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Summary

Summary

Cardiovascular disease is the most common mortality risk in the industrialized world.
Myocardia infarction (MI) results in the irreversible loss of cardiac muscle, triggering
pathophysiological remodelling of the ventricle and development of heart failure. Insufficient
myocardial capillary density within the surviving myocardium after M1 has been identified as
a critical event in this process, athough the underlying molecular signalling pathways of
cardiac angiogenesis are mechanistically not well understood. The discovery of microRNAS
(miRNAs, miRs), small non-coding RNAs with 19-25 nucleotides in length, has introduced a
new level of the regulation of cardiac signalling pathways. MiRNAS regul ate gene expression
post-transcriptionaly by binding to their complementary target messenger RNAs (MRNAYS)

and represent promising therapeutic targets for gene therapy.

Here, it is shown that cardiac miR-24 is primarily expressed in cardiac endothelia cells and
upregulated following MI in mice and hypoxic conditions in vitro. Enhanced miR-24
expression induces endothelial cell apoptosis and impairs endothelial capillary network
formation. These effects on endothelial cell biology are at least in part mediated through
targeting of transcription factor GATAZ2, histone deacetylase H2A. X, p2l-activated kinase
PAK4 and Ras p21 protein activator RASA1l. Mechanistically, target repression abolishes
respective and secondary downstream signalling cascades. Here it is shown that endothelial
GATAZ2 is an important mediator of cell cycle, apoptosis and angiogenesis at least in part by
regulation of cytoprotective heme oxygenase 1 (HMOX1). Moreover, additional control of
endothelial apoptosis is achieved by the direct miR-24 target PAK4. Its kinase function is
essential for anti-apoptotic Bad phosphorylation in endothelial cells. In a mouse model of M,
blocking of endothelial miR-24 by systemic administration of a specific antagonist
(antagomir) enhances capillary density in the infarcted heart and preserves cardiac function.

The current findings indicate miR-24 to act as a critical regulator of endothelial cell apoptosis
and angiogenesis. Modulation of miR-24 may be potentially a suitable strategy for therapeutic

intervention in the setting of ischemic heart diseases.



Zusammenfassung

Zusammenfassung

Kardiovaskulare Erkrankungen sind die haufigsteeBodsache in der industrialisierten Welt.
Nach Myokardinfarkt (MI) kommt es zum Verlust kaldin Gewebes und zu pathologischen
Umbauprozessen im Herzen, die oftmals in einer iHsuffizienz miinden. Dabei spielt eine
insuffiziente Gefaldversorgung im uUberlebenden Mwkaine wichtige Rolle. Zugrunde
liegende molekulare Mechanismen oder gentherapbetiStrategien zur Verbesserung der
Angiogenese nach Ml sind jedoch nur unzureichemstaeden und etabliert. Die Entdeckung
sogenannter microRNAs (miRNAs, miRs), kleiner nikbtlierender RNAs mit einer Lange
von 19-25 Nukleotiden, zeigt eine neue Ebene dempdexitdt bei der Regulation
kardiovaskularer Signalwege auf. So regulieren nABNdie Genexpression post-
transkriptional durch inhibitorische Bindung an kaementdre messenger RNAs. Die
Modulation von miRNAs und damit nachfolgenden GestaWerken konnte daher ein
wichtiger Baustein bei der Entwicklung neuer Therapategien in der kardiovaskularen
Medizin werden. In dieser Arbeit wird gezeigt, ddesrdiale miR-24 Uberwiegend in
kardialen Endothelzellen exprimiert ist und nachakirdinfarkt im Mausmodell sowie nach
Hypoxiein vitro hochreguliert wird. Die verstarktaiR-24-Expression induziert endotheliale
Apoptose und vermindert die Kapillarbildungsfahigkendothelialer Zellen in einem
Angiogeneseassay. Diese funktionalen Defekte werddrer die Repression des
Transkriptionsfaktors GATA2, der Histon-Deacetyldd2A.X, der p21l-aktivierten Kinase
PAK4 und dem p21 Protein-Aktivator RASA1 vermittdBATA2 wird in dieser Arbeit als
wichtiger Faktor fur die Zellzykluskontrolle, Apayge und Angiogenese beschrieben, wobei
die Regulation direkter Effektoren wie HamoxygenasgHMOX1) essentiell ist. Weiterhin
wird Uber diemiR-24-abhéangige Modulation von PAK4 endotheliale Apoptkeatrolliert.
PAK4 weist eine anti-apoptotische Funktion auf,eimdes zu einer Phosphorylierung des
Proteins Bad fuhrt. Die spezifische Repression gadermiR-24 durch einen Antagonisten
(Antagomir) in einem murinen MI-Modell erhdht dieagillardichte im infarzierten Gewebe
und verbessert die kardiale Funktion. Zusammenfasseigen die Erkenntnisse dieser Arbeit
eine wichtige Funktion furmiR-24 bei der Regulation endothelialer Apoptose und
Angiogenese. Die Modulation vomiR-24 kdnnte ein interessantes neues therapeutisches
Konzept zur Verbesserung der Angiogenese nach Mtelken.
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1. Introduction

1.1 Cardiac remodelling and heart failure

Myocardial infarction (M) often leading to heanilure is a serious clinical disorder and
represents a critical health burden worldwide. @mabkcular disease causes 48% of deaths in
Europe (European Heart Network, 2008) and 35.3%eaths in the United States (American
Heart Association, 2005). Therefore therapeutierwgntions regarding prevention and/or
accute therapy have to be improved. These appreaeie on the current understanding of
heart failure induced by cardiovascular diseasdudiecg myocardial infarction (Ml),
coronary artery disease (CAD) or hypertension.

The heart is a complex organ, multi-chambered,t lugl from different cell types bearing
specific features. The cardiomyocyte is terminalliferentiated and conducts tension by
shortening. In contrast, the extracellular matrexd® up by collagen type | and Il synthesized
from cardiac fibroblasts provides a viscoelastiaffadd preventing sarcomeric deformation
(Erlebacheret al., 1984). Furthermore it links cardiomyocytes tgaadnt vasculature and
microcapillaries supplying the organ with nutritieéood flow (Weber, 1997). Cell to cell
interaction, conduction and communication is imaottin healthy and diseased myocardium.
Moreover, complex mechanisms regulate the heaepeshnd biology thus altering cardiac
performance. Mechanistically, certain molecularnaiing processes are responsible for

cardiac remodelling transducing fundamental reastio

Cardiac remodelling relies on diverse stimuli onditions (figure 1.1). For example, adjacent
consequences like atrophy or physiologic hypertyogte less harmful since characterized by
a reversible state. In contrast, pathologic hypefy forced by persistent cardiac stress is the
precursor for heart failure. Moreover, heart falwan be seen as a progressive disease
affecting at least the neurohumoral system, genf@iitors and global cardiac structure
(Franciset al., 1984 ,Mann, 1999, McMurray and Pfeffer, 2002).
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Figurel.1: Conditions leading to atropy and physiologic ompétgic hypertrophy. Pathologic hypertrophy is
accompanied by several circumstances potentialyitgy to heart failure (Hill and Olson, 2008).

In general, heart failure is accompanied by mydeardypertrophy. Initially, myocardial

hypertrophy is characterized by the enlargementredident cardiomyocytes thereby

enhancing cardiac muscle power. Thus, this phygicéd growth reaction should directly

support cardiac performance and outcome unless osikefactors are abandoned.

Leading factors for the development of maladappeaéhologic hypertrophy include MI and

prolonged hypertension. Such factors acceleratiarayopathy and often disturb myocardial
conduction. Persistent cardiac stress results e itteversible loss of cardiac muscle,
triggering remodelling of the cardiac muscle anel development of heart failure (reviewed
in Jessup and Brozena, 2003, Hill and Olson, 20@8ddition, alterations in heart structure
are accompanied by sustained interstitial fibromipairing and decreasing cardiac pump

function.

Basically, cardiac remodelling post-Ml is cruciatlgpendent on the infarct size determining
heart architecture alteration (McKag al., 1986). Immediately after this ischemic event,
macrophages, monocytes and neutrophiles infiltratie the infarcted area contributing to

local inflammatory response.
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Infarct remodelling has been divided a long time adgo early phase (within 72 hours) and a
late phase beginning thereafter. Since the infanct myocyte death expand in early phase,
ventricular rupture or aneurysm formation is poesifcrlebachest al., 1984). In contrast,

late phase remodelling has to be seen as a mdralgltteration of ventricular shape resulting
in dilatation, distortion and hypertrophy (SuttondaSharpe, 2000 and figure 1.2). The

underlying mechanisms following infarct expansioa diverse.

Ventricular remodeling after acute infarction ~
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Figure1.2: Time response for ventricular remodelling after egmlial infarction. Ischemic area expands
within hours to days and finally results in glolbardiac remodelling impeding systolic function
(Jessup and Brozena, 2003).

Immediate infarct expansion is supported by thevaibn of matrix metalloproteinases
(MMPs) released from neutrophils degrading exttatzel matrix (Cleutjenset al., 1995).
Therefore infarct area progression is fast andlteguwall thinning and ventricular dilatation
establishing diastolic and systolic wall stress (i&aet al., 1988). Then, wall stress defines a
stimulus for cardiac hypertrophy which is transauteintracellular signalling by angiotensin
II (Ang Il) release (Sadoshimet al., 1992). This, in turn, increases the contradbolee by
enhancing protein synthesis of contractile assembiis in the myocyte. In contrast, cardiac
fibroblasts are also stimulated for protein synithesd proliferation supporting fibrosis and
scar formation. Moreover, Ang Il reprogrammes cadiells to a fetal transcriptome (fetal
gene reprogramming) by induction of several trapton factors like c-fos, c-jun or c-myc
further contributing to heart failure (Sadoshistal., 1993).
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The noninfarcted zone (remote myocardium) is siamdously affected by infarct expansion
responding to preserve stroke volume and to antaganfarct injury (Lewet al., 1985).
Additionally, alteration of circulatory hemodynamitriggers further neurohumoral response
by activation of the renin-angiotension-aldoster@RAAS) system and increases production
of atrial and brain natriuretic peptides (ANP andM counteracting Ang Il signalling as an

adaptive response (reviewed in Sutton and Sha8€)20

The early remodelling phase is dominated by log#&immatory signalling that is transduced
by mechanical forces throughout the whole ventriebing over to late remodelling. Here
myocardial repair is more in focus relying on cg#a scar formation that distributes elevated
wall stresses more evenly (Sutton and Shape, 20@position of collagen matrix begins at
day 2 to 4 depending on collagen type and previigealling (Cleutjenset al., 1995).
Briefly, the myocyte-released cytokine TQ@E- modifies fibroblast and macrophage
chemotaxis and proliferation. Additionally, the pbé&ypic transition from interstitial
fibroblasts to myofibroblasts is forced definingoeassion of receptors to Ang Il and TGE-
Furthermore myofibroblasts encode the ligands foesé receptors, thus enabling the
autoregulation of collagen turnover by MMPs (Destieva et al., 1993). Nevertheless, the
formation of a fibrin-fibronectin matrix is a prepasite for adherence of myofibroblast
building up the crescent scar (Knowlteh al., 1992). Ongoing myofibroblast activation
potentiates scar signalling leading to myocyte stul®n within 28 days (Cleutjengt al.,
1995). Afterwards, myofibroblasts become apoptdéiaving behind a greatly increased

extracellular scaffold.

