA does not
need to be proteolytically active, on the contrary, the amino-terminal fragment of uPA was
sufficient to induce enhanced expression of p53. Similar effects were also observed in the

case of single chain uPA (Shetty et al. 2004, Shetty et al. 2005).
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Il. MATERIAL AND METHODS

1. Immunohistochemistry

Immunohistochemistry is a staining technique with the aim to detect and localize cellular
antigens in tissue sections using specifically binding antibodies. So termed primary antibodies
bind directly to the desired antigen and secondary antibodies, usually tagged to a fluorophore
or enzyme, bind to antibodies of a specific animal. There are two methods of immunostaining
to be distinguished, the direct and the indirect method. The direct method is characterized by
the usage of a primary antibody, only. In this case a labeled primary antibody is
indispensable. On the contrary, the indirect method is characterized by the application of an
unlabeled primary antibody. Bound primary antibodies are in turn recognized by labeled
secondary antibodies (Buchwalow and Bocker 2010). After binding of the antibody to its
corresponding antigen the resulting bond is represented by a color reaction. Immunoglobulin

G is the most widely used immunoglobulin in immunohistochemisty (Ramos-Vara 2005).

1.1. Staining of tissue sections on slides

Paraffin embedded heart tissue sections from 12 different patients suffering from end stage
heart failure and therefore undergoing cardiac transplantation were used. Prior to the staining
experiments a standard deparaffinization with xylol/ethanol was performed, followed by 2
washing steps in 1XPBS for 5 minutes, respectively. Sections were blocked for 1 hour (0.5%
Triton X100, 2.5% BSA, 1% CFG in PBS). Tissue sections were stained with monoclonal
mouse anti-human uPA antibody (Sekisui), monoclonal mouse anti-human 8-oxoguanine

(Abcam) and polyclonal rabbit anti-human caspase-3 (Cell Signaling) antibody.
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1.2. Detection of urokinase plasminogen activator in tissue sections

Primary monoclonal mouse anti-human uPA antibody (Sekisui) was used in a dilution of
1:300 in primary antibody buffer containg PBS, 0.5% Triton X100 and 0.5% BSA,
respectively. Staining with secondary polyclonal donkey anti-mouse 557 fluorophore labeled
antibody (1:500, R&D Systems) was carried out overnight at 4°C, followed by a
counterstaining of cell nuclei with DAPI (1:500) diluted in PBS for 20 minutes. Positive uPA

regions were visualized by Zeiss Axiovision fluorescence microscopy (Carl Zeiss).

1.3. Detection of 8-oxoguanine in tissue sections

Primary monoclonal mouse anti-human 8-oxoguanine antibody was used in a dilution of
1:200 in primary antibody buffer (composition see above). Secondary polyclonal donkey anti-
mouse 557 fluorophore labeled antibody (R&D Systems) was used in a dilution of 1:500 in
secondary antibody buffer consisting of PBS and 0.5% Triton X100. Cell nuclei were
counterstained with DAPI for 20 minutes (1:500). Positive regions were visualized by

fluorescence microscopy (Carl Zeiss).

1.4. Caspase-3 /JuPA Antibody Human double staining

Following the deparaffinization steps (see above) tissue slides were boiled for 6 minutes in
citrate buffer of pH 6.0. Primary polyclonal rabbit anti-human caspase-3 antibody was used in
a dilution of 1:100 and primary monoclonal mouse anti-human uPA antibody in a dilution of
1:300 in primary antibody buffer, after blocking for 1 hour with blocking solution
(composition see above). Slides were exposed to secondary polyclonal donkey anti-mouse red

and anti-rabbit green antibodies (R&D Systems) in a dilution of 1:500, respectively.
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Afterwards cell nuclei were stained with DAPI (1:500) for 20 minutes. Positive cells were

visualized by fluorescence microscopy (Zeiss).

2. Preparation and analyzation of myocardial tissue probes

2.1. RNA isolation from myocardial tissue from failing human hearts

Sample tissue blocks were dissected from frozen myocardial tissue probes (n=21) stored in
liquid nitrogen. Tissue blocks were homogenized by using a ball mill (Retsch). Subsequently
the solutions were forwarded to RNA extraction by using high pure RNA tissue kit (Roche)
according to the manufacturer’s protocol. RNA was eluted by using 40ul nuclease free double
distilled water. RNA concentrations were determined by NanoDrop (Thermo Scientific),

followed by reverse transcription into cDNA.

2.2. Reverse Transcription into cDNA

Isolated RNA was reverse transcribed into cDNA by using the Promega kit (according to
manufacturer's manual). Reverse transcription can be applied in order to analyze RNA and to
reverse transcribe it into complementary DNA copy (CDNA) by the so-called reverse
transcriptase (RT). Initially a short oligonucleotide (primer) is bound to the RNA in order to
induce reverse transcription. It binds to the polyadenylated 3’ end of the RNA and the
complementary DNA strand is synthesized and extended toward the 5’ end of the RNA by
reverse transcriptase. RT has an RNA-dependent DNA polymerase activity, meaning it uses
RNA as its template to synthesize DNA (Freeman et al. 1999). After successful reverse
transcription the obtained cDNA can be amplified by performing a polymerase chain reaction

(PCR).
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2.3. Real Time Quantitative-Polymerase Chain Reaction (QPCR)

Real Time-PCR enables the combination of a PCR reaction with fluorescent probes.
Specific nucleic acids can be precisely quantified by using RT-PCR. RT quantitative PCR
enables the measurement of mMRNA levels of minimal starting amounts of nucleic acid. The
amplification can be followed by the incorporation of the fluorescently tagged probes (Heid et
al. 1996). The Real Time-PCR of the cDNA was performed by using the LightCycler® 480
Real-Time PCR-System (Roche) in order to detect and determine glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), uPAR, p53, hOGG1 and BAX levels in prepared HACM cDNA:s.

Real-time PCR was performed in a total of 20 ul composed of the same amount input of
cDNA (1 ul) for each sample, 2x MasterMix (Promega), fluorescent probes (Roche),
corresponding BAX (forward primer: 5’-atgttttctgacggcaacttc-3’; reverse primer: 5°-
atcagttccggcaccttg-3’), GAPDH (forward primer: 5’-agccacatcgctcagacac-3’; reverse primer:
5’-gcccaatacgaccaaatcc-3’), hOGGL1 (forward primer: 5°-ctgcaatcctgectggagt-3’; reverse
primer: 5’-gcctggggcttgtctagg-3°), p53 (forward primer: 5’-aggccttggaactcaaggat-3’; reverse
primer: 5’-ccctttttggacttcaggtg-3’), uPA (forward primer: 5’-ttgctcaccacaacgacatt-3’; reverse
primer: 5’°-ggcaggcagatggtctgtat-3’) and uPAR (forward primer: 5’-gccttaccgaggttgtgtgt-3°
reverse primer: 5’-cttcgggaataggtgacagc-3’) primer pairs (VBC Biotech), and double distilled
H,0. Due to the comparison with the housekeeping gene (here GAPDH) the quantity of gene
transcripts could be estimated. Obtained PCR results were analyzed by using Microsoft Office

Excel 2007.

3. HACM in cell culture

3.1 Human adult cardiac myocytes
Human adult cardiac myocytes (HACM) were obtained from failing hearts and maintained

in culture as described previously (Hohensinner et al. 2006). HACM were cultured in culture
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flasks coated with 1% gelatine. Cells were cultured in M199 (Sigma) supplemented with 20%
fetal bovine serum (FBS), 100 U/ml streptomycin, 100U/ml penicillin, 0.25 pg/ml fungizone
and 2 mM L-glutamine (all Cambrex) (Hohensinner et al. 2006). For experiments, cells were

trypsinized and seeded on 6 well plates or chamber slides for the respective experiments.

3.2. Stimulation of human adult cardiac myocytes with uPA

HACM were serum starved using M199 supplemented with 0.1% bovine serum albumin 24
hours prior to stimulation with uPA HMW human (Sekisui diagnostics) for a duration of 24
hours. uPA was used in a dilution of 1:100 (1000U/ml) in SF-medium. Control wells without

stimulation were also included.