The different remodelling phases offer various pté therapeutic approaches. Nevertheless
treatment of heart failure is difficult and novetdtment strategies are warranted. Several
pathophysiological mechanisms are stimulated u@odiac dysregulation offering different
therapeutic approaches. Since primary therapy s&d@n mechanical or pharmacological
intervention some of the main counteracting opputies should be highlighted here. It is
well know that aldosterone production in the adregland is increasing in heart failure
leading to ventricular hypertrophy and dysfunctidddosterone antagonists are therefore
powerful compounds to counteract these negatiextsf
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Besides pharmacological intervention, cell transig@iaion has been investigated in several
clinical studies such as REPAIR-AMI (acute myocakdhfarction) study (Schachingeral.,
2006; Dill et al., 2009). Here, the researchers questioned whettee Inarrow derived
progenitor cell transplantation inhibits processiafj adverse remodelling events after
myocardial infarction. In summary, cardiac outcormee year after intracoronary cell
transfusion has been validated beneficial for p#ie but the net effect on cardiac

improvement was rather small and novel therapetitategies are needed.

1.2 Angiogenesis and apoptotic signalling

The generation of blood vessels in the developmgrgo or in the adult is determinded by
two distinct processes: vasculogenesis and angesgenVhile vasculogenesis comprises the
de novo formation of blood vessels, angiogenesis involyesvth of existing blood vessels.
Additional de novo postnatal vasculogenesis might occur by progewidrdifferentiation to
the endothelial lineage (Asahaataal., 1999).

Suppressed oxygen supply results in myocyte necrasd infarct expansion. Insufficient
myocardial capillary density within the survivingyatardium after MI has been identified as
a critical event in pathological remodelling. Myodial capillaries are formed by endothelial
cells (ECs) placing a scaffold building up the wdature. Generally, ECs play fundamental
roles in vascular development and disease. Formaticnew blood vessels by stimulating
pre-existing ECs (angiogenesis) is crucial for ioy@ment in blood perfusion. Angiogenic
stimuli activate ECs to migrate and proliferateréty enhancing generation of primary
capillaries. Afterwards, these structures undergmadelling accompanied by sprouting,
branching or intus-susception . Furthermore smauikcle cells may be recruited to sites of
newly formed blood vessels lining the internal lisweam layer. Angiogenesis can be
beneficial in terms of ischemic disease, but ondtieer hand aberrant angiogenesis may be
responsible for cancer progression (Hana#taai., 1996). Major angiogenic factors include
vascular endothelial growth factor (VEGF) and baSbroblast growth factor (bFGF).
Moreover, VEGF is responsible for progenitor celbbitization from the bone marrow

(Asahara et al., 1999). In contrast, anti-angiogenic factors likaturally occurring
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thrombospondin-1 counteract VEGF and bFGF sigmallthus balancing angiogenesis
(Jimenezt al., 2000).

1.2.1 General mechanisms of angiogenesis

Angiogenesis is a dynamic process based on exXukresignalling transduced by receptor-
tyrosine kinases (RTKSs) to the intracellular conpeent thus activating gene transcription.
VEGF and bFGF are important angiogenic modulatdrausating survival, proliferation,
migration and differentiation of primary and staBl€s. Essentially, bFGF and VEGF have to
be activated and sequestered in the extracelludanxby plasminogen system proteinases of
different families. Of note, urokinase-type plasagen activator (u-PA) is essential for
revascularization upon MI (Heymares al., 1999). In addition, hypoxia triggers VEGF
expression by upregulation and stabilization of tita@scription factor HIF-d (Forsytheet

al., 1996). Mechanisticallypoth bFGF and VEGF bind their RTK cell surface ptoes.
Ligand binding induces immediate receptor dimemratwith subsequent intracellular
autophosphorylation. This provides a basis fortfertsignalling cascades transduced by Ras
via mitogen-activated protein kinase (MAPK) to tedl nucleus (Cross and Claesson-Welsh,
2001). Interestingly, capillaries induced either bfGF or VEGF show morphological
differences implicating different roles for bothgamgenic factors (Caet al., 2004). More
importantly, the FGF system seems to control VE@halling during angiogenesis by
control of VEGF expression (Segheetzal., 1998; Prestet al., 2005).

Endothelial cell survival or anti-apoptotic sigmad) activated by VEGF maintains and
stabilizes newly formed blood vessels. The undegynechanisms in human umbilical vein
endothelial cells (HUVECs) comprise activation lo¢ anti-apoptotic kinase, Akt/PKB, via a
PI3K-dependent pathway (Gerberal., 1998). Sustained activation of cellular surviial
reached by the upregulation of anti-apoptotic pnstéike Bcl-2 thus inhibiting downstream
caspase cascades (Gerbar al., 1998). Furthermore, Akt activation stimulatese th
phosphorylation of the pro-apoptotic protein Baeréiy inhibiting apoptosis signalling
(Khwaja, 1999). Additionally, sustained Akt activat enhances NO synthase expression
thereby increasing second messenger NO (Dimnaeéér, 1999; Fultoret al., 1999).
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Supporting the essential role of VEGF for EC suaiwEGF loss in mice is embryonal
lethal due to enhanced EC apoptosis and hemorrt@ayenelietet al., 1996, Ferrarat al.,
1996). In addition to the aforementioned angiogeaignalling angiogenesis can be routed by
tiny non-coding RNAs (microRNAS) called “angiomiR&hich have been reviewed recently
(Wang and Olson, 2009). Thereby, angiogenic facdoggpost-transcriptionally regulated and

modulated.

Taken together, angiogenic signalling directly ilves pro- or anti-apoptotic cascades.
Underlying pathways and regulatory mechanisms ajetly embedded in fundamental

cellular signal transduction networks.

1.2.2 Apoptosis signalling

The balance of cellular proliferation and apoptdpiogrammed cell death) is an essential
process during embryogenesis, organ development ianthe adult regulating tissue
homeostasis. In contrast to necrosis, apoptosish&acterized by an intact membrane
structure. Additionally, apoptotic cells condensgomatin and shrink in size (Kesat al.,
1972). The discovery of apoptotic pathways has teca well-defined understanding of
involved signalling cascades. Noteworthy, two patisvsharing common factors of the Bcl-2
protein family have been identified: An extrinsuided by cell surface death receptors and an
intrinsic pathway transduced by various Bcl-2 pirtgedirectly affecting mitochondrial
remodelling. Overall, both pathways aim towards tiaivation of cysteinyl aspartate
proteases (caspases). Once activated, apoptosiadeasdevelop suicidal character thereby

conducting substrate proteolysis and cellular destn.

Briefly, the extrinsic pathway is triggered by thi@ding of death ligands like Fas or ThEo
their receptors therefore known as death receptrstantly, ligand binding induces
conformational changes leading to the formationaofintracellular multiprotein complex
(death induced signalling complex, DISC) recruitargl activating caspase-8 (Ashkenazi and
Dixit, 1999). This initiator caspase then transduakath signals towards downstream

executioner caspase-3 (Scaffetial., 1998).
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Additionally, caspase-8 might cleave Bid proteimghinteracting and contributing to the
intrinsic apoptosis pathway by altering mitochoatmrchitecture (Yinet al., 1999). The
mitochondria are the key cellular organelles foe timtrinsic pathway (Newmeyer and
Ferguson-Miller, 2003). Inducing signals compridgdAdamage, oxidative stress and growth
factor deprivation. Underlying signal transductisntightly regulated by gatekeeper Bcl-2
proteins that have opposing functions. Remarkalie,survival members like Bcl-2 or Bcl-
xL are inhibited by direct interaction with Bad aRdma pro-apoptotic proteins characterized
by a BH3 domain (Ched al., 2005). The direct inhibitory Bad Bcl-xL heterodirization is
reverted by kinase-dependent phosphorylation oflBading to a cytosolic sequestration with
14-3-3 proteins (Zhat al., 1996). On the other hand, Bcl-2 and Bcl-xL ceuatt Bax and
Bak function. These Bcl-2 proteins can oligomeramed structurally integrate into the
mitochondrial outer membrane thus promoting pomené&dion and efflux of pro-apoptotic
cytochrome ¢ and Smac/Diablo (Mikhailer al., 2003). Moreover, mitochondria begin to
fragment linking apoptosis to mitochondrial divisimachinery (Martinou and Youle, 2006).
Cytosolic cytochrome c is bound by Apaf-1 thus fiding the apoptosome. Afterwards, this
multimeric protein complex binds and activates easg (Hakenet al., 1998; Shi, 2006).
Additionally, Smac/Diablo can bind to caspase iftbils thereby activating caspases
independently from apoptosome mechanism €Dal., 2000). In cardiomyoctes, low levels of
Apaf-1 require Smac/Diablo release from mitochamdfor caspase activation. This
mechanism delays apoptosis progress especiallypdst-mitotic cells offering an extra
protection towards random death (Padtsal., 2005). Interestingly, deregulated apoptotic
events contribute to origin and progression of icakcular disease triggered by myocardial
infarction for example. Meanwhile, global heart harecture suffers from the loss of

cardiomyocytes and the decrease of surroundingelgess

1.2.3 Endothelial cell apoptosis in the cardiovascular system

Generally, endothelial cells assembled in new Isdsecome stabilized may survive a long
time. Therefore, endothelial survival necessarigrves as a potent mediator for the
vasculature in the cardiovascular system. Neverfiselprogrammed cell death (apoptosis)

coordinates tissue homeostasis in development@uititessue.

10
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During embryonal development, VEGF depletion cawsdsanced endothelial cell apoptosis
(Carmelietet al., 1996, Ferrarat al., 1996). Thereby, vascular abnormalities like hetrage
appear which perturbate the generation of a pregscular system. In the adult, pathological
conditions such as congestive heart failure miste@aregulatory mechanisms in the
cardiovascular system by inducing apoptosis in H@is leading to vessel remodelling
(Rossiget al., 2000).

Inductors of EC apoptosis include the inflammatoytokine TNFe, reactive oxygen species
(ROS), oxidized LDL or others (Robageal., 1991; Dimmelegt al. 1997, 1999; Hermanet

al., 1997). Mechanistically, oxidized LDL and TMRnduce Akt dephosphorylation thus
disabling the PI3K/Akt pathway (Hermasehal., 2000). Furthermore, a lack of hemodynamic
force results in EC apoptosis and vessel regresBposure of human ECs to laminar flow
inhibits the activation of apoptotic caspase-3 shigar stress-stimulated release of NO. The
second messenger NO then deactivates caspases8 sitél by S-nitrosylation (Hermarah

al., 1997). Pro-survival pathways for the endotheliare mostly mediated by the
aforementioned pro-angiogenic cytokines VEGF an@lMy way of example, direct VEGF
addition to cultured glucose-stressed ECs reviegspoptotic phenotype (Yampal., 2008).
Mechanistically, VEGF leads to suppression of Bak/B ratio, cleavage of caspase-3,
reduction in excess ROS and prevention of calciurarload induced by high glucose
concentration. Additionally, angiopoietin | (Ang iay bind to Tie2 thus abrogating EC
apoptosis via activation of PI3K/Akt pathway (Kenal., 1999, 2000).

In summary, endothelial cell apoptosis is dependendifferent stimuli that also guide pro-
or anti-angiogenic pathways (figure 1.3). Overafitact capillary structure to provide
nutrition and oxygen supply is a prerequisite fooger cardiac performance and function.
The identification of potential genetic regulat@<rucial for the development of appropriate
therapeutics aiming at the modulation of angiogsnd3esides the classical dogma of gene
regulation by transcription factors, new gene ratpuly pathways have risen offering great

therapeutic opportunities.

11
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VEGF Endostatin
Angiopoietin-1 Angiostatin
basic FGF Cross talk? Thrombospondin
shear stress /

Kinase PI3K/Akt Tyrosine kinases

Cascades: Ras/Raf/MEK/ERK eg.p387?

Apoptosis Bcl-2/Bcl-XL Bcl-2

regulatory Survivin/XIAP Bel-X,

proteins: Nitric oxide

| Apoptosis of Endothelial Cells |

Figure1.3: Regulatory stimuli influencing endothelial cell ggosis. Diverse pro- or anti- angiogenic factors
have an impact on the cellular apoptosis netwoilkn(Beleret al., 2000).

1.3 MicroRNAs (miRNAs): regulatory RNAs

The discovery of small, 19-25 nucleotide long noding RNAs regulating gene expression
post-transcriptionally irC.elegans in 1993 has established a broad field of resefreb et
al., 1993; Wightmaret al., 1993). This new class of RNAs has been termedoRdASs
(miRNAS) later on. Recently some issues about miRN#ogy in mammalians have been
dissected while others are still unclear. Moreregéngly, miRNAs seem to be key players
for many biological functions and processes inaigdapoptosis (Brennecket al., 2003).
Briefly, miRNAs are endogeneous gene regulatorsnpsing more than 600 heavily
conserved members still  growing in number (data mfro miRBase at
http://microrna.sanger.ac.uk). Thus, miRNAs areabdp to regulate more than 30% of all
protein-coding genes (Lewa al., 2005; Krutzfeldt and Stoffel, 2006; Griffithsyleset al.,
2008). MiRNAs repress target mRNAs through an angse mechanism binding in the 3’-
untranslated region (UTR) of mMRNAs thereby inhiiagtiprotein synthesis. In contrast to
small inhibitory RNA (siRNA) mediated gene-silengimammalian miRNAs often show
partial complementary to respective mRNAs onlycdtiular context a single miRNA might

also be differently expressed.
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More importantly, one miRNA has usually about aske200 target mRNAs. Thus, miRNA-
guided regulation of gene networks is quite uswaanse mMiIRNAger se affect more than
one level of regulation. Investigations regardiniRAs have been employed for various cell
types and in diverse disease settings. Of noteNA#have been reported being dysregulated
in human pathological disease like cancer or htalire thereby offering interventional
therapeutic approaches (Esquela-Kerscher and 1866, van Rooij and Olson, 2007; Thum
et al., 2007).

MiRNA biogenesis involves stepwise processes beginwith the transcription of miRNA
genes, further processing towards functionallyvactniRNAs finally repressing translation
(figure 1.4). Initially, miRNA genes characterizate transcribed by RNA polymerase Il to
primary miRNAs (pri-miRNASs) approximately 2 kb ierigth. Additionally, pri-miRNAs are

5" 7-methyl-guanosine (m7G)-capped and polyadeeglétieeet al., 2004).

Nucleus Cytoplasm

=
<l
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|

Asymmetric miRISC /
assembly

Imperfect
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complementarity

UTR
—@— AAAAA

Translational repression v

ORF
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—

mRNA cleavage

AAAAA

Target
mRNA

Figure1.4: Overview on miRNA biogenesis and function. In theleus, miRNA genes are transcribed to pri-
mMiRNA structures, processed and translocated hyckeuns export machinery to the cytoplasm.
Here, miRNA and 3"-UTR target sequence form a belignlex leading to translational inhibition
(Esquela-Kerscher and Slack, 2006).
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Of note, miIRNA geneloci are spread out the wholeogee. Precisely, miRNA genes can
occur within genes (intronic) or just between gerjgdgergenic). Intronic miRNAs or
“miRtrons” are thus spliced and generated from priyngene transcripts of their host genes
thereby offering an alternative mechanism to ctadgrocessing of pri-miRNAs (Rulgy al.,
2007). Moreover, miRNA genes are often clustered taanscribed in polycistronic manner
cooperatively (Altuviaet al., 2005). Nonetheless, the regulation of miRNA espion is
mostly unclear. Some miRNA geneloci possess unpgamoter or enhancer regions. By way
of example, this scenario has been suggestedaiosdriptional activation by serum response
factor (Niu et al., 2007). In contrast, other miRNA gene loci argutated by regulatory
elements that are responsible for host gene trigtiser thus located far away.

In the nucleus, pri-miRNAs are further processedtém-loop pre-miRNAs. A 500-600 kDa
microprocessor complex consisting of the nuclearagNll endonuclease Drosha and
cofactor DiGeorge-syndrome critical region protédn(DGCR8, Pasha) is necessary to
generate 60-70 nucleotide pre-miRNA. Interestinghge-miRNAs characterize a 3" overhang
of 2 nucleotides being a signal for further rectigni (Gregoryet al., 2004). Being the key of
mMIiRNA biogenesis, nuclear exportin-5 mediates {cuadion of pre-miRNAs to the
cytoplasm (Lundkt al., 2004). In the cytosol, pre-miRNAs are cleavedald¥Naselll enzyme
Dicer containing complex along with the transading response RNA-binding protein
(TRBP) (Hutvagneet al., 2001). This step generates the mature hairpgitedwdesignated as
MIRNA-mMiRNA*. The inhibition of translation initiadn is finally mediated by the RNA-
induced silencing complex (RISC). Thus, one strahthe miRNA duplex is preferentially
incorporated into RISC while the miRNA* strand iegiladed (Gregoret al., 2005).
Nevertheless, a gene suppressive function for tiRNi* strand has been reported since it
can associate with RISC proteins (Okametral., 2008). The RISC scaffold is built up by
proteins like aforementioned Dicer-TRBP complex angbnaute (AGO) proteins comprising
a class of four members (Kiet al., 2009). Essentially, TRBP guides Dicer and miRi¢A
AGO2 assembling RISC (Chendrimaah al., 2005). Noteworthy, AGO2 characterizes
endonucleolytic activity as well as inhibitory efte on binding of translation initiatory factor
elFAE to m7G capped sites. Thus AGO2 can be dehsedtie catalytic engine of RISC (Liu
et al., 2004; Kiriakidouet al., 2007). Finally, RISC is guided to the 3"-UTRpaftential target
MRNASs.
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Here, base pairing between the 5" seed regioneofrifRNA (bases two to eight) and target
MRNA is predominantly crucial for tight binding. Aiionally, seed region surrounding
bases can support target mRNA recognition (Leetisal., 2005). Subsequently, further
translation is stopped whereby underlying mechasisray vary. Besides the aforementioned
inhibition of translation initiation other mechatmisil options include mRNA sequestration in
cytoplasmic foci called P(processing) bodies angcaipt degradation (Pillat al., 2007; Liu,
2008).

Interestingly, RNAs can be edited in their nucldetisequence by adenosine deaminases
(ADARSs) (Bass, 2002). Thus, binding to the stenpl@dructure of pre-miRNAs results in
adenosine to inosine nucleotide change. In turosiime mimicks guanosine base thereby
affecting miRNA target recognition as it has beeparted formiR-22 (Lucianoet al., 2004).
Furthermore, RNA editing at position 1 or 2 of fedicted mature miRNA strand in the
stem-loop of preniR-22 influences strand choice for assembling RISC byerialg
thermodynamic parameter (Khvorostaal., 2003; Schwaret al., 2003).

In summary, the field of miRNA biology opens a nkwel of cellular regulation, especially
in regard to certain organ or cell-type specificchanisms in disease. The biology of
mMiRNAs bears a great potential to target and balambole gene networks. As a result,
understanding these effects is more complicatecesine pluripotency of target recognition

and regulation has to be kept in mind.

1.3.1 MiRNAs in the cardiovascular system

MicroRNAs contribute to both physiological and pathysilogical reactions in the
cardiovascular system. Initially work has focusadhuiRNA deregulation in different cardiac
stress models. Van Roddf al. applied transverse aortic constriction (TAC) anttansgenic
calcineurin mouse model both resulting in malad@ptesponses of the heart. Performing
microarrays from miRNAs, these disease model systeavealed several deregulated
mMiRNAs. Additionally,in vitro transfection of selected miRNAs to cultured camujocytes

resulted in hypertrophic growth further underlyititte deep impact on cardiac structure.
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Noteworthy, some of the stress-model enhanced m&RhbBve also been upregulated in end-
stage heart failure hearts (van Raatipl., 2006). These important observations emphasize a

potential role of mMIRNAS in settings of human cakdiscular disease.

Stress-conditions like persistent cardiac hypehyofeading to cardiac failure have been
described to rely on fetal gene expression (Izwnal., 1988). Recently, investigators have
linked this fetal gene reprogramming to the expogsef miRNAs in the heart. By the use of
microarray analysis researchers have shown thamiRNA expression profile in failing

hearts was comparable to that of fetal hearts.dditian, down- and upregulated target
MRNAs matched the profile for up- and downregulateBNAs. Therefore, combination of
MIiRNA expression pattern and target prediction dasplain fetal gene reprogramming in

heart failure as our group has shown before (Tkuah, 2007).

Next to different cardiac stress models transgesearch has highlighted the importance of
mMiRNAs in the cardiovascular system. In additionthe initial finding that miRNAs are
deregulated upon cardiac stress van Reiogl. constructed a transgene with cardiomyocyte
specific overexpression afiR-195. Mice suffered from cardiac hypertrophy and hésttire,
highlighting that one single deregulated miRNA oaduce cardiac failure (van Roa al.,
2006).

Moreover, the miRNA processing factor Dicer hasrbe®nipulated in animal model by da
Costa Martingt al. Hence, inducible cardiac Dicer knockout animagsengenerated because
Dicer null knockoutger se are embryonal lethal due to misbalanced cardicgier{@haoet

al., 2007). Both young and old mice developed card#@are when shutting down Dicer
expression. More importantly, young mice died digatter Dicer knockdown whereas older
mice survived for a longer time. Hence, cardiatufaiin younger mice was not accompanied
by strong alterations in the myocardium as it apgeén the elderly. Obviously, this finding
might be explained by an essential and strongerNAiRmpact on cardiac structure in
younger mice (da Costa Matrtiasal., 2008).
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DGCRS, another important factor of the miRNA prateg machinery upstream of Dicer has
recently been investigated in a knockout model.d@arspecific deletion led to dilated
cardiomyopathy characterized by enhanced fibrasissairvial in median 31 days post birth.
In contrast to the aforementioned conditional Dikmeockout, no hypertrophy was detectable
(Raoet al., 2009).

These in vivo observations implicate a principahodus operandi of miRNAs in the
cardiovascular system. Moreover, cardiac-specifipact of several miRNAs has been
reported. Thus, dissecting cardiac cells into camgiocytes, cardiac fibroblasts and

endothelial cells may help to understand miRNA-gdidene regulation in the heart.

1.3.1.1 Cardiomyocyte miRNAs

Cardiomyocytes have a central role for cardiac tionc Several miRNAs have been
identified to be important for cardiomyocyte biojodMiR-1 possesses an outstanding role
based on its relative abundance in cardiac tissuering 40% of all present miRNAs (Rab
al., 2009). Initially, Zhacet al. showed thatmiR-1 comprising the microRNAsiR-1-1 and
miR-1-2 is primarily localized in the heart and skeletalstie. The microRNA expression is
regulated by serum response factor (SRF) which mwad to enhancer elements in the
promoter region omiR-1-2 stimulating transcriptional activity. Functionabexpression of
miR-1 with the use ofi-myosin heavy chain (MHC) promoter in the develgpheart caused
a decrease in cardiomyocyte proliferation. Thistum, misbalanced and inhibited correct
ventricular function. On the molecular level, trobservation could be explained by the
regulative effect omiR-1 towards the cardiac transcription factor Hand2clhs important
for functional cardiogenesis (Zhabal., 2005). The group of Zhaa al. also constructed a
miR-1-2 mouse knockout transgene to analyze loss of aifgpe@tRNA. Indeed, cardiac
morphogenesis and performance was altered strkingistological analysis revealed

ventricular septum defects as wells as cardiac adeiich led to 50% embryonal lethality.
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The aforementioned transcription factor Hand2 wakiced on protein level giving again a
clue for fatal cardiogenesis because Hand2 dosagerucial for functional cardiac
development (McFaddee al., 2005). Moreover, electrical conduction was dis¢a. The
correct transducing mechanism is a prerequisitedatricular depolarization in healthy state.
Mechanistically, investigators found th@R-1-2 target Irx5, a regulator of cardiac potassium

channeling, is deregulated in mutant mice sugggsticommitment to the phenotype.