4. Fluorescence assisted cell sorting (FACS)

The main aim of cell sorting by flow-cytometry is the isolation of single cells from a
heterogenous pool of cell population (Davies 2007) according to their physical and chemical
characteristics. Antibody bound cells are isolated from the cell mixture and detected by the
laser beam of the FACS apparatus (BD Biosciences). In addition, proteins can be quantified
by measuring the mean fluorescent intensity (MFI) (Figure 4.). hOGG1 was stained using
primary antibody (Santa Cruz) and a secondary APC labeled antibody (Santa Cruz) and
hOGG1 MFI in different conditions was measured. Cells were fixed in 1.5% formaldehyde
followed by the addition of approximately 1 ml methanol and some further washing steps (1%
BSA in PBS). Staining with polyclonal primary goat anti-human OGGL1 antibody was carried
out for 30 minutes in darkness and with polyclonal secondary donkey anti-goat 1gG antibody
(Santa Cruz) for additionally 30 minutes. Pellets were resuspended in 500ul PBS (0.1% BSA)

and forwarded to FACS analysis. Fluorescent labels used in our experiment contained
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allophycocyanin (APC) and phycoerythrin (PE).

Labeled cells are sent
under pressure
through small nozzle

Laser beam passes
through one cell

Figure 4. The principle of Fluorescence assisted cell sorting (FACS). The heterogeneous cell mixture suspension is labeled
with fluorescent antibodies. The labeled and non-labeled cells pass a laser beam and the detector, which in turn is able to

detect fluorescent cells and to isolate them from the heterogeneous cell population (modified according to Kang et al. 2011)

5. Staining of DNA fragmentation and oxidative damage

Apoptosis is associated with the occurrence of free 3 -hydroxyl termini on the DNA by
cleaving it into fragments of single-or multiple oligonucleosome-length. In order to visualize
DNA fragmentation in HACM cells a TUNEL (TdT-mediated dUTP-biotin nick end labeling)
staining was performed, which is able to label the 3 -hydroxyl termini (Loo 2011). Therefore
the Apoptosis Detection Kit, Fluorescin (Roche) was used following the manufacturer’s
protocol. Prior to staining, cells were pre-treated with uPA (1:100, 1000U/ml) for 24h as
described above and then exposed to H,O, (0.2 mM) for 2h, serving as a pro-apoptotic
stimulus. Additionally another group of cells were stimulated with recombinant human uPA-

ATF (Sekisui Diagnostics) instead of uPA in order to investigate if the uPA protein has to be
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proteolytically active to fulfill its protective effect or if only the binding to its receptor. ATF-
fragment was used in a concentration of 100 ng/ml (Shetty et al. 2005). After H,O, exposure,
cells were allowed to recover for 24h. Cells were fixed on chamber slides in 4%
paraformaldehyde for 1 hour and washed twice with PBS for 5 minutes, respectively. This
step was followed by a 2 minute incubation period in permeabilisation solution (0.1% Triton
X100 in 1xPBS) on ice and washing steps. Treated and fixed cells were used in TUNEL-
staining. Each slide was exposed to 100ul TdT buffer and incubated for 60 minutes at 37°C
in a dark humidity chamber. Slides were rinsed twice with 1xPBS and DAPI (1:500) diluted
in PBS was added for 20 minutes. Positive regions were visualized by fluorescence
microscopy analysis (Zeiss).

Oxidative stress has the potential to cause DNA damage in cells. To detect this DNA
damage in HACM cells we performed an 8-oxoguanine staining. First cells were fixed in 4%
paraformaldehyde for 10 minutes followed by two washing steps with PBS for 5 minutes.
Cells were permeabilized with 0.5% Trition X100 in 1xPBS for 10 minutes at room
temperature. Cells were rinsed twice in 1XxPBS and blocked with BSA in PBG (200ul/mL of
10% BSA\) for 1h at room temperature. Slides were exposed to monoclonal primary mouse
anti-human 8-oxoguanine antibodies (1:100, Abcam) for 2 hours. After 3 washing steps with
PBG red polyclonal secondary donkey anti-mouse antibodies (R&D) were added in a dilution
of 1:500 for 1 hour. Slides were washed with PBG three times and counterstained with DAPI
(2:500) for 20 minutes. Positive cells were visualized by fluorescence microscopy (Carl

Zeiss).

6. SIRNA mediated knock-down of OGG
6.1 OGG knock-down in cell culture
In order to investigate the exact function and interactions of hOGG1, the expression of the
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protein in living cells needs to be diminished. We performed a small interfering RNA (siRNA)
mediated knock-down of hOGG1. The transfection of cells with a specific sSIRNA leads to the
destruction of the mRNA of the corresponding protein and therefore it results in the
diminishing or inhibition of expression of the protein. The principle of gene silencing is based
on the introduction of a foreign short, mostly 21-25 nucleotide (nt) long with 2-3 nt
overhangs, nucleic acid (here siRNA) into living cells. The siRNA is complementary to both
strands of the gene to be inhibited (McManus and Sharp 2002).

40cm?HACM cells were seeded and grown in appropriate M199 supplemented with serum
and antibiotics for 3 days at 37°C in a 75cm® flask. Actively dividing cells were spun down at
1500 rpm for 5 minutes and resuspended in 900ul transfection medium. siRNA was added to
the cell mixture in an appropriate concentration (100nM) and cuvettes were forwarded to
electroporation (Biorad). Additionally a negative siRNA (100nM) control was also performed.
Electroporation is a technique which causes an increased permeability of cell membranes by
electric pulses allowing the direct uptake of foreign nucleic acids through the membrane
(Tsong 1991). After electroporation 1600ul SMC medium were added to each of the mixtures
and cells were seeded and grown in SMC-Medium (Medium 199+FBS+antibiotics).

The next day, cells were stimulated with uPA (1000U/ml) and incubated for 24 hours. This
step was followed by the treatment of cells with H,O, (0.2 mM) for a duration of 2 hours.
Cells were incubated in SF medium, fixed with 4% formaldehyde and forwarded to TUNEL

staining and RNA preparation the next day.

6.2. Determination of hOGG1 levels after knock-down

The hOGGL1 levels found in HACM cells have been determined by real-time quantitative
PCR (g-PCR). g-PCR was carried out by using the LightCycler® 480 g PCR-System (Roche).
Prior to PCR, HACM cells were lysed in lysis buffer (Qiagen) and total RNA was extracted
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by using Qiacube (Qiagen). RNA was reverse transcribed into cDNA (Promega) and cDNA
was forwarded to RT-PCR. A total amount of 1ul cDNA was used. Levels of hOGG1 were

determined and calculated by Microsoft Office Excel 2007.
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I11. RESULTS

1.  Immunohistochemistry

1.1. Correlation between caspase-3 and uPA levels in the failing human heart

Tissue sections on slides from donors undergoing myocardial transplantation were
forwarded to immunohistochemistry. Heart sections were double stained by using antibodies
against human caspase-3 and uPA (Figure 5.). The evaluation of the double staining by
fluorescence microscopy comprises a total of 48 pictures, 4 per each heart tissue slide.
Positive and negative signals were counted and correlations were determined by using the
IBM SPSS software. Our results indicate a positive correlation of caspase-3 and uPA (0.703,

p< 0.001) (Figure 6.).

Figure 5. Caspase-3 (green) and uPA (red) double staining of heart sections on tissue slides. Additional counterstaining of

cell nuclei with DAPI (blue).
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Correlations

Casp3 upa
Casp3 Pearson Correlation 1 703
Sig. (2-tailed) 000
N 48 48
upa Pearson Correlation 703 1
Sig. (2-tailed) 000
N 48 48

**_Cormrelation is significant atthe 0.01 level (2-

tailed)

Figure 6. Relationship between caspase-3 and urokinase plasminogen activator (UPA)
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1.2. Relationship between 8-oxoguanine base mutation and caspase-3 in the human heart

8-oxoguanine, an indicator for DNA damage caused by reactive oxygen species (ROS), was

localized by using antibodies against human 8-oxoguanine in immunohistochemistry. An
example for 8-oxoguanine occurrence is shown below (Figure 7.). We investigated the
relationship between the signal levels of caspase-3 and 8-oxoguanine to see if the one has an
impact on the other. Results indicate a strong relationship between the two having a

correlation of 0.640 (p<0.001) (Figure 8.).
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Figure 7. Staining of heart tissue sections on slides with 8-oxoguanine antibody (red, blue=staining with DAPI)
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Figure 8. Correlation between caspase-3 and 8-oxoguanine.