MiR-1 knockout mice exhibited a prolonged phase of naitatlult cardiomyocytes inducing
cardiac hyperplasia. Loss wiR-1-2 might losen inhibitory cell cycle control in diffentiated
cardiomyocytes (Zhaet al., 2007). Thesen vivo studies provides evidence for a superior

role of miR-1 in the regulation of cardiac performance and fiomct

SincemiR-1 is transcribed in a bicistronic gene cluster wiitR-133, this miRNA has also
been investigated intensively. IndeedR-133 also regulates cardiomyocyte signalling (Care
et al., 2007). Likewise,miR-133 is highly expressed specifically in skeletal masaind
cardiac myocytes. Carét al. also observed decreased levelsnoR-1 and miR-133 in
different models of murine cardiac hypertrophy aslws in human samples of heart failure.
Therefore, investigators proposed that microRNAreggion pattern is inversely correlated to
cardiac hypertrophy. In linan vitro experiments further emphasized the regulative oble
miR-133 for cardiomyocyte hypertrophy. Cardiomyocytes exressingmiR-133 were
capable to inhibit hypertrophic response to stitivga phenylephrine. Furthermore, this
inhibitory reaction was observed in modulated némnand adult cardiomyocytes. Again,
miR-133 expression was found to be low in phenylephrirteioed hypertrophic
cardiomyocytes further supporting the idea of areise correlation omiR-133 expression
level towards progression of cardiac hypertropmdekd,in vitro antagonizingmiR-133
caused quick progression of a hypertrophic respdmsiiction of fetal genes, increase in
protein synthesis and cell size). To analyze atfanal relationship betweemiR-133 and
miR-1, experiments fomiR-133 were substituted tmiR-1. These experiments pointed to a
tight cooperation of these two miRNAs for the regidn of cardiac hypertrophy. Mice
receiving osmotic minipumps delivering an antagofos miR-133 displayed thamiR-133
downregulation resulted in the formation of hypagptriic hearts. In addition, hypertrophic

marker genes were upregulated in this setting.
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To further explain downstreamiR-133 signalling bioinformatic andn vitro reporter gene
assays validated potentialiR-133 targets. Substantial target regulation was regdofte
RhoA, Cdc42 and Whsc2 which are proteins linketiypertrophic biology. Taken together,
the observations describe a crucial and regulatie of miR-133 for in vitro andin vivo
cardiac hypertrophy.

The aformentioned induction of fetal genes in hy@hic hearts comprises the well-known
switch of thea-MHC ATPase to the expression pfMHC ATPase (Lowestt al., 1997;
Nakaoet al., 1997). This modulation results mainly in deceshsardiac contractility. The
group of van Rooigt al. deciphered aniR-208 based mechanism that controls ttg-MHC
switch (van Rooijet al., 2006). NoteworthymiR-208 is encoded by the intron 27 of the
MHC gene and is also highly expressed in cardesué compared to other organs. Specific
blockade of T3-hormone signalling in wild-type mided to a decrease in-MHC, a
subsequent increase fRMHC and finally to a more slower decreasamiir-208 expression
suggesting high stability of this miRNAnNn vivo, a mousemiR-208 knockout showed a
stunning reaction towards cardiac stress appliedtrbps-aortic banding: The typical
hypertrophic response in wild-type animals was dbaed in the transgene. In addition, the
transgene could not upregulggeMHC but other cardiac stress markers indicatireg thiR-
208 is essential for the hypertrophy response butfoothe expression of further cardiac
stress proteins. These implications were furtheplemized by the finding that transgenic
overexpression omiR-208 could upregulat@-MHC. Again, pharmacogenetic inhibiton of
T3-hormone signalling was applied to test for phgpic transgene analysisViR-208
knockout animals failed to indugg@MHC whereas induction was prominent in wild-type
animals suggesting thaiR-208 interferes with specific transcriptional repressofp-MHC.
Mechanistically, THRAP1, a transcriptional co-regol of hormone recpetor signalling
involved inB-MHC regulation at the transcriptional level wasidated to be a direehiR-208
target. These findings claim a substantial rolend®-208 for cardiomyocyte stress response.
More recently, these observations were extendetthdyinding thaimiR-208 is also required
for correct cardiac transcription factor GATA4 egpsion being a direct target forR-208
(Calliset al., 2009). Additionally, gain- and loss-of functiorperiments fomiR-208 pointed

to a role in cardiac biology.
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1.3.1.2 Fibroblast miRs

Fibrosis is a maladaptive tissue response reaetxsting in different disease conditions. A
hallmark of cardiac fibrosis is the accumulatiorcoflagens and extracellular matrix proteins

impairing cardiac contractility and ventricular tiion.

Mechanistically, TGH signal transduction possesses a key function fdraeellular
remodelling during cardiovascular injury triggerirgxtracellular remodelling (Khan and
Sheppard, 2006). Besides the role of miRNAs fodicanyocyte biology, several miRNA-
based mechanisms have been deciphered for filwmattbovascular events. Primarily, cardiac
disease deregulated miRNAs have been chosen fohanistical investigations aiming at

fibrotic modulation.

Among the highly upregulated miRNAs in heart falumiR-21 action in cardiac failure
could be described recently by our group (Themal., 2008). More interestinglyin situ
hybridization showed a specific upregulation indéac fibroblasts. This indicates cell-type-
dependent impact ahiR-21. Unravelling fibroblast-specific mechanisnts vitro, miRNA
modulation was capable to modulate apoptotis. Aorieng miR-21 led to reduced survival
of cardiac fibroblasts. Reduced cell survival waglaned by a derepression of direaR-21
target Sprouty-1 which is primarily localized tdorbblast-enriched areas of the heart.
Moreover, derepressing Sprouty-1 increased inbibitof pro-survival ERK signalling.
Transferring these observations into amvivo cardiac stress model, transverse aortic
constriction was applied. Both prevention and tresit therapy aimed at antagonizimgR-

21 by sequestering endogenous miRNA with a compleangnicholesterol-modified
oligonucleotide (antagomir). Cardiac performancenowed markedly in treatment groups
and most remarkably, cardiac fibrosis was dimindsi{prevention strategy) or reversed
(treatment strategy). The effective therapy hasvemoa promising approach for the

modulation of cardiac fibrosis upon cardiac stress.

While investigating miRNAs found to be dysregulatggtbn myocardial infarction, van Rooij
et al. concentrated on the mechanistic rolentiR-29 (van Rooijet al., 2008).
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In the group of downregulated miRNAs post MiR-29 was found to be a critical regulator
for thein vivo fibrotic response during cardiac remodellimgR-29 is also enriched in the
fibroblast cell population in the heart. Moreovergedicted targets comprise extracellular
matrix proteins and collagens. Thus, theoreticaliipwnregulation of miR-29 should
derepress these mediators leading to enhancedidilacivity. Indeed, several collagens and
matrix proteins were validated as diratiR-29 targets supporting this theory. Further
evidence was taken from animal experiments usingi@29 mimic post myocardial
infarction. In this situation, enhancimgR-29 decreased the fibrotic response. Additionally,
aforementioned direaniR-29 targets were downregulated. On the whole, thisaffeutic

approach reveals a tool to modulate fibrosis vipairng its fundamental factors.

Another crucial regulator of extracellular remodawg]l is connective tissue growth factor
(CTGF) (Duisterset al., 2009). Duisterst al. showed an increased CTGF expression upon
cardiac stressn vivo which correlated to decreased amountanid®R-30 and miR-133. As
mentionded beforeniR-133 is cardiomyocyte enriched, whereas researchersiimiR-30 in

a higher expression level in fibroblasts. Bioinfatin analysis revealed that both miRNAs
might target CTGF. The origin of CTGF is diversérdblasts produce CTGF, but also
stressed cardiomyocytes secrete CTGF stimulatinga@dlular protein synthesisn vitro
assays established the direct CTGF regulation mifr-30 and miR-133 either in
cardiomyocytes or fibroblasts. Hence, cell-type cHje miRNA expression and target
availability determines the impact of modulatiorcardiomyocytes or fibroblasts. Although a
concrete therapeutic therapy is missing in thig\gtuseful clues are given for the modulation

of cardiac fibrosis balanced by CTGF.

1.3.1.3 Endothelial miRs (angiomiRs)

The blood vessel network in the heart is respoasibprovide sufficient nutrition and oxygen
supply. Disturbance of endothelial biology may tesu severe disorders of the heart. The
importance of miRNAs for blood vessel formation wasnarily shown in Dicer transgenic

mice. Here, alteration of miRNA-processing Dicat te embryonal lethality due to impaired

vasculature in the developing embryo (Yahgl., 2005).
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Moreover, endothelium-specific and conditional Dikaockout mice resulted in decreased
angiogenic response to VEGF-stimulation. This usclaes anin vivo requirement for
endothelial miRNAs in angiogenesis (Suaetzl., 2008). In addition, silencing Dicer or
Drosha in cultured endothelial cells impaired aggric properties (Kuehbachetral., 2007;
Suarezt al., 2007).

The first study describing a miRNA profile in enddelial cells was done by Polisesbal.
Here, investigators found a distinct miRNA signatwf highly expressed miRNAs. In
addition, bioinformatic analysis revealed that impot angiogenic transmembrane receptors
may be targeted by abundant miRNAs. To assessidmattimpactin vitro overexpression of
miR-221 andmiR-222 mixture impaired tube formation and migratory cagad-urthermore,
the angiogenic receptor c-kit was downregulatechiRNA-modulated cells. These findings
emphasize thatmiRNA-modulation of ECs specifically regulates angiogemechanisms
(Polisenoet al., 2006).

Until now only one miRNA was suggested to be exgklg expressed in ECs. This pivotal
feature belongs toiR-126. In 2008, three independent groups analyzed gralted vascular
defects itTmiR-126 deficient zebrafish and mice (Fishal., 2008; Wangt al., 2008; Kuhnert

et al.,, 2008). In zebrafish, antagonizing experimentudedi hemorrhage in the developing
organismmiR-126 morphants displayed collapsed endothelial lumegislighting the role of
miR-126 for establishing vascular structure in developmbfachanistically, Spredl which is
a negative regulator of cell survival was validated a directmR-126 target being
theoretically derepressed mR-126 deficient zebrafish. To analyze this hypothese81
was overexpressed in the developing zebrafish.elthd8predl upregulation caused a similar
vascular phenotype also seen in th&-126 morphant (Fishet al., 2008). In micemiR-126
knockouts, miRNA-deletion caused a phenotype atsoacterized by severe vascular defects
with hemorrhage and edema (Waat@l., 2008). Remarkable, 40% of knockout animals died
in embryonal phase or perinatally. Functional asialyurther showed a reduced angiogenic
response in knockout animals when considering Egraton into implanted matrigel plugs.
More interestingly, in a model of myocardial infllwn, miR-126 deficient mice were not able
to survive a three week time span upon MI. This lessjzes the need afiR-126 dependent

regulation for neovascularization supporting cardiaaling.
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Again, Spredl was reported being the crume®-126 target. Downregulation of Spredl by
miR-126 is necessary to transduce pro-survial signallmgemdothelial cells thus inducing
angiogenic events. The complexity of thmeR-126 genelocus has further been of potential
interest. SincamiR-126 is located within an intron of thEgfl7 gene, questions aroused
whether the vascular abormalities seemmiRR-126 mice are due to the loss pfiR-126 or
Egfl7.