2. Determination of p53, BAX and OGG levels in myocardial tissue from failing heart

A guantitative PCR was performed in order to verify the correlations between uPA and its
downstream targets p53, OGG and BAX in myocardial tissue of failing human heart (n=21).
MRNA levels of p53 showed a strong positive correlation with the expression of BAX (r =
0.872, p<0.001) and the DNA damage repair protein hOGGL1 (r=0.894, p<0.001). mRNA
levels of uPA correlated with the expression levels of p53 (r=0.961, p<0.001, Figure 9C) and
with its downstream targets BAX (r=0.967, p<0.001, Figure 9A) and hOGG1 (r=0.94,
p<0.001, Figure 9B). Just to be mentioned, preconditioning of cells with uPA resulted in an

elevated uPAR mRNA expression level (151+£27%, p=0.03 after uPA stimulation).
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Figure 9. Linear regression and correlation for uPA and its downstream targets Bax (A), hOGG1 (B) and p53 (c). All values

are given in relation to GAPDH.
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3. HACM cells in cell culture

3.1. Fluorescence-assisted cell sorting (FACS)

After cell culture procedure HACM were fixed in standard fixing solution (4%
formaldehyde) and forwarded to FACS analysis. hOGG1 was quantified in cells by using
antibodies against human OGG1. The MFI for hOGG1 staining was analyzed and the
numbers of uPA pre-treated cells and control group were compared to each other. Numbers
obtained from FACS analysis indicate an increasing effect of uPA related to the percentage
share of OGG1 positive cells. Experiments revealed a significant increase in hOGG1 in the
uPA pre-treated group. Pre-treatment of cells with uPA resulted in a 1.85 fold increase
(p=0.004) of hOGG1 compared to the control group (Figure 10.). In summary, we assume that
uPA may have an increasing influence on the amount of hOGG1 found in living cells and this

way having a positive effect on cell survival.

2,5 7

no pre-treatment uPA

Figure 10. Comparison of the mean fluorescence intensity between non pre-treated and uPA pre-treated HACM after 24 h. *

p=0.004 as compared to non pre-treated cells.
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3.2. TUNEL-staining of uPA stimulated cells after treatment with H,O,

Pictures from six random microscopic areas were analyzed and positive signals were
counted. Our results indicate a significant increase of TUNEL-positive cardiac myocytes
(Figure 11.) and thus a higher occurrence of DNA fragmentation as a consequence of
incubation of cultured cardiac myocytes with 0.2 mM H,O, for 2 hours. Pre-treatment with
UPA (1:100 in serum-free medium, 1000U/ml) for 24h prior to the addition of H,O, leads to a
decrease of total number of TUNEL-positive cardiac myocytes. Analysis of positive signals
revealed in average 57% apoptosis in the H,O, treated group, whereas in the group pre-treated

with uPA before H,0, treatment only 41% nuclei displayed DNA fragmentation (Figure 12.).

A

Figure 11. HACM cells treated with H202 for 2 hours (A) and pre-treated with uPA prior H,0, (B) were TUNEL stained to

visualize DNA cleavage in nuclei (green). Additional counterstaining of cell nuclei with DAPI (blue).
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Figure 12. Comparison of extent of DNA fragmentation between non pre-treated and uPA pre-treated HACM * p=0.01 as

compared to non pre-treated cells.

3.3. 8-oxoguanine staining of uPA stimulated cells after treatment with H,O,

The most frequent base mutation caused by reactive oxygen species is 8-oxoguanine. In a
proper functioning defense mechanism these base mutations are getting excised by hOGG1.
We introduced oxidative damages to HACM cells by treating them for 2h with H,0,. Cells
were pre-treated with uPA prior to treatment with H,O; in order to examine the protective
effect of UPA against oxidative stress. Positive signals were visualized by fluorescence
microscopy and counted (Figure 13.). Results of 8-oxoguanine staining support the results of
our previous experiments stating that uPA inhibits in large dimensions the occurrence of 8-
oxoguanine base mutations. Pre-treatment of cells with uPA resulted in a lower incidence of

8-oxoguanine (visualized in red) (Figure 14.).
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Figure 13. HACM cells were stained with anti-8-oxoguanineuanine antibody in order to visualize the DNA base mutation 8-

oxoguanineuanine (red) as a consequence of reactive oxygen species and counterstaining of cell nuclei with DAPI (blue).
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Figure 14. Effects of pre-treatment of HACM with uPA prior to treatment with H202 on apoptosis. * p=0.001 as compared

to non pre-treated cells.

8-oxoguanine staining supports the results from the TUNEL-staining, stating the anti-
apoptotic and cardioprotective effects of uPA. Positive signals were counted and the average
of pooled positive signals for each group was calculated. There was an average of six positive
signals per image in the H,O, group, while in the uPA pre-treated group there was an average

of only three positive signals per image.

39



3.4. TUNEL-staining of ATF-stimulated cells after treatment with H,O,

Positive signals were counted and results were visualized by bar charts (Figure 15. and 16.).
Results indicate that there is no difference whether cells were pre-treated with uPA or the
receptor (ATF) only, prior to the treatment with H,O, as both showing a protective effect on

cells against oxidative stress.

Figure 15. TUNEL staining of HACM cells treated with H202 (A) and pre-treated with ATF (B). Counterstaining of cell
nuclei with DAPI (blue). More positive signals for DNA damage could be observed in the group of cell treated with H,O,

only without pre-treatment with ATF.
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Figure 16. Effects of pre-treatment of HACM with ATF prior to treatment with H202 on apoptosis. * p=0.02 as compared to

non pre-treated cells.
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3.5. HACM apoptosis caused by siRNA mediated knock-down of OGG1

siRNA mediated knock-down of OGG1 was performed with the aim to investigate the effect
of OGG1 on HACM cell death. OGG1 is known to be responsible for excision of 8-
oxoguanine base mutations. For this reason we wanted to investigate if the presence of
hOGGL1 has an influence on the protective effect of uPA or if these two processes run
independently. Occurrence of DNA fragmentation was visualized by TUNEL staining (Figure
17.). The knock-down of hOGG1 has an enormous effect on cell death, neither the pre-
treatment of HACM with uPA could counteract apoptosis. There was an average of 17% DNA
fragmentation in the negative control group, against which the abolishment of hOGG1 caused

an increase of DNA fragmentation (62%) (Figure 18.).

A

Figure 17. TUNEL staining of negative control group (A) and OGG1 knock-downed HACM (B) to visualize DNA

fragmentation (=green). Counterstaining of cell nuclei with DAPI (=blue).
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Figure 18. Effects of siRNA mediated knock-down of OGG1 on the occurrence of DNA fragmentation in HACM. * p=0.03

as compared to control.
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IV. DISCUSSION AND CONCLUSION

Myocardial infarction goes along with death of human cardiac myocytes and consequently
the loss of a proper functioning myocardium, which plays an important role as a harbinger of
heart failure. As a prognostic and remodeling marker in this case serves the infarct expansion.
Myocardial infarction is accompanied by several changes concerning the infarcted but also
the non-infarcted zone (McKay et al. 1986). Infarcts of the myocardium give rise to a process
called tissue remodeling concerning the myocardium. The process of wound healing consists
of replacing the damaged areas of the human heart by scar tissue. The immigration of
inflammatory cells into the infarct’s area results in the degradation of the necrotic tissue and a
renewal of collagen network (Ertl and Frantz 2005).

The support and acceleration of wound healing of infarcted myocardium would mean a
tremendous progress in the therapy of myocardial infarction and heart failure. Previous
findings indicate an important role of the uPA/UPAR pathway in tissue remodeling and wound
healing. However, further findings also indicate the involvement of the uPA/UPAR pathway in
induction of apoptotic cell death (Gutierrez et al. 2000). For this reason we investigated the
effects of uPA and its receptor uPAR on cardiac function and provide important findings
supporting the anti-apoptotic property of the uPA/UPAR pathway. For our experiments we
used human cardiac myocytes obtained from failing donor heart. Our results based on
immunohistochemistry support the hypothesis of a protective effect of uPA on human heart in
the case of oxidative damage. Results coming from TUNEL staining of uPA pre-treated and
non-treated HACM in the case of oxidative stress underpin this hypothesis as well. Based on
our results it can be considered that uPA is involved in counteraction of oxidative stress
induced apoptosis. Pre-treatment of HACM with uPA led to a decrease of apoptosis by 30%.
However, our findings indicate that uPA does not need necessarily to be proteolytically active

in order to fulfill its protective tasks. The binding of the amino-terminal fragment (ATF) of
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uPA to UPAR having the same binding affinity to uUPAR as the catalytically active uPA is
sufficient for the activation of intracellular signaling pathway and to induce dimerization of
UPAR. This notion is also supported by the results coming from TUNEL staining. However,
the binding of ATF is not sufficient to activate the proteolytic cascade usually activated by
UPA (Hellriegel et al. 2011). TUNEL staining of cells pre-treated with the ATF-fragment only,
pointing to similar effects of ATF on HACM cell death as in the case of uPA. The number of
positive signals decreased significantly in the ATF group compared to the H,O, group. Similar
effects were observed in the case of pre-treatment with the proteolytically active uPA.

Additionally, 8-oxoguanine staining revealed similar results, indicating that uPA in a certain
way, has the capacity to preserve cells against DNA damage caused by harmful agents and
thus may counteract apoptosis. Microscopic analysis of the 8-oxoguanine staining resulted in
a decrease of positive signals in the case of uPA pre-treatment in comparison to the negative
control without uPA. Based on these results obtained from immunohistochemistry we came to
the conclusion that uPA not only has the ability to protect cells from DNA fragmentation but
also from DNA base mutations, and thus could contribute to the downmodulation of apoptosis
of cells in the case of harmful agents or stress.

However, there are indications stating that uPA not only plays an important role in
counteracting and inhibiting apoptosis, but also in its induction. To test this theory, we
performed immunohistochemistrical staining and quantitative real-time PCR. uPA levels in
tissue sections on slides showed positive correlation to caspase-3 levels, asserting the
association of elevated uPA levels with elevated caspase-3 positive signals and this way
leading to enhanced apoptotic cell death. Additionally we also investigated the effects of 8-
oxoguanine, being the most frequent base mutation caused by ROS, on caspase-3 to verify if
whether there is possible a link between 8-oxoguanine and caspase-3 and thus 8-oxoguanine
being also capable to influence the activity of caspase-3. 8-oxoguanine staining revealed a

positive correlation of 8-oxoguanie to caspase-3, suggesting an influencing effect of 8-
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oxoguanine on caspase-3. Involvement of uPA/uPAR pathway in apoptotic cell death was also
confirmed by real-time PCR. Results revealed a positive regression of uPA to p53, BAX and
OGG, respectively, confirming the ability of uPA/UPAR to influence apoptosis in HACM.
Furthermore, there was also a positive regression between p53 and its downstream targets
BAX and OGG. Additionally, results also indicate a positive correlation of uPA with the
MRNA levels of uPAR. Our results lead us to the hypothesise that occurrence of uPA is also
accompanied by elevated levels of pro-apoptotic factors in failing human hearts. However, a
protective function is also committed to uPA, but this seems to depend on the presence of
hOGGL. The results obtained from RT-PCR suggest that uPA possibly plays a role as an
inducer of apoptosis in the case of human cardiomyocytes and potentially also has a
regulating influence on other pro-apoptotic proteins. The downstream targets of uPA can be
activated this way and thus induce apoptosis of cells.

As already derived from the experiments described above, there is a close link between uPA
and hOGGL1. This assertion was further confirmed by the results coming from the siRNA
mediated knock-down of hOGG1. The abolishment of hOGGL1 had a negative effect on cell
survival and led to an increased rate of apoptosis. We therefore conclude that both enzymes
are interdependent and that both are essential for a properly functioning defense mechanism.

Based on our results we summarize, that the uPA/uPAR pathway indeed has two distinct
effects on HACM. In the first case we were able to provide evidence for the hypothesis,
which states that uPA positively influences cell survival and furthermore has the ability to
protect cells from undergoing apoptosis or DNA damage. On the contrary, we obtained also
results that demonstrate pro-apoptotic effects of uPA. uPA has an inductive property on
several pro-apoptotic downstream targets such as p53, BAX or caspase-3. The question under

which circumstances uPA acts pro-or anti-apoptotic warrants further investigations.
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G protein-coupled receptor
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BD Facscanto Il (BD Biosciences)

Qiacube (Qiagen)

Nanodrop 8000 (Thermo Scientific)
Light Cycler 480 (Roche)
Zeiss Axio Imager Z1m (Carl Zeiss)

Microfuge 18 centrifuge (Beckman Coulter)

Allegra X-15R Refrigerated Benchtop Centrifuge (Beckman Coulter)

Eppendorf Research plus pipette (Eppendorf)
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47



48

List of Figures

1. INTRINSIC VS EXTRINSIC APOPTOTIC PATHWAY ...ocoviiiiiiiiii e 8
2. MODE OF ACTION OF CASPASES ........ooot ittt e e 9
3. THE WAY OF ELIMINATION AND FORMATION OF RECTIVE OXYGEN SPECIES. ............. 14
4. THE PRINCIPLE OF FLUORESCENCE ASSISTED CELL SORTING .........ccocviiiiiiiiicicins 28
5. CASPASE-3 AND UPA DOUBLE STAINING ..ot 32
6. RELATIONSHIP BETWEEN CASPASE-3 AND UPA........ooi e 33
7. 8-OXOGUANINE STAINING OF HEART TISSUE SECTIONS. ..o, 34
8. CORRELATION BETWEEN 8-OXOGUANINE AND CASPASE 3., 34
9. REGRESSION AND CORRELATION FOR UPA AND ITS DOWNSTREAM TARGETS ........... 35
10. MEAN FLUORESCENCE INTENSITY OF OGG1 AFTER UPA PRE-TREATMENT ................ 36
11. DETECTION OF DNA FRAGMENTATION AFTER UPA PRE-TREATMENT ......cccviviniinn. 37
12. COMPARISON OF EXTENT OF DNA FRAGMENTATION .....cccociiiiiiiiii e, 38
13. DETECTION OF 8-OXOGUANINE BASE MUTATION FOCH......cccooiiiiiiieneeeeeeee, 39
14. COMPARISON OF EXTENT OF 8-OXOGUANINE BASE MUTATION FOCI .......cccoceevrrnnn. 39
15. DETECTION OF DNA FRAGMENTATION AFTER ATF PRE-TREATMENT ...coooviiiiieeee 40

16. COMPARISON OF EXTENT OF DNA FRAGMENTATION IN THE CASE OF ATF PRE-
TREATMENT .ottt et r e b sr e sr e sr b e s 40

17. DETECTION OF DNA FRAGMENTATION AFTER OGG1 KNOCK-DOWN..........ccovvveieinnne. 41

18. COMPARISON OF EXTENT OF DNA FRAGMENTATION AFTER OGG1 KNOCK-DOWN.. 42



References

Alberts B, Johnson A, Lewis J, et al., 2002. Molecular Biology of the Cell. 4th edition. Garland Science, New
York. Available from: http://www.ncbi.nlm.nih.gov/books/NBK26873/

Agarwal ML, Agarwal A, Taylor WR, Stark GR., 1995. p53 controls both the G2/M and the G1 cell cycle
checkpoints and mediates reversible growth arrest in human fibroblasts. Proc. Natl. Acad. Sci. 92(18):8493-
8497.

Akhtar RS, Geng Y, Klocke BJ, Latham CB, Villunger A, Michalak EM, Strasser A, Carroll SL, Roth KA.,
2006. BH3-only proapoptotic Bcl-2 family members Noxa and Puma mediate neural precursor cell death. J
Neursosci. 26(27):7257-64.

Alfano D, Franco P, Vocca I, Gambi N, Pisa V, Mancini A, Caputi M, Carriero MV, laccarino I, Stoppelli MP.,
2005. The urokinase plasminogen activator and its receptor. Role in cell growth and apoptosis. Thromb Haemost.
93(2):205-2011.

Amaral J, Xavier J, Steer C, Rodrigues CM., 2010. The role of p53 in apoptosis. Discovery medicine. 9(45):145-
152.

Avenue G., 2012. Circulation Research Thematic Synopsis Cardiac Myocyte Biology and Function. Circ. Res.
111:e232—-e251.

Baker JB, Low DA, Simmer RL, Cunningham CC., 1980. Protease-nexin: a cellular component that links throm-
bin and plasminogen activator and mediates their binding to cells. Cell. 21(1):37-45.

Banerjee |, Fuseler JW, Price RL, Borg TK, Baudino TA., 2007. Determination of cell types and numbers during
cardiac development in the neonatal and adult rat and mouse. Am. J. Physiol. Heart Circ. Physiol.
293(3):H1883-91.

Basu A, Castle VP, Bouziane M, Bhalla K, Haldar S., 2006. Crosstalk between Extrinsic and Intrinsic Cell Death
Pathways in Pacreatic Cancer: Synergistic Action of Estrogen Metabolite and Ligands of Death Receptor
Family. Cancer Res. 66(8):4309-4318.

Barzilai A, Yamamoto K-I., 2004. DNA damage responses to oxidative stress. DNA Repair (Amst). 3(8-9):1109-
15.

Benchimol S., 2001. p53-dependent pathways of apoptosis. Cell Death and Differentiation. 8(11):1049-1051.