Egfl 7 knockout mice also suffer from vascular abnorresitvhich were proposed to rely on
impaired angiogenic signalling mediated by chenmaetant Egfl7 (Schmidét al., 2007). To
address the questionniiR-126 or Egfl7 is the key player for proper conductiasgulature,
Kuhnert et al. generated mice delitious for minimailiR-126 sequence and compared the
phenotype to whol&gfl7 knockouts. Finally, the aforementioned vasculdects were only
observable in mice deficient ohiR-126 highlighting the requirement ahiR-126 for the
developing and postnatal vasculature (Kuhetat., 2008).

Combinatorial action of clustered miRNAs is anotbption for miRNA-guided regulation of
angiogenesis. The oncogenmaR-17~92 cluster was first described for inductive tumor
expansion. The augmentation in tumor growth wasdagx@d by the direct downregulation of
cluster targets thrombospondin-1 (Tspl) and CTG#thRBargets are well-known negative
angiogenic regulators. Thus, targetmgR-17~92 cluster may serve as a promising approach
in cancer research (Dewsal., 2006). Besides its role in cancer, cluster membBr92 was
recently attributed to anti-angiogenic function ischemic disease and therefore was

suggested to be a relevant therapeutic target ([2ien#t al., 2009).

1.3.2 MiRNA antagonists (““antagomirs”’) for /n vivo application

The abundance of miRNAs and the deregulation ofNA&in many diseases opened a field
of research to eliminate cellular miRNAs therebyegeessing miRNA targets. In 2005,
Krutzfeldt et al. investigated the application of a modified RNA goli (figure 1.5)
complementary to a specific miRNA in mice (Krutzfekt al., 2005, 2006). The so-called
“antagomir” was injected in the tail vein and coslokcifically eliminate miRNA of interest
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in several tissues except the brain. Moreoveratitagomir itself was not degraded by the
vivo exonuclease machinery since its sugar backbonedified by stabile phosphothioate
bonds at 5" and 3" prime ends. Antagomir targebgeition is importantly dependent on
precise nucleotide sequence bearing a perfect niatichRNA of interest. Finally, the target
miRNA:antagomir duplex is degraded in a cytosolenpartment which does not overlap
with P(processing)-bodies indicating that this gsxcis different from the small-inhibitory
RNA (siRNA) pathway (Krutzfeldét al., 2005, 2007).
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Figure 1.5: Chemical structure of an antagomir (Krutzfedtll., 2006). The partially phosphothioate- and 2”-
O-methyl-modified RNA oligo is linked to a cholesiésupport.

Since this initial application several antagomiesvdn been tested for outcome on cardiac
function. Essentially, deregulated miRNAs have be@stly chosen for further investigation.
Antagonizing miR-133 resulted in sustained cardiac hypertrophy, impglcata control
mechanism for cardiac hypertrophy (Cateéal., 2007). Antagomirs have also been used in
therapeutic settings upon pathologic stress. lipegsirs have showmiR-21 upregulation
post MI. Consequently, mimicking pathologic streag;e underwent trans-aortic constriction
(TAC) and were treated with constant doses aganf:t21. Treatment resulted in beneficial
effects for cardiac performance measured by reddidmdtic area and improved pump
function compared to control antagomir treatmeimuff et al., 2008). AlthoughmiR-92a has
not been reported to be deregulated under pathu@bgonditions in the heart, antagonizing
this miRNA in a mouse model of hind limb ischemiadaMIl has showed an interesting
finding. Angiogenesis improves in animals receivimgtagomir-92a indicating a potential

therapeutic value in ischemic diseases (Boneaiugt, 2009).
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Collectively, application of antagomiis vivo can be a valuable tool to support healing or
wounding processes. Nonetheless application hag tone carefully, since antagomirs can
reach nearly every tissue which is connected tdlbed stream. Side-effects in other organs
might occur quite often. As a result, investigatomg to modify antagomirs by cell type
specific antibodies minimizing unwished off-targéfiects.

1.4 MiR-24 genelocus and m/R-24 function

The humamiR-24 genelocus is encoded by two distinct chromosoiited snd is clustered
with miR-23a/b and miR-27a/b (data from miRBase at http://www.mirbase.org/ digdire
1.6). Mature sequences are identical but spec#ted R-24-1/2 since the genelocus fanR-
24-2 is intergenic, whereasiR-24-1 is transcribed intronically from the host-gene aating
an aminopeptidase (data from Entrez Gene at httpw/.ncbi.nim.nih.gov). In addition, two
minor mature miRNA sequences can be proccessedtfrerpre-miRNA stem loop structure
designated asniR-24-1/2*. The asteristik describes the complementary seguéncthe

mature miRNA sequence which is in53" direction.

Chromosome 9

mir-23b  mir-27b mir-24-1
\ J
|
880 bp

Chromosome 19
mir-24-2 mir-27a mir-23a

\ ;
|

372 bp

Figure1.6: Overview on distribution of genominiR-24 loci. miR-24 is transcribed with clustered miRs miR-
23a/b and miR-27a/b from chromosome 9 and 11 (@haln, 2010).
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For the first time, detailed investigations regagdthe clustered genelocus foiR-23a-27a-
24-2 revealed RNA Polymerase Il-driven transcription miRNA genes. Additionally, a
promoter region has been defined comprising segsewtth no obvious regulatory elements
despite GC-boxes (Leet al., 2004). In additionmiR-24-1 has been described to be
potentially activated by hypoxic conditions probalithrough hypoxia-inducible factor-1
(HIF-1) in cancer cells, although the HIF-1 respogdegulatory elements are located within
5 kb upstream. ThereforaiR-24 has been classified as a hypoxia-regulated miRINRNM)
besides others (Kulshreshtétaal., 2007).

In contrast to the aforementionemiiR-24-2 genecluster,miR-24-1 cluster is located
intronically. Expression of the clusteredR-23b-27b-24-1 miRNAs has been induced by
BMP2 signalling in mice. Noteworthy, differentiat@ession of clustered miRNAs has been
observed indicating specific pri-miRNA processir@uf Fet al., 2009). Moreover, and of
interest,miR-24 is upregulated by cardiac hypertrophy and in dades failing hearts (van
Rooij, 2006). Additionally,in vitro overexpression in cardiomyocytes led to hypertioph
growth implicating a role in heart remodelling aimderestingly, a cardiomyocyte-specific
overexpressingniR-24 transgene is embryonal lethal, suggesting a pivata for proper

heart development.

MiR-24 expression has not been reported to be cell tgpeific (figure 1.7). Moreover this
MIRNA is expressed ubiquitously with highest expres level in heart and lung tissue
assessed by Northern Blot and its expression waglfto be repressed by SMADs (SuretQ
al., 2008).
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Figurel.7: miR-24 expression in different organs measured by Norb&rnanalysis (Sun @ al., 2008).miR-
24 expression is normalized to house keeping smalkean RNAU6 (RNU6D).
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Downstream target analysis foiR-24 has revealed some interesting issues abwBt24
function. MiR-24 has been investigated in the context of erythrig®en erythroleukemic
K562 cells. Gain-of function experiments show thenlan activin type | receptor ALK4
(hALK4) to be a direct target. Consequently, SMABIgnalling cascades are disturbed as
well as downregulation of hemoglobin causing a ylela erythroid differentiation.
FurthermoremiR-24 expression level has also been observed to besklyecorrelated with

erythroid differentiation progress in CD3@rogenitor cell population (Warejal., 2008).

Another group has observed upregulatio)nd®-24 when inducing blood cell differentiation
with hemin. Here, the histone variant H2A.X invalvim DNA repair is negatively regulated
(Lal et al., 2009).In vitro, H2A.X modulation causes higher susceptibility &mgls genotoxic
insults, whereby overexpressing R-24 insensitive H2A.X, variant could rescue the
deficient phenotype. More importantly, theR-24 target H2A.X has recently been described
to have a substantial role in neovascularizatienes/(Economopouloet al., 2009).In vitro,
hypoxic treatment of HUVECs led to the activatioh H2A.X by phosphorylation. This
activation was counteracted by the transient knoekd of H2A.X which decreased
endothelial proliferation capacity under hypoxiomddons. Additionally, ann vivo model of
hindlimb ischemia in endothelium specific H2A.X lkhkout animals validated and
emphasized reduced neovascularization upon impiantaf tumor cells. Thus, H2A.X
seems to be a key player for hypoxia-driven neavaseation. Recent work also suggested
that miR-24 influences cell cycle progression thereby regntatcellular proliferation state
(Lal et al., 2009). Global transcriptome analysis in natyrallR-24 low-expressing Hep2G
cells revealed several cell cycle and DNA repaipamant factors being modulated when
overexpressingniR-24. In line, cell cycle analysis showed an inhibitef§ect formiR-24 on
cell cycle progression. Interestingly, downregulatargets like Myc contained miR-24
binding site (seed region), whereas others like B@Fnot. Both transcription factors were
validated by luciferase assay to be dined®-24 targets thus orchestring gene networks. The
downmodulation of Myc implicates that further miBfdA responsive elements (MRES) are
responsible for target recognition in the 3 -UTRMyc which lack a seed region. Detailed
investigation of myoblast development has revealgegulation ofmiR-24 which could be
inhibited by TGFB1 forced SMAD3 signalling binding directly to pragexmiR-24 promoter
region site (Sun @t al., 2008).
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Moreover, TGFB1 repressed myogenesis can be modulated by ovessipg miR-24
leading to enhanced myoblast differentiation. Oa thole the authors suggest that this
modulation is supported by simultaneous expressibnmiR-24 clustered miRNAs.
NeverthelessmiR-24 has also been reported to have an impact on fGgnalling itself in
fetal mouse liver development (Rogktral., 2009). Here, upregulation of th@R-23b cluster
including miR-23b, miR-27b and miR-24-1 targets SMAD proteins SMADS3, 4, 5 thereby

diminishing TGEB signalling and influencing cell fate choice.

In fibroblast or carcinoma cells ectopic overexpi@s of miR-24 regulates the tumor
suppressor protein p1l6(INK4a) thereby affectindicafive senescence of these cells (&al
al., 2008). Additionally, antagonizingiR-24 enhances p16(INK4a) protein levBliR-24 has
been described to prevent retina apoptosis in dpured Xenopus laevis (Walker and Harland,
2009). In vivo, antisense nucleotides (morpholinos) agaimsR-24 induced retina cell
apoptosis. In contrast, injectimyR-24 in the developing<enopus reverted malformation of
the eye. Apoptosis modulation has also been obdevhde overexpressing thaiR-23a-27a-
24-2 genecluster in human embryonic kidney cells (Crhh&bal., 2009). Here, enhanced
cluster expression induced apoptosis suggestingingpact on apoptosis signalling.
NeverthelessmiR-24 is not the only mediator but participates in caowmated pro-apoptotic

regulation.

In summary, the current findings oniR-24 indicate that this microRNA is an important
regulator in diverse cellular types having an intpac development, differentiation and
certain cellular signalling processes. In additiomiR-24 clustered and genetically
neighbouring miRNAs may support the impact on targgulation.Nevertheless, the role of

miR-24 in the cardiovascular system remains elusive.