Bialik S, Cryns VL, Drincic A, Miyata S, Wollowick AL, Srinivasan A, Kitsis RN., 1999. The mitochondrial
apoptotic pathway is activated by serum and glucose deprivation in cardiac myocytes. Circ Res. 85(5):403-414.

Birks EJ, Latif N, Enesa K, Folkvang T, Luong LA, Sarathchandra P, Khan M, Ovaa H, Terracciano CM, Barton
PJR, et al., 2008. Elevated p53 expression is associated with dysregulation of the ubiquitin-proteasome system in
dilated cardiomyopathy. Cardiovasc. Res. 79(3):472-80.

Blasi F, Carmeliet P., 2002. uPAR: a versatile signalling orchestrator. Nat. Rev. Mol. Cell Biol. 3:932-43.

Broét P, Spyratos F, Romain S, Quillien V, Daver A, Ricolleau G, Rallet A, Toulas C, Asselain B., 1999. Prognos-
tic value of uPA and p53 accumulation measured by quantitative biochemical assays in 1245 primary breast
cancer patients: a multicentre study. Br J Cancer. 80(3-4):536-545.

Brown LF, Lanir N, McDonagh J, Tognazzi K, Dvorak AM, Dvorak HF., 1993. Fibroblast migration in fibrin gel
matrices. Am J Pathol. 142(1):273-283.

Brown LF, van de Water L, Harvey S., 1988. Fibrinogen influx and accumulation of cross-linked fibrin in heal-
ing wounds and in tumor stroma. American Journal of Pathology. 130(3):455-465

Buchwalow IB, Bocker W., 2010. Immunohistochemistry Basics and Methods. Springer-Verlag, Berlin Heidel-
berg.

Chang HY, Yang X., 2000. Proteases for Cell Suicide : Functions and Regulation of Caspases. Microbiol Mol
Biol Rev. 64(4):824-46.

Cleutjens JP, Creemers EE., 2002. Integration of concepts: cardiac extracellular matrix remodeling after myo-
cardial infarction. J Card Fail. 8(6):5S344-8.

Clowes AW, Clowes MM, Au YPT, Reidy MA, Belin D., 1989. Smooth Muscle Cells Express Urokinase Dur-
ing Mitogenesis and Tissue-Type Plasminogen Activator During Migration in Injured Rat Carotid Artery. Circu-
lation Research. 67(1):61-67.

Cohen GM., 1997. Caspases : the executioners of apoptosis. Biochem J. 326(Pt 1):1-16.
49


http://www.ncbi.nlm.nih.gov/books/NBK26873/

Condorelli G, Roncarati R, Ross J, Pisani A, Stassi G, Todaro M, Trcoha S, et al., 2001. Heart-targeted overex-
pression of caspase3 in mice increases infarct size and depresses cardiac function. PNAS. 98(17):9977-9982

Conrad M, Jakupoglu C, Moreno SG, Lippl S, Banjac A, Schneider M, Beck H, et al., 2004. Essential role for
mitochondrial thioredoxin redcutase in hematopoiesis, heart development, and heart function. Mol Cell Biol.
24(21):9414-23.

Cooke MS, Evans MD, Dizdaroglu M, Lunec J., 2003. Oxidative DNA damage: mechanisms, mutation, and
disease. FASEB J. 17(10):1195-214.

Correia MLG, Haynes WG., 2006. A role for plasminogen activator inhibitor-1 in obesity: from pie to PAI?
Arterioscler Thromb Vasc Biol. 26:2183-2185.

Creemers E, Cleutjens J, Smits J, Heymans S, Moons L, Collen D, Daemen M, Carmeliet P., 2000. Disruption of
the plasminogen gene in mice abolishes wound healing after myocardial infarction. Am. J. Pathol. 156(6):1865—
73.

Crow MT, Mani K, Nam Y-J, Kitsis RN., 2004. The mitochondrial death pathway and cardiac myocyte apopto-
sis. Circ. Res. 95(10):957-70.

Davies KJ., 1995. Oxidative stress: the paradox of aerobic life. Biochem Soc Symp. 61:1-31.

D’mello V, Singh S, Wu Y, Birge RB., 2009. The urokinase plasminogen activator receptor promotes efferocy-
tosis of apoptotic cells. J. Biol. Chem. 284(25):17030-8.

Dong JW, Zhu HF, Zhu WZ, Ding HL, Ma TM, Zhou ZN., 2003. Intermittent hypoxia attenuates ische-
mia/reperfusion induced apoptosis in cardiac myocytes via regulating Bcl-2/Bax expression. Cell Research.
13:385-391.

Droge W., 2002. Free Radicals in the Physiological Control of Cell Function. Physiol Rev. 82(1):47-95.

Du C, Fang M, Li Y, Li L, Wang X., 2000. Smac, a Mitochondrial Protein that Promotes Cytochrome c-
Dependent Caspase Activation by Eliminating IAP Inhibition. Cell. 102(1):33-42.

Dumler I, Kopmann A, Weis A, Mayboroda OA, Wagner K, Gulba DC, Haller H., 1999. Urokinase Activates
the Jak/Stat Signal Transduction Pathway in Human Vascular Endothelial Cells. Arterioscler. Thromb. Vasc.
Biol. 19(2):290-297.

Elmore S., 2007. Apoptosis: A review of Programmed Cell Death. NIH Public 35(4):495-516.
Ertl G, Frantz S., 2005. Healing after myocardial infarction. Cardiovascular Research. 66(1):22-32

Favaloro B, Allocati N, Graziano V, Di llio C, De Laurenzi V V., 2012. Role of apoptosis in disease. Aging.
4(5):330-349.

Fearon IM, Faux SP., 2009. Oxidative stress and cardiovascular disease: novel tools give (free) radical insight. J.
Mol. Cell. Cardiol. 47(3):372-81.

Fernandes-Alnemri T., Liwack G, Alnemri ES., 1994. CPP32, a Novel Human Apoptotic Protein with Homolo-
gy to Caenorhabdidtis elegans Cell Death Protein Ced-3 and Mammalian Interleukin-1p-converting Enzyme.
The Journal of Biological Chemistry. 269(49):30761-30764.

Fortini P., 2003. 8-Oxoguanine DNA damage: at the crossroad of alternative repair pathways. Mutat. Res. Mol.
Mech. Mutagen. 531(1-2):127-139.

Freeman WM, Walker SJ, Vrana KE., 1999. Quantitative RT-PCR: pitfalls and potential. BioTechniques. 26(1):
112-22, 124-5.

Fridman JS, Lowe SW., 2003. Control of apoptosis by p53. Oncogene. 22(56):9030-40.

Genova ML, Pich MM, Biondi A, Bernacchia A, Falasca A, Bovina C, Formiggini G, et al., 2003. Mitochondrial
production of oxygen radical species and the role of Coenzyme Q as an antioxidant. Exp Biol Med (Maywood).
228(5):506-13.

Giordano FJ., 2005. Oxygen, oxidative stress, hypoxia, and heart failure. JCI. 115(3):500-508.

Greenhalf W, Stephan C, Chaudhuri B., 1996. Role of mitochondria and C-terminal membrane anchor of Bcl-2
in Bax induced growth arrest and mortality in Saccharomyces cerevisiae. FEBS Letters. 380(1-2):169-175.

Gutierrez LS, Schulman A, Brito-Robinson T, Noria F, Ploplis VA, Castellino FJ., 2000. Tumor development is
retarded in mice lacking the gene for urokinase-type plasminogen activator ir its inhibitor, plasminogen activator
inhibitor-1. Cancer Res. 60(20):5839-47.

von Harsdorf R, Li PF, Dietz R., 1999. Signaling pathways in reactive oxygen species-induced cardiomyocyte
apoptosis. Circulation. 99(22):2934-2941.

50


http://en.wikipedia.org/wiki/BioTechniques

Haupt S, Berger M, Goldberg Z, Haupt Y., 2003. Apoptosis — the p53 network. Journal of cell science. 116(Pt
20):4077-85.

Hazra TK, Izumi T, Maidt L, Floyd RA, Mitra S., 1998. The presence of two distinct 8-oxoguanine repair en-
zymes in human cells: their potential complementary roles in preventing mutation. Nucleic Acids Research.
26(22):5116-5122.

Heeb MJ, Espana F, Geiger M, Collen D, Stump DC, Griffin JH., 1987. Immunological Identity of Heparin-
dependent Plasma and Urinary Protein C Inhibitor and Palsminogen Activator Inhibitor-3. The Journal of Bio-
logical Chemistry. 262(33):15813-15816.