1.5 Scope and aim of this study

Pathological cardiac remodelling post MI involvesamy signalling pathways being
dysregulated. Genetic pathways in numerous carilidypes are subsequently altered with

deleterious outcome. MiRNAs target several mRNAsstregulating complex gene networks.
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In diseased states, several cardiac miRNAs aregdated and contribute to mRNA
transcriptome alterations and cardiovascular desd€aan Rooijet al., 2006; Thumet al.,
2007). Underlying miRNA-guided molecular mechanisimscardiac angiogenesis are less
defined. Thus, in this study, the role of cardiaB®NAs in MI-induced cardiac remodelling is
investigated. Moreover, potential regulatory mecbras for cardiac angiogenesis are
dissected. Specifically in this work, effects of-MéregulateaniR-24 on endothelial function
invitro andin vivo are investigated. In context of MiiR-24 function is unclear, especially in
regard to neovascularizatiomhus, miR-24 guided mechanisms and characteristics in
response to M| have to be investigated. In additemdothelialmiR-24 targets have to be
found and validated by vitro assays. Fom vivo translational research a disease setting of
murine myocardial infarction is applied. Hena@iR-24 is antagonized by a specific
compound (antagomir) upon MI. Following a therapeperiode basic heart parameters are
determined and validated. Additionally, other aspeegardingn vivo heart remodelling are
investigated, especially focusing on cardiac angnegis. Taken together, this work aims
towards further functional clues, understanding @madsparency of MI-deregulatedR-24.
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2. Material and Methods

2.1 Material

2.1.1 Equipment

Table 2.1:Devices used for this work

Autoclave

Bioanalyzer
Bioanalyzer software

Blotting apparatus
Bunsen burner
CellQuest software
Centrifuge

Centrifuge

Chemilmager
Chemi5500 software
Cryotome

Echo device
Electrophoresis chamber

agarose gels

Electrophoresis chamber
SDS-PAGE

Electrophoresis chamber
western blot

ELISA reader

VARIOKLAV®

Agilent 2100 Bioanalyzer
Agilent 2100 Expert

Mini Trans-Blof® Electrophoretic
Transfer Cell
Campingaz Labogaz 206
CellQuest software
Biofuge fresco
Heraeus Megafuge 1.0R
Chemilmager 5500
Chemi5500
Leica CM1850
Toshiba PowerVision 6000
Mini Sub-Celf GT
Mini Proteaff Tetra Cell

Mini Trans Blot Cell

Multiplate reader 550

H+P Labortechnik,
Oberschleissheim, Germany

Agilent, Bdblingen, Germany
Agilentjlitingen, Germany

Bio-Rad, Munich, Germany

Camping Gamétu
Inheiden, Germany

BD Biosciences, Franklin
Lakes, USA

Thermo Fisher Scientific,
Langenselbold, Germany

Thermo Fisher Scientific,
Langenselbold, Germany

Alpha Innotech, Santeo,
USA

Alpha Innotech, San Leandro,
USA

Leica Microsystems, Wetzlar,
Germany

Toshiba Medical Systems,
Neuss, Germany

Bio-Rad, Munich, Germany
Bio-Rad, Munich, Germany

Bio-Rad, Munich, Germany

Bio-Rad, Munich, Germany
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FACS

FACS Calibur

Fluorescence microscope Axiovert 135

Freezer (-20°C)

Freezer (-80°C)

Fridge (4°C)

Heating block

Incubator

Incubator

Liebherr comfort

HERA freeze

BioCompact Il 200

Thermomixer compact
HERA cell 150

Function line

Incubator bacterial culture INB400

Laminar flow

MACS cell sorter

Magnetic stirrer

Microwave
Microscope
Multi-plate reader

PCR cycler
pH measurement device

Photometer

Pipettes

Pipettor
Power supply

Real-time PCR device

Type UVF

MACS Multistand, OctoMACS
Separation Unit

RCT basic

MW7823
Wilovert 30
Synergy HT

T personal combi

BD Biosciences, Franklin
Lakes, USA

Zeiss, Jena, Germany

Liebherr, Biberach an der Riss,
Germany

Thermo Fisher Scientific,
Langenselbold, Germany

Gram-Bioline, Vojens,
Denmark

Eppendorf, Hamburg, Germany

Thermo Fisher Scientific,
Langenselbold, Germany

Thermo Fisher Scientific,
Langenselbold, Germany

Memmert, Schwabach,
Germany

BDK, Sonnenbiihl-Genkingen,
Germany

Miltenyi Biotech, Bergisch-
Gladbach, Germany

IKA® Werke, Staufen,
Germany

Severin, Sundern, Germany
Hund, Wetzlar, Germany

BIO-TEK, Bad Friedrichshall,
Germany

Biometra, Gottingen, Germany

Microprocessor pH Meter pH53" WTW, Weilheim, Germany

Ultrospec3000

0.1-2.5 ul /0.2-10 pl /10-100 pl/
100-1000 pl

Accu-jef® pro
Power Pac200
iCycler®

Pharmacia Biotech/Amersham,
Piscataway, USA

Eppendorf, Hamburg, Germany

BRAND, Wertheim, Germany
Bio-Rad, Munich, Germany

Bio-Rad, Munich, Germany
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Real-time PCR software

Scale

iCycferQ™ software 3.1
Kern 440-45N

Special accuracy weighing TP214

machine
SigmaStat® software

Rolling shaker

ScanAlyze software
Scanner

Scionlmage Software
Shaker

Shaker for bacterial
culture

Sonifier

Table centrifuge
Vacuum pump
Vortexer

Water bath

X-ray film developer

SigmaStat software 2.03
RM50

ScanAlzye 2.50

Epson Perfection V500 photo
Release Alpha 4.0.3.2
Vibro-Shaker 50

TH 30/SM-30

Sonifier GM70, sonotrode MS72

C1301, Labnet
N811KN.18, Neuberger
MS3 basic
WNB7

Optimax

2.1.2 Consumabhle material and chemicals

Table 2.2:Material applied

Material
Blotting paper
Cell culture flasks

Cell culture plates

Cryo tubes
FACS tubes

Falcon tubes

Bio-Rad, Munich, Germany
Kern, Balingen, Germany

Denver instrument, Géttingen,
Germany

SPSS, Chicago, USA

Via Hartenstein, Wrzburg,
Germany

Eisen lab, Berkeley, USA
Epson, Meenh@ermany
Scion, Frederick, USA

Via Hartenstein, Wrzburg,
Germany

Edmund Buhler, Hechingen,
Germany

BandelinrlBe Germany

Via neoLab, Heidelberg,
Germany

Via neolLab, Hbiele],
Germany

IKA® Werke, Staufen,
Germany

Memmert, Schwabach,
Germany

Protec, Oberstenfeld, Germany

Manufacturer

GE Healthcare, Munich, Germany

Greiner Bio-one, Frickenhausen, Germany

Thermo Fisher Scientific (Nurigngenselbold,

Germany

Greiner Bio-one, Frickenhausen, Germany

BD Biosciences, Franklin Lakes, USA

Greiner Bio-one, Frickenhausen, Germany
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Material

Gas cartouche
Glas ware
Gloves

Pipette tips
Plastic pipettes

Primer

PVDF membrane
Sequencing reactions
Sterile filter

Tubes

X-ray film developer reagents

X-ray films

Manufacturer

Camping Gaz, Hungen-Inheiden, Germany
Schott, Wertheim, Germany
Semper care/Flexam
Sarstedt, NUmbrecht, Germany

CostaStripette via Materiallager Uniklink
Wirzburg

TIB MOLBIOL, Berlin, Germany
Bio-Rad, Munich, Germany

MWG Biotech, Munich, Germany

Schleicher & Schuell, Dassel, German

Eppendorf, Hamburg, Germany or Sarstedt,
NuUmbrecht, Germany

Agfa, Cologne, Gerynan
Fuji, Dusseldorf, Germany

All listed chemicals were purchased in pro analysa.) grade.

Table 2.3:Chemicals applied

Chemical/summ formular

Acetic acid

Acrylamide/Bisacrylamide 37.5:1

Agar

Agarose
Ampicillin

APS

Braunol™

BSA
Chloroform
Chloroform/Isoamylalcohol
Cell lysis buffer
DAPI

Dextrose

Desferrioxamine

Manufacturer

Merck, Darmstadt, Germany

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Braun, Melsungen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Fluka, Steinheim, Germany
Roth, Karlsruhe, Germany

Cell Signaling, Danvers, USA
Sigma-Aldrich, Taufkirchen, Germany
Merck, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen, Germany
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Chemical/summ formular
Dihydroethidium
Dithiothreitol

DMSO

Donkey serum

Ethanol

Ethylendiaminotetraacetat
Formaldehyde
Glycogen

H.O, 30%

Heparin

Hepes

Salmon sperm DNA
Hydrochloric acid
Isopropanol

KCI

KH,PO,

LB powder
L-Glutamine
Lipofectamine2000™
Liguemin™

Loading buffer [3X]
Loading buffer [6X]
Luminol

Matrigel™

Matrigel™ high concentration
Methanol
Methylbutan

MgSO,

NacCl

NaHCGO;,

NaH,PO,

NP40

Manufacturer

Invitrogen, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany

Invitrogen, Karlsruhe, Germany
Merck, Darmstadt, Germany

Fluka, Steinheim, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Fresenius, Bad Homburg, Germany
Merck, Darmstadt, Germany
Sigma-Aldrich, Taufkirchen, Germany
Merck, Darmstadt, Germany

Fluka, Steinheim, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany
Sigma-Aldrich, Taufkirchen, Germany
Invitrogen, Karlsruhe, Germany
Roche, Penzberg, Germany

Cell Signaling, Danvers, USA
Fermentas, St. Leon-Rot, Germany
Roth, Karlsruhe, Germany

BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA
Merck, Darmstadt, Germany

Merck, Darmstadt, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Merck, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen, Germany
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Chemical/summ formular Manufacturer

PIPES Sigma-Aldrich, Taufkirchen, Germany
Propidiumiodide Sigma-Aldrich, Taufkirchen, Germany
Protein G sepharose GE Healthcare, Munich, Germany
Sarkosyl Sigma-Aldrich, Taufkirchen, Germany
Skim milk powder Roth, Karlsruhe, Germany
Para-cumaric acid Roth, Karlsruhe, Germany
Para-formaldehyde Sigma-Aldrich, Taufkirchen, Germany
PBS GIBCO/Invitrogen, Karlsruhe, Germany
Pefabloc™ Roche, Penzberg, Germany

Phenol/Chloroform/Isoamylalcohol  Roth, Karlsruhe, Germany

Protease blocker tablet 25x Roche, Penzberg, Germany
RotiQuant™ Roth, Karlsruhe, Germany

SDS Roth, Karlsruhe, Germany

Sodium hydroxide solution Merck, Darmstadt, Germany

SYBR Safe™ Invitrogen, Karlsruhe, Germany
TEMED Roth, Karlsruhe, Germany

TissueTeR SAKURA via Hartenstein, Wirzburg, Germany
TRIS, Trizma Sigma-Aldrich, Taufkirchen, Germany
TritonX100 Merck, Darmstadt, Germany

Trizol™ Invitrogen, Karlsruhe, Germany
Trypsine BD Biosciences, Franklin Lakes, USA
Tween20™ Roth, Karlsruhe, Germany
Vectashield™ Linaris, Bettingen, Germany
Vitamine B12 SERVA, Heidelberg, Germany

2.1.3 Provided kit systems

Table 2.4:Provided kit systems, ELISAs and arrays

Catalogue number

Agilent RNA 6000 nano #5067-1511 Agilent, Boblingen, Germany
reagents/RNA nano chips

Annexin-V-FLUOS staining #11-858-777-001 Roche, Penzberg, Germany
kit
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Catalogue number