Hellriegel C, Caiolfa VR, Corti V, Sidenius N, Zamai M., 2011. Number and brightness image analysis reveals
ATF-induced dimerization kinetics of UPAR in the cell membrane. FASEB Journal. 25(99):2883-97.

Hemnani T, Parihar MS., 1998. Reactive oxygen species and oxidative DNA damage. Indian J Physiol Pharma-
col. 42(4):440-452.

Hengartner MO., 2000. The biochemistry of apoptosis. Nature. 407(6805):770-6.

Heymans SH, Uttun AL, Uyens DN, Heilmeier GT, Reemers EC, Oons LM., 1999. Inhibition of plasminogen
activators or matrix metalloproteinases prevents cardiac rupture but impairs therapeutic angiogenesis and causes
cardiac failure. Nat Med. 5(10):1135-1142.

Hildenbrand R, Gandhari M, Stroebel P, Marx A, Allgayer H, Arens N., 2008. The urokinase-system — role of
cell proliferation and apoptosis. Histol Histopathol. 23(2):227-236.

Hohensinner PJ, Kaun C, Rychli K, Cohen E BT, Kastl SP, Demyanets S, Pfaffenberger S, Speidl WS, Rega G,
Ullrich R, Maurer G, Huber K, Wojta J., 2006. Monocyte chemoattractant protein (MCP-1) is expressed in hu-
man cardiac cells and is differentially regulated by inflammatory mediators and hypoxia. FEBS Letters.
580(14):3532-3538.

Hou Q, Hsu Y-T., 2005. Bax translocates from cytosol to mitochondria in cardiac cells during apoptosis:
development of a GFP-Bax-stable H9c2 cell line for apoptosis analysis. Am. J. Physiol. Heart Circ. Physiol.
289(1):H477-87.

Huang Y, Hickey RP, Yeh JL, Liu D, Dadak A, Young LH, Johnson RS, Giordano FJ., 2004. Cardiac myocyte-

specific HIF-1a deletion alters vascularization, energy availability, calcium flux, and contractility in the
normoxic heart. The FASEB Journal. 18:1138-1140.

Jackson SP, Bartek J., 2010. The DNA-damage response in human biology and disease. Nature.
461(7267):1071-1078.

Jugdutt BI., 2003. Ventricular Remodeling After Infarction and the Extracellular Collagen Matrix. When is
Enough Enough? Circulation. 108:1395-1403.

Kang NY, Yun SW, HA HH, Park SJ, Chang YT., 2011. Embryonic and induced pluripotent stem cell staining
and sorting with the live-cell fluorescence imaging probe CDy1. Nature Protocols. 6(7):1044-1052.

Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes J 3rd., 1961. Factors of risk in the development of
coronary heart disease-Six-year follow-up experience. The Framingham study. Annals of Internal Medicine.
55(1):33-50.

Katz A. 2011. Physiology of the heart. 5th ed. Wolters Kluwer, Lippincott Williams & Wilkins, Philadelphia.
253.

Kerr JF, Wyllie AH, Currie AR., 1972. Apoptosis: a basic biological phenomenon with wide-ranging implica-
tions in tissue kinetics. British journal of cancer. 26(4):239-57.

Kim JH, Ajaz M, Lokshin A, Lee YJ., 2003. Role of Antiapoptotic Proteins in Tumor Necrosis Factor-related
Apoptosis-inducing Ligand and Cisplatin-augmented Apoptosis. Clin Cancer Res. 9:3134-3141.

Kirkman HN, Rolfo M, Ferraris AM, Gaetani GF., 1999. Mechanisms of Protection of Catalase by NADPH.
Kinetics and stoichiometry. J Biol Chem. 274:13908-13914.

Kiyan Y, Fuhrman B, Haller H. et al. 2014. Vascular aging: revealing the role and clinical perspectives of the
urokinase system. In Naranjan S. Dhalla, Sajal Chakraborti (2014). Role of proteases in celullar dysfunction.
Springer International Publishing, Switzerland. 19.

Krishna KA, Krishna KS, Berrocal R, Rao KS, Sambasiya Rao KRS., 2011. Myocardial infarction and stem
cells. J Pharm Bioallied Sci. 3(2):182-188.

Lakin ND, Jackson SP., 1999. Regulation of p53 is response to DNA damage. Oncogene. 18(53):7644-7655.

51



Lasker SP, Mclachlan C, Wang L, Ali SMK, Jelinek HF., 2011. Oxidative stress causes cardio myocyte apopto-
sis : May be the determinant of development of myocardial disarray in diabetes. Journal of Diabetology. 3(2) :1-
8.

Lawen A., 2003. Apoptosis-an introduction. Bioessays 25(9):888-96.

Lee C, Huang T., 2005. Plasminogen Activator Inhibitor-1: The Expression , Biological Functions , and Effects
on Tumorigenesis and Tumor Cell Adhesion and Migration. J Cancer Mol. 1(1):25-36.

Lee J-H, Paull TT., 2005. ATM activation by DNA double-strand breaks through the Mrel11-Rad50-Nbs1 com-
plex. Science. 308(5721):551-4.

Levine AJ., 1997. p53, the Cellular Gatekeeper for Growth and Division. Cell. 88(3):323-331.

Liang SX, Phillips WD., 2013. Migration of resident cardiac stem cells in myocardial infarction. Anat. Rec.
(Hoboken). 296(2):184-91.

Loo DT., 2011. In situ detection of apoptosis by the TUNEL assay: an overview of techniques. Methods Mol
Biol. 682:3-13

Martin K, Barrett J., 2002. Reactive oxygen species as double-edged swords in cellular processes: low-dose cell
signaling versus high-dose toxicity. Hum. Exp. Toxicol. 21(2):71-75.

Mattson MP, Duan W, Pedersen WA, Culmsee C., 2001. Neurodegenerative disorders and ischemic brain disor-
ders. Apoptosis. 6(1-2):69-81.

Mcllwain DR, Berger T, Mak TW., 2013. Caspase functions in cell death and diseases. Cold Spring Harb Per-
spect Biol. 5(4):a008656.

McManus MT, Sharp PA., 2002. Gene silencing in mammals by small interfering RNAs. Nat. Rev. Genet.
3(10):737-47.

McKay RG, Pfeffer MA, Pasternak RC, Markis JE, Come PC, Nakao S, Alderman JD, et al., 1986. Left ven-
tricular remodeling after myocardial infarction: a corollary to infarct expansion. Circulation. 74(4):693-702.

Miyashita C, Wenzel E, Heiden M., 1988. Plasminogen: a brief introduction into its biochemistry and function.
Haemostasis. 18(1):7-13.

Mondino A, Blasi F., 2004. uPA and uPAR in fibrinolysis, immunity and pathology. Trends Immunol. 25:450-5.

Morita H, Seidman J, Seidman CE., 2005. Review series Genetic causes of human heart failure. J Clin Invest.
115(3):518-526.

Mozaffarian D, Wilson P, Kannel WB., 2008. Beyond established and novel risk factors — Lifestyle risk factors
for cardiovascular disease. Circulation. 117(23):3031-3038.

Nadal-Ginard B., 2003. Myocyte Death, Growth, and Regeneration in Cardiac Hypertrophy and Failure. Circ.
Res. 92(2):139-150.

Nagata S, Golstein P., 1995. The Fas death receptor. Science. 267(5203):1449-1456.

Narula J, Pandey P, Arbustini E,Haider N, Narula N, Kolodgie F D, Dal Bello B, et al., 1999. Proc Natl Acad Sci
USA. 96(14):8144-8149.

Nichols M, Townsend N, Scarborough P, Rayner M., 2014. Cardiovascular disease in Europe 2014:
epidemiological update. European Heart Jorunal. 35(42):2929-2933.

Norbury CJ, Hickson ID., 2001. Cellular responses to DNA damage. Annu Rev Pharmacol Toxicol. 41:367-401.

Nordberg J, Arnér ES., 2001. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system.
Free Radic Biol Med. 31(11):1287-312.

Pais PS., 2006. Early intervention and prevention of myocardial infarction. J Hypertens Suppl. 24(2):25-30.

Parfyonova Y V, Plekhanova OS, Tkachuk VA., 2002. Plasminogen Activators in Vascular Remodeling and
Angiogenesis. Biochemistry. 67(1):119-34.

Pawlowski J, Kraft AS., 2000. Bax-induced apoptotic cell death. Proc Natl Acad Sci USA. 97(2):529-531.