B-galactosidase assay kit #E2000 Promega, Madison, USA

CD146 MicroBeads #130-092-007 Miltenyi Biotec, Bergisch-Gladbach,
Germany

DNeasy Blood & Tissue Kit  #69504 Qiagen, Hilden, Germany

GeneChiff Human 1.0 ST #901147 Affymetrix, High Wycombe, UK

array

HotStarTagq Mastermix kit #203443 Qiagen, Hilden, Germany

iIQ™ Supermix #170-8860 Bio-Rad, Munich, Germany

iScript select™ cDNA #170-8897 Bio-Rad, Munich, Germany

synthesis kit

Luciferase assay kit #E1500 Promega, Madison, USA

Mouse hemoglobin ELISA  #E-90HM Immunology Consultants Laboratory
Inc, Newberg USA

PathScafi Phospho-Bad #7182 Cell Signaling, Danvers, USA

(Serl12) Sandwich ELISA kit

PCR purification kit #28104 Qiagen, Hilden, Germany

Plasmid purification kit #12125, 12143 Qiagen, Hilden, Germany

pMIR-REPORT Kit #AM5795 Ambion/Applied Biosystems,
Carlsbad, USA

Proteome profiler apoptosis #ARY009 R&D Systems, Minnesota, USA

array

RNeasy mini kit #74104 Qiagen, Hilden, Germany

Vector M.O.M basic kit #BMK-2202 Vector Laboratories, Burlingame,
USA

2.1.4 Solutions and huffers

2.1.4.1 Cell culture media, components and used cells

Table 2.5:Cell culture media and components

Medium/component name | Catalogue number

Cryo-SFM #C-29910 PromoCell, Heidelberg, Germany
DMEM #C-71220 PromoCell, Heidelberg, Germany
EGM-2 plus supplements #CC-4147 Cambrex Lonza,|Basétzerland
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Medium/component name | Catalogue number

FCS #C-37360
MEM Eagle (Joklik #M8028
modification)

MEM #1-33 V12-K
OPTI-MEMI® #51985-026
Pen/Strep #C-42010
Trypsine/EDTA #L-2163

Biochrome/Promocell

Sigma-Aldrich, Taufkirchen,
Germany

Amimed

GIBCO/Invitrogen, Karlsruhe,
Germany

Promocell

Biochrome, Berlin, Germany

Table 2.6: Cardiomyocyte medium MEM (Minimal Essential Medium)

Amount/l| MEM Final concentration

105¢g
BrdU 20 mM 5ml
Vitamin B12 2 mg/ml 1ml
L-Glutamine 292 mg
NaHCG; 350 mg

Ad 1000 ml dHO
Sterile filtration
Pen/Strep 1000x 1ml

Table 2.7:Cell types/cell lines used in this work

0.1 mM
2 ug/mi

2 mM
4.2 mM

1x

HEK293 (Human Embryonic
Kidney)

HUVEC (Human Umbilical Vein #CC-2519
Endothelial cells)

H9C2 (Rat Cardiomyocyte Cell #CRL-1446
Line)

NRCM (Neonatal Rat

Cardiomyocytes)

NRCF (Neonatal Rat Cardiac
Fibroblasts)

Kind gift from Anahia-Paula
Arias-Loza (AG Pelzer,
cardiology, University Hospital
Wirzburg)

Cambrex Lonza, Basel,
Switzerland

LGC Standards GmbH, Wesel,
Germany
Own preparation

Own preparation
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2.1.4.2 Cardiomyocyte preparation and fractionation of cardiac cells

Table 2.8: Cardiomyocte preparation medium CBFHH (Calcium- Bichrbonate-Free
Hanks” solution with HEPES)

Amount/| CBFHH Final concentration
il

NaCl 3.42 M 40 mi 137 mM
KCI 0.53 M 10 ml 5.36 mM
MgSQO*7H,0O 81 mM 10 ml 0.81 mM
Dextrose 555 mM 10 ml 5.55 mM
KH,PO, 44 mM 10 mi 0.44 mM
Na,HPO, 34 mM 10 ml 0.34 mM
HEPES pH 7.4 0.206 M 100 ml 20.06 mM

Ad 1000 ml dHO
Sterile filtration
Pen/Strep 1000x 1 1x

Table 2.9:T&D (Trypsin and Dnase) solution

Amount/100 ml CBFHH Final concentration

DNase 2mg/mlin 0.15M 1 ml 0.02 mg/ml
NaCl
Trypsine 1.5 mg/ml 100 mi 1.5 mg/ml

Table 2.10:Collagenase solution for fractionation of cardiat types

Component Final concentration

Butanedione 10 mM
monoxime

Calcium chloride 20 uM
Collagenase |l 1 mg/ml

Ad Joklik medium
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2.1.4.3 DNA Electrophoresis

Table 2.11:50x TAE (Tris-Acetate-EDTA) buffer for DNA electrbpresis

Tris 242 g

Acetic acid (glacial) 57.1ml

EDTA 0.5M pH 100 mi 0.05 M
8.0

Ad 1000 ml dHO

2.1.4.4 Chromatin Immunoprecipitation (ChIP)

Table 2.12:Buffers for ChIP

Cell lysis buffer

8.5 ml 85 mM
NP40 100% (w/v) 0.5 ml 0.5% (w/v)
PIPES pH 8.0 1M 0.5 ml 5mM
Ad 100 ml dHO

IP dilution buffer

EDTA 0.5M 0.24 ml 1.2mM

NacCl S5SM 3.34 ml 167 mM

Tris-HCI pH 8.1 1M 1.67 ml 16.7 mM

TritonX100 100% (w/v) 1.1ml 1.1% (wiv)
Ad 100 ml dHO

Dialysis buffer
Component Amount/500 ml Final concentration

EDTA 0.5M 2ml 2 mM
Sarkosyl 10% (w/v) 10 mi 0.2% (w/v)
Tris-HCI pH 8.0 Y 25 mi 50 mM

Ad 500 ml dHO
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IP wash buffer

DOC 10% (w/v)
LiCl 25M
NP40 100% (w/v)
Tris-HCI pH 9.0 1M

Final concentration

50 ml 1% (w/v)

100 ml 500 mM

5 ml 1% (wiv)

50 ml 100 mM
Ad 500 ml dHO

Elution buffer

Final concentration

1ml 1% (wiv)
2ml 100 mM
Ad 10 ml dHO

Proteinase K buffer 5x

SDS 10% (wi/v)
NaHCG 500 mM
Component

EDTA pH 8.0 05M
SDS 10% (wi/v)
Tris-HCl pH 7.5 1M

EDTA 0.5M
Tris-HCI pH 7.5 1M

0.5ml 25 mM
1.25 ml 1.25% (w/v)
0.5ml 50 mM

Ad 10 ml dHO

Final concentration

TE buffer

Final concentration

0.2 ml 1mM
1ml 10 mM
Ad 100 ml dHO
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2.1.4.5 SDS-PAGE and Western blot

Table 2.13:Gel recipe for separating gel (SDS-PAGE), 2 gels

dH,O 10.42 mi 8.75 ml 6.25 ml
1.5 M Tris-HCI pH 8.8, 6.25 ml 6.25 ml 6.25 ml
0.4% (w/v) SDS

30% (W/v) 8.33 ml 10 mi 12.5 ml
Acrylamide/Bisacrylamide

10% (w/v) APS 100 pl 100 pl 100 pl
TEMED 10 pl 10 pl 10 pl

Table 2.14:Gel recipe for 5% (v/v) stacking gel (SDS-PAGEYp€els

dH,O 3.81 ml
1 M Tris-HCI pH 6.8, 1.6 ml
0.4% (w/v) SDS

30% (wi/v) 820 pl
Acrylamide/Bisacrylamide

10% (w/v) APS 50 ul
TEMED 5l

Table 2.15:10x SDS-PAGE electrophoresis buffer

Final concentration (10x) | Final concentration
(1x)

Glycin 144 g 1.92 M 192 mM
SDS 10g 1% (w/v) 0.1% (w/v)
Tris 3049 250 mM 0.81 mM

Ad 1000 ml dHO
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Table 2.16:10x Western blot transfer buffer

Final concentration (10x) | Final concentration
(1x)

Glycin 144 g 1.92 M 192 mM
Tris 309 250 mM 0.81 mM
Ad 1000 ml dHO

Table 2.17:TBST western blot washing buffer

NacCl 16 g 274 mM
Trizma 1 M pH 7.6 40 ml 40 mM
Tween20 2 ml (vIv) 0.2% (v/v)

Ad 2000 ml dHO

Table 2.18:Luminol reagent for Western blot detection

25 mg Luminolin50 2 ml
ml 0.1 M Tris-HCI pH

8.6

10 mg p-cumaric acid 0.8 ml
in 10 ml DMSO

H,0, (30% v/v) 2.4 ul
dH,O 3ml
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2.1.5. Plasmids

Hindlll (463)

SV40 polyA,
// Pmel (476) Drall (8044)
(6438) "~ Miul (495) (7849)
Notl (407) e
SV40 Promoter oil ¢ );‘ MCS” .~ SV40 Promoter- | r Notl (407)
I < Neel (507) ] |1 SV40 polyA
(6139) f( ‘ -~ (7524) Fey (=Y
(6046) | ~___—Sacl (519) (7485) | | | Hindlll (463)
Puromycin - ‘ ————— Spel (525) Neomycin y
(6691) |
(5447) (6638) | A
(5188) - A SV40 pA+ |}
SV40 pA | (6358)- | A
(5153) - : (6364) -
Sspl (4961) -, ~ Luciferase &

pMIR-REPORT™
[3-gal Control Plasmid

(4943) -\

pMIR-REPORT™ Luciferase - EcoRI (1609)

‘- Bgal

6470 bp Ampicillin 8054 bp
Ampicillin (5504) /3

4 (5447) 7/ N
“BamHI (2205) !

(4083) 7 | . ColE1 Origin/

(4024) -CMV Promoter .

igin ! @set)’ | \
ColE1 Origin - | (atag) EcoRl (2808) EeoR! (@208) BamHiI (3626)

CMV Promoter

Figure 2.1: Plasmids supplied from Ambion in the Luciferassagskit

The supplied pMIR-REPORT Luciferase plasmid fromlAom was further used for cloning
vector constructs bearing hum&#TA2-3"-UTR, mousesATA2-3"-UTR, humanPAK4-3’-
UTR, humanRASA1-3"-UTR and humai2AX-3"-UTR.