Pepper MS, Sappino AP, Stocklin R, Montesano R, Orci L, Vassalli JD., 1993. Upregulation of Urokinase Re-
ceptor Expression on Migrating [Endothelial Cells. The Journal of Cell Biology. 122(3):673-684.

Petty TJ, Emamzadah S, Costantino L, Petkova I, Stavridi ES, Saven JG, Vauthey E, Halazonetis TD., 2011. An
induced fit mechanism regulates p53 DNA binding kinetics to confer sequence specificity. EMBO J. 30:2167—
76.

52



Ploug M, Ellis V., 1994. Structur-function relationships in the receptor for urokinase-type plasminogen activator
Comparison to other members of the Ly-6 family and snake venom a-neurotoxins. FEBS Letters. 349(2):163-
168.

Ploug M, Renne E, Behrendt N, Jensen AL, Blasi F, Dang K., 1991. Cellular Receptor for Urokinase
Plasminogen Actovator, Carboxyl-Terminal Processing and Membrane Anchoring by Glycosyl-
Phosphatidylinositol. The Journal of Biological Chemistry. 266(3):1926-1933.

Plow EF, Hoover-Plow J., 2004. The functions of plasminogen in cardiovascular disease. Trends Cardiovasc.
Med. 14:180-6.

Racila D, Bickenbach JR., 2009. Are epidermal stem cells unique with respect to aging? Research perspective.
1(8):746-750.

Ramos-Vara J A., 2005. Technical aspects of immunohistochemistry. Vet. Pathol. 42(4):405-26.

Riedl SJ, Salvesen GS., 2007. The apoptosome: signalling platform of cell death. Nat Rev Mol Cell Biol.
8(5):405-13.

Sabbah HN, Sharov VG, Gupta RC, Todor A, Singh V, Goldstein S., 2000. Chronic therapy with metoprolol
attenuates cardiomyocyte apoptosis in dogs with heart failure. J Am Coll Cardiol. 36(5):1698-1705.

Saito S, Goodarzi A A, Higashimoto Y, Noda Y, Lees-Miller SP, Appella E, Anderson CW., 2002. ATM me-
diates phosphorylation at multiple p53 sites, including Ser(46), in response to ionizing radiation. J. Biol. Chem.
277(15):12491-4.

Sampath H, Vartanian V, Rollins MR, Sakumi K, Nakabeppu Y, Lloyd RS., 2012. 8-Oxoguanine DNA glycosy-
lase (OGG1) deficiency increases susceptibility to obesity and metabolic dysfunction. PLoS One 7:51697.

Sanderson-Smith ML, De Oliveira DMP, Ranson M, McArthur JD., 2012. Bacterial Plasminogen Receptors:
Medaitors of a Multifaceted Relationship. Journal of Biomedicine and Biotechnology. 2012. ID 272148

Sawdey MS, Loskutoff DJ., 1991. Regulation of murine type 1 plasminogen activator inhibitor gene expression
in vivo. Tissue specificity and induction by lipopolysaccharide, tumor necrosis factor-alpha, and transforming
growth factor-beta. J Clin Invest. 88(4):1346-1353.

Schafer BM, Maier K, Eickhoff U, Todd RF, Kramer MD., 1994. Plasminogen Activation in Healing Human
Wounds. The American Journal of Pathology. 144(6):1269-1280.

Schnabel R, Blankenberg S., 2007. Oxidative stress in cardiovascular disease: successful translation from bench
to bedside? Circulation. 116:1338-40.

Schneider DJ, Chen Y, Sobel BE., 2008. The effect of plasminogen activator inhibitor type 1 on apoptosis.
Thrombosis and Haemostasis. 100(6):1037-40.

Schuler M, Green DR., 2001. Mechanisms of p53-dependent apoptosis. Biochem Soc Trans. 29:684-8.

Shetty S, Gyetko MR, Mazar AP., 2005. Induction of p53 by urokinase in lung epithelial cells. J. Biol. Chem.
280:28133-41.

Shetty S, Velusamy T, Idell S, Shetty P, Mazar AP, Bhandary YP, Shetty RS., 2007. Regulation of urokinase
receptor expression by p53: novel role in stabilization of uPAR mRNA. Mol. Cell. Biol. 27:5607-18.

Shieh S, Taya Y, Prives C., 1999. DNA damage-inducible phosphorylation of p53 at N-terminal sites including a
novel site , Ser20 , requires tetramerization. The EMBO Journal. 18(7):1815-1823.

Singh RB, Dandekar SP, Elimban V, Gupta SK, Dhalla NS., 2004. Role of proteases in the pathophysiology of
cardiac disease. Mol. Cell. Biochem. 263:241-256.

Singh SK, Szulik MW, Ganguly M, Khutsishvili I, Stone MP, Marky L a, Gold B., 2011. Characterization of
DNA with an 8-oxoguanine modification. Nucleic Acids Res. 39:6789-801.

Smith HW, Marshall CJ. 2010., Regulation of cell signalling by uPAR. Nat. Rev. Mol. Cell Biol. 11:23-36.

Stojkovic S, Kaun C, Heinz M, Krychtiuk KA, Rauscher S, Lemberger CE, de Martin R, Groger M, Petzelbauer
P, Huk I, Huber K, Wojta J, Demyanets S., 2014. Interleukin-33 induces urokinase in human endothelial cells-
possible impact on agiogenesis. JHT. 12(6):948-957.

Tanaka M, Ito H, Adachi S, Akimoto H, Nishikawa T, Kasajima T, Marumo F, Hiroe M., 1999. hypoxia induces
apoptosis with enhanced expression of Fas antigen messenger RNA in cultured neonatal rat cardiomyocytes.
Circ Res. 75:426-433.

Tsong TY., 1991. Electroporation of cell membranes. Biophys. J. 60:297—-306.

53



Vassalli JD, Dayer JM, Wohlwend A, Belin D., 1984. Concomitant Secretion of Prourokinase and of a
Plasminogen Activator-Specific Inhibitor by Cultured Human Monocytes-Macrophages. J. Exp. Med. 159:1653-
1668.

Vassalli JD, Seppino AP, Belin D., 1991. The Plasminogen Activator/Plasmin System. J. Clin. Invest. 88:1067-
1072.

Wang Y, Liang X, Wu S, Murrell GAC, Doe WF., 2001. Inhibition of colon cancer metastasis by a 3’-end
antisense urokinase receptor mRNA in a nude mouse model. Int. J. Cancer. 92:257-262.

Webster KA, Discher DJ, Kaiser S, Hernandez O, Sato B, Bishopric NH., 1999. Hypoxia-activated apoptosis of
cardiac myocytes requires reoxygenation or a pH shift and is independent of p53. J Clin Invest. 104:239-252.

Willems IE, Havenith MG, De Mey JG, Daemen MJ., 1994. The alpha-smooth muscle actin-positive cells in
healing human myocardial scars. Am J Pathol. 145(4):868-875.

Wosik K, Antel J, Kuhlmann T, Bruck W, Massie B, Nalbantoglu J., 2003. Oligodendrocyte injury in multiple
sclerosis: a role for p53. Journal of neurochemistry. 85(3):635-644.

Wu Q, Kuo H-C, Deng GG., 2005. Serine proteases and cardiac function. Biochim. Biophys. Acta 1751:82-94.

Youn C-K, Song PI, Kim M-H, Kim JS, Hyun J-W, Choi S-J, Yoon SP, Chung MH, Chang I-Y, You HJ., 2007.
Human 8-oxoguanine DNA glycosylase suppresses the oxidative stress induced apoptosis through a p53-
mediated signaling pathway in human fibroblasts. Mol. Cancer Res. 5:1083-98.

54



ABSTRACT

Background: Heart disease is still one of the leading death causes in humans. Myocardial
infarction is accompanied with tremendous loss and death of human cardiac myocytes
(HACM). The loss is associated with myocardial damage leading to heart failure. Recent
findings indicate an important role of urokinase plasminogen activator (uPA) and urokinase
plasminogen activator receptor (UPAR) in tissue remodeling and wound healing. The pathway
may also influence cell signaling, migration and invasion. For this reason we investigated the
protective effect of the uPA/UPAR pathway on HACM survival under oxidative stress.
Currently, the role of uPA/UPAR on cell survival or the induction of cell proliferation and
apoptotic cell death is not fully understood. uPA may serve as an activator of pro-apoptotic
proteins and therefore lead to cell death or protects cells via upregulation of DNA repair
enzymes. A central signaling protein for stressed cells is p53. Recent evidence has pointed to a
crosstalk of UPAR activation and p53 signaling. The aim of our study was to disseminate of

UPA/UPAR signaling in human cardiac myocytes.

Methods: uPA, BAX, uPAR, hOGG1 and p53 expression levels in heart tissue were
quantified in frozen failing heart sections by performance of a Quantitative Real-Time PCR.
Paraffin embedded tissue sections from patients with end stage heart failure undergoing
cardiac transplantation were forwarded to immunostaining to observe the relationship
between uPA, caspase 3 and oxidized DNA represented by 8-oxoguanine staining. Failing
hearts served as HACM sources, obtained HACM were cultured in appropriate media. HACM
were treated with H,O; to simulate oxidative stress and to induce apoptosis and determine the
effects of uPA and ATF in cell culture. Impacts were visualized by TUNEL and 8-oxoguanine
stainings. hOGG1 knock-down was performed by introduction of siRNA. A modified version
of FACS was applied to determine the mean fluorescence intensity of hOGG1 in uPA pre-

treated and non-treated HACM.
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Results: Failing human hearts show a strong correlation of caspase 3 activation, oxidative
stress and uPA expression. Furthermore, mRNA expression levels of uPA, uPAR, p53 and p53
targets BAX (proapoptotic) and hOGG1 (DNA repair) in explanted failing hearts (n=21)
correlated strongly. To determine, if uPA is pushing the cell towards in certain fate, we
analyzed the role of uPA in H,0O, induced DNA damage and apoptosis. Preconditioning of
cardiac myocytes with uPA reduced H,0; induced apoptosis by 30% (p=0.01) determined by
TUNEL staining. In addition uPA treatment reduced oxoguanine foci at the DNA by 40%
(p=0.001) indicating increased DNA repair capacity. uPA activity is not necessary for the full
protective effect as using a truncated uPA with only the aminoterminal fragment capable of
binding to uPAR showed similar protection. This protection is probably due to an
upregulation of hOGG1 by uPA (1.85 fold after 24h, p=0.004). Knockdown of hOGG1
resulted in a total abrogation of uPA protection in cardiac myocytes (62% apoptotic cells after

hOGG1 knockdown, p=0.03).

Discussion and Conclusion: Our results underpin the hypothesis of a pro- and anti-apoptotic
nature of uPA/uPAR. According to our results we came to the conclusion that the anti-
apoptotic property of uPA relies on its induction of hOGG1. uPA and ATF are capable of
binding uPAR and activate its intracellular signaling and induce the expression of hOGG1.
hOGG1 knock-down has shown a connection between uPA and hOGG1, as knock-down of
hOGG1 led to a total loss of protection of HACM under oxidative stress. In that case uPA was
not sufficient enough to maintain protection. We conclude that uPA might have a tissue
protective role in human hearts besides its role in tissue remodeling. This tissue protection is

mediated by the DNA repair protein hOGG1.

Keywords: uPA, uPAR, hOGG1, apoptosis, heart, BAX, p53
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KURZFASSUNG

Einfithrung: Herzerkrankungen zihlen heutzutage weiterhin zu den Haupttodesursachen bei
Menschen. Myokardialer Infarkt geht mit einem grofen Verlust an Kardiozyten, den
kontraktilen Einheiten des Herzens, einher. Im spdteren Verlauf kann dies zu Herzversagen
fiihren, da Kardiozyten nicht die Fahigkeit besitzen sich unlimitiert vermehren zu kénnen.
Neuere Untersuchung sprechen von einer wichtigen Rolle des uPA/UPAR Systems in
Gewebeumbau, Zellsignalisierung, Invasion, Migration und Wundheilung. Um mehr tiber
dieses System zu erfahren, haben wir dessen schiitzende Funktion auf Kardiozyten im Falle
vom oxidativen Stress im menschlichen Herzen untersucht. Der genaue Wirkungsweg vom
uPA/uPAR System und die Frage unter welchen Umstdnden er anti-oder pro-apoptotisch
wirkt, konnte allerdings noch nicht zur Génze geklart werden. Vieles deutet darauf hin, dass
UPA eine wichtige Rolle dabei spielt unter oxidativem Stress der Apoptose entgegenzuwirken
indem es DNA-Reparaturenzyme hochreguliert. Im Gegensatz dazu, gibt es auch
Behauptungen die besagen, dass das uPA/UPAR System eine bedeutende Rolle bei der
Induktion von pro-apoptotischen Targets spielt und somit zum programmierten Zelltod fiihrt.
Der Wirkungsmechanismus beruht auf dem Zusammenspiel zwischen uPA und p53. Ziel
unserer Studie war es den uPA/uUPAR Signalweg im Herzen genauer zu untersuchen und

besser zu verstehen.

Methoden: Explantierte Herzschnitte stammen von an Herzinsuffizienz leidenden Patienten
(n=21), die sich einer Herztransplantation unterzogen haben. Um die mRNA Levels von uPA,
uPAR, BAX, OGG und p53 bestimmen zu kénnen, haben wir eine quantitative Real-Time
PCR durchgefiihrt. Paraffin eingebettete Herzschnitte wurden immunohistochemisch gefarbt,
um die Levels von Caspase-3, 8-Oxoguanin und uPA bestimmen zu kénnen. Humane adulte
Kardiomyzyten (HACM) wurden in entsprechenden Medien kultiviert. AnschlieBend erfolgte
die Behandlung der Kardiomyzyten mit H,O,, um sie oxidativem Stress auszusetzen. Dieser
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Schritt war notwendig, um die schiitzende Funktion von uPA und ATF zu untersuchen.
Apoptotische Zellen wurden mit Hilfe von 8-Oxoguanin und TUNEL Férbungen sichtbar
gemacht. Das Ausschalten den hOGGL1 Gens erfolgte mit Hilfe einer entsprechenden kleinen
siRNA. Wir haben eine abgewandelte Form vom FACS angewendet, um die mittlere
Fluoreszenzintensitdt von hOGG1 bei uPA-vorbehandelten (24 Stunden) und nicht

behandelten Zellen bestimmen zu konnen.

Ergebnisse: Ergebnisse der Immunohistochemie deuten auf einen Zusammenhang zwischen
uPA, Caspase-3 und 8-Oxoguanin. Ergebnisse der quantitativen Real-Time PCR deuten auf
einen starken Zusammenhang zwischen uPA, uPAR, BAX, hOGGL1 und p53 in explantierten
menschlichen Herzproben (n=21). HACM, die mit uPA vorbehandelt wurden, zeigten weniger
8-Oxoguanin Basenmutation-Herde (Reduktion um 40%, p=0,001), aber auch weniger
apoptotische Zellkerne (0,3-fache, p=0,01). Dieselben Effekte konnten ebenfalls bei der
Vorbehandlung mit ATF beobachtet werden. Zudem fiihrte die Vorbehandlung mit uPA zu
einer erhohten Expressionsrate von hOGG1 (1.85-fache, p=0,004) im Vergleich zur
Kontrollgruppe. Das Ausschalten des hOGG1 Gens und die Stimulation mit uPA hatten eine
erhohte Apoptoserate nach H,O, Vorbehandlung im Vergleich zur siRNA Kontrollgruppe nach
Vorbehandlung mit H,O, (62% apoptotische Zellen, p=0,03 im Vergleich zur Kontrolgruppe)

und den Verlust des Schutzes durch uPA als Folge.

Diskussion und Schlussfolgerung: Unsere Ergebnisse untermauern die Hypothese einer pro-
und anti-apoptotischer Natur des uPA/UPAR Systems. Wir konnten zeigen, dass uPA eine
schiitzende Funktion auf HACMs ausiibt und somit die Fahigkeit besitzt einer Apotose
entgegenzuwirken. Diese Fahigkeit basiert auf dem Zusammenspiel zwischen uPA und
hOGGL. uPA und ATF besitzen die Fdhigket an uPAR zu binden und somit den intrazellularen
Signalweg zu aktivieren und die Expression von hOGG1 zu induzieren. Das Ausschalten von
hOGG1 deutet auf einen Zusammenhang zwischen uPA und hOGG1, da das Ausschalten von
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hOGG]1 zu einem totalen Verlust des Schutzes durch uPA fiihrte. In diesem Falle war uPA
alleine nicht ausreichend, um den protektiven Effekt aufrechtzuerhalten. Zusammenfassend
konnen wir sagen, dass uPA neben seiner wichtigen Rolle im Gewebeumbau méglicherweise
auch eine Rolle im Schutz des Gewebes spielt. Dieser Gewebeschutz wird durch das DNA-

Reparaturprotein hOOG1 vermittelt.

Schlagworter: UPA, uPAR, hOGGL1, Apoptose, Herz, BAX, p53
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