2.1.6 Oligonucleotides and probes

Table 2.19:siRNAs applied in this work

GATAZ2 (human) sc-37228 Santa Cruz Biotechnology, Sania, USA
H2AX (human) sc-62464 Santa Cruz Biotechnology, Santa Cruz, USA
PAK4 (human) sc-39060 Santa Cruz Biotechnology, Santa Cruz, USA
RASAL (human) Sc-29467 Santa Cruz Biotechnology, Santa Cruz, USA
Scrambled siRNA  sc-37007 Santa Cruz Biotechnology, Santa Cruz, USA
control-A

43



Material and Methods

Table 2.20:miRNAs applied in this work

Catalogue number

hsamiR-24
hsa-antimiR-24
hsamiR-22
hsamiR-210

pre-miR miRNA
precursor
molecules-negative
control #2

anti-miR miRNA
precursor
molecules-negative
control #1

Cy3 pre-miR
negative control #1

PM10737
AM10737
PM11752
PM10516
AM17111

AM17010

AM17120

Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA

Applied Biosystems, Foster City, USA

Applied Biosystems, Foster City, USA

Table 2.21:TagMan miRNA detection assays applied in this work

Applied Biosystems, Foster City, USA

hsamiR-24
RNU6B

Table 2.22: Antagomirs applied in this work

5-CTGTTCCTGCTGAACTGAGCCA- Regulus Therapeutics,

Antagomir-24

Scrambled
antagomir

#4373072
#4373381

chol-3’
5’_

Applied Biosystems, Foster City, USA

Carlsbad, USA

Regulus Therapeutics,

ACAAACACCAUUGUCACACUCCA- Carlsbad, USA

chol-3’
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Table 2.23:Primer sequences used for pMIR-REPORT cloning veéitriction sites underlined

3-UTR Primer (forward, reverse) Product size [bp]

GATA2 (human) forward: 700
5-AAAACTAGT GGAACAGATGGACGTCGAG-3’
reverse:
5-AAAAAGCTTGCAGCTTCGGCCTCAAAG-3’

GATA2 (mouse) forward: 700
5 -AAAACTAGTACTTCCTCCTGCCAGCCTA-3’
reverse:
5-AAAAAGCTT CCGAGGGTTTAGCAGAAAAG-3’

H2A.X (human)  forward: 1360
5- AAAACTAGTGCCCCATTTCCCTTCCAG-3
reverse:
5- AAAAAGCTTGGTGTTAAGAGCCCTTGCAG-3’

PAK4 (human)  forward: 620
5 -AAAACTAGT TTGCTGGGGGTAGATGAGAC-3’
reverse:

5 -AAAAAGCTTGGTTCTTCAGGCAGTGGTTC-3

RASA1 (human)  forward: 750
5 -AAAACTAGTTCCAAGATTCTGCTGGTGAA-3’
reverse:

5 -AAAAAGCTT GGCAGCTGATGAGGTTGTCT-3

Table 2.24:Primer sequences used for ChIP-PCR

Primer (forward, reverse) Product size [bp]

BMP and activin forward: 259
membrane-bound 5 -TCTCAGGTTTTGGAGGGAGA-3’
inhibitor (BAMBI) reverse:

5 -GGCCGAGACTGACACTCAAT-3
Endothelial cell forward: 136
specific molecule 1 5"-CAAGTGATATGCCAGGGTCA-3’
(ESM1) reverse:

5-TGGTTGTTTTGCATGAGGAC-3’

Primer (forward, reverse) Product size [bp]

Heme oxygenase 1 forward: 133
(HO) 5"-CATCACCAGACCCAGACAGA-3’

reverse:

5-AAGGCCGACTTTAAGGGAAG-3’

Netrin 4 (NTN4) forward: 180
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5-GAGCCAGTTATTCAGCAAAGAAA-3’
reverse:
5 -ATGCAGAGGCCATGCTAATC-3

Sirtuin 1 @RT1) forward: 201
5-GGAGTCACAGTGTGCCAGAA-3’
reverse:
5-CCTTCCTTTCTAGCGTGAGC-3

2.1.7 Antibodies, enzymes and standard markers

Table 2.25:Primary antibodies applied in this work (Westelot land ChliP)

Akt #9272 Cell Signaling Technology, Danvers, USA
Bad Ab28840 Abcam, Cambridge, USA

GAPDH ab8245 Abcam, Cambridge, USA

GATA2 arp31855 Aviva Systems Biology, San Diego, USA
GATA2 ab22849 Abcam, Cambridge, USA

GATAZ2 (ChIP) SC-267X Santa Cruz Biotechnology, Santa Cruz, USA
GFP ab1218 Abcam, Cambridge, USA

H2.AX ab11175 Abcam, Cambridge, USA

HIF1la sc-10790 Santa Cruz Biotechnology, Santa Cruz, USA
HMOX1 (HO1) AF3776 R&D Systems, Minnesota, USA

Lamin A/C sc-6215 Santa Cruz Biotechnology, Santa Cruz, USA
Mouse control- sc-2025 Santa Cruz Biotechnology, Santa Cruz, USA
IgG (ChIP)

PAK4 ab19007 Abcam, Cambridge, USA

p44/42 MAP #9102 Cell Signaling Technology, Danvers, USA
Kinase

phospho-Akt #9271 Cell Signaling Technology, Danvers, USA
phospho-p44/42 #9101 Cell Signaling Technology, Danvers, USA
MAP Kinase

(Thr202/Tyr204)

RASA1/GAP ab2922 Abcam, Cambridge, USA
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SIRT1 ab32441 Abcam, Cambridge, USA
TBP ab818 Abcam, Cambridge, USA

Table 2.26:Secondary antibodies applied in this work (Westdon)

Anti-rabbit-lgG-HRP #7074 Cell Signaling Technolo@anvers,
USA

Anti-mouse-IgG-HRP #7076 Cell Signaling Technology, Danvers,
USA

Anti-goat-lgG-HRP sc-2020 Santa Cruz Biotechnoldggnta Cruz,
USA

Precision Protein™ #161-0380 Bio-Rad, Munich, Germany

StrepTactin-HRP

Table 2.27:Primary antibodies applied in this work (Immunagytistochemistry)

CD31 ab28364 Abcam, Cambridge, USA

CD31 ab24590 Abcam, Cambridge, USA

CD31 MCA2388 Serotec

GATA2 arp31855 Aviva Systems Biology, San Diego, USA
PAKA4 ab19007 Abcam, Cambridge, USA

RASA1/GAP ab2922 Abcam, Cambridge, USA

Troponin | sc-15368 Uginta Cruz Biotechnology, Sénta,
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Table 2.28:Secondary Alexa Flo® antibodies applied in this work (Immunocyto/hisfoemistry)

Donkey anti-rabbit 488 A21206 Invitrogen, KarlsruBermany
Donkey anti-rat 488  A21208 Invitrogen, Karlsruhe, Germany
Donkey anti-mouse A21202 Invitrogen, Karlsruhe, Germany
488

Donkey anti-rabbit 594 A21207 Invitrogen, Karlsruhe, Germany
Donkey anti-mouse A21203 Invitrogen, Karlsruhe, Germany
594

Table 2.29:Enzymes applied in this work

Enzyme Catalogue Manufacturer
number

Collagenase C0130 Sigma-Aldrich, Taufkirchen, Geryna

DNase DN25 Sigma-Aldrich, Taufkirchen, Germany

Hindlll (+buffer) R0104S New England Biolabs, Frankfurt,
Germany

Proteinase K P2308 Sigma-Aldrich, Taufkirchen, Germany

RNAse A R6513 Sigma-Aldrich, Taufkirchen, Germany

Soel (+ buffer) R0O133L New England Biolabs, Frankfurt,
Germany

T4 DNA Ligase (+ M0202S + New England Biolabs, Frankfurt,

buffer) B0202S Germany

Table 2.30:Standard markers applied in this work

Standard marker Catalogue number

DNA electrophoresis #SM0241 Fermentas, St. Leon-Rot, Germany
standard

Precision Plus Protein #161-0374 Bio-Rad, Munich, Germany
standard
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2.1.8 FACS solutions

Table 2.31:Annexin-V-FLUOS staining solution for apoptosigetgion

Annexin-V-FLUOS solution 20 pl
Incubation buffer 1ml

Propidium iodide solution 20 pl

Table 2.32:Propidium iodide (PI) solution for cell cycle apsis

Component Final
concentration

Propidium iodide 50 pg/mi
RNase A 0.1 mg/mi
Triton X-100 0.05% (v/v)

2.1.9 Components for bacteria culture and bacteria strains

Table 2.33:LB and LB-agar media

LB-media

Component Amount/l LB
25¢g
Ad 1000 ml dHO, then autoclave

LB

LB-agar

Amount/| LB
LB 25¢
Agar (separate 15¢
bottle)

Ad 1000 ml dHO (split for LB and agar),
then autoclave

The desired antibiotic ampicillin (final concentoat 100 pg/ml) was added after autoclaving
and cooling down of solutions to 50-60 °C. AfterdsrLB-agar plates were spilled.
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Table 2.34:Applied bacteria strain

Name genotype Catalogue | Manufacturer
number

One Shot® TOP10 F-mcrA A(mrr-hsdRMS-mcrBC) #C4040-10 Invitrogen,
Chemically @80lacZAM15 AlacX74 recAl Karlsruhe,
Competent. coli araD139A(araleu) Germany
7697galU galK rpsL (StrR)endAl
nupG
2.1.10 Animals

All animal experiments were approved by local atitles and conducted according to the
German law of animal protection.

Mice were purchased from Harlan-Winkelmann (Borgh@armany). Inbred C57BL/6 mice
were male, 8-10 weeks old and approximately 20-Rbvgeight.
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2.2 Methods

2.2.1 Cell culture

2.2.1.1 Cultivation of endothelial cells (ECs)

Human umbilical vein endothelial cells (HUVECs) wercultured in EGM-2 media

supplemented with 20% (v/v) fetal calf serum (F@8y supplements. Cells were grown in a
humidified atmosphere at 5% GQand 37°C. Hypoxic conditions were simulated by
incubating HUVECs with 1% & 5% CQ for 24 h. Furthermore, cells were splitted up to

passage 10.

2.2.1.2 Isolation and cultivation of neonatal rat cardiomyocytes and
cardiac fibroblasts

Hearts were removed from newborn rats (day 0), ipict calcium- and bicarbonate-free
HEPES-buffered Hanks’ medium, cut into pieces aigested with trypsin/DNase under
constant stirring. The collected primary cells wpassed through a cell strainer (40 um) and
then seeded in a pre-plating step onto uncoatetipldishes dishes and incubated for 60 min
at 37°C. The supernatant (containing the cardiomyitgs} was collected and the adherent cells
were washed several times and cultured in miniresémtial medium (MEM) containing 5%
(v/v) FCS. These cultures contained almost excélgiprimary cardiac fibroblasts. The cells
in the supernatant that was collected were platddEM containing vitamin B12, NaHCGO
and 5% (v/v) FCS. This cell population was almostlgsively cardiomyocytes. After 1 d in
culture medium was replaced to DMEM with 10% (VWS and antibiotics. Cardiac
fibroblasts were cultured at 5% G@ardiomyocytes at 1% GO

The rat cardiomyocyte cell line H9C2 was cultunedMEM media supplemented with 10%
(v/v) FCS and antiobiotics in a humidified atmosighat 5% CQand 37°C.

2.2.1.3 Cultivation of other applied cell types

The human embryonic kidney cell line HEK-293 wadiumed in DMEM media with 10%
(v/v) FCS and antiobiotics in a humidified atmosgghat 5% CQand 37°C.
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2.2.1.4 Transfection assays

Transient liposomal transfection of small-inhibjtd2NAs (SiRNAs) or microRNAs was done
according to manufacturers” instructions. Therefells were splitted into 6wells one day
before transfection to reach 60-70% confluence ay df transfection. Specific
siRNAs/miRNAs, control sSiRNA/miRNA and 4 pl Lipofeenine2000 per 6well were mixed
separately and incubated for 5 min with Opti-MEMhédia. Complexes were added together
and incubated for 20 min. Media was changed tobmtit-free media before adding
liposomal siRNA complexes (final concentration 16M for siRNA and 100 nM for
mMiRNAS). Cells were incubated for 4 h before chagghe media to fresh medium. Silencing
of proteins or miRNA targets was monitored 48 hRI$A) or 72 h (mIRNAS) post
transfection by western blot analysis. Specifiadetbout the used siRNAs and miRNAs are
given in tables 2.19/20.

2.2.1.5 Luciferase reporter assay

A luciferase reporter assay system was appliedlidate potential miRNA targethiciferase
gene expression can be downregulated by bindimgrdin miRNAs in 3"-UTR ofuciferase
reporter gene. The cloned constructs were co-teated with miRNAs of interest (table 2.20)
andbeta-galactosidase control plasmid (figure 2.1) into HEK293 reportalls in 48wells by
use of Lipofectamine2000. 0.2 pg plasmid DNA eat@) nM miRNA and 0.5 pul of
Lipofectamine2000 were applied. Cells were incuthdte 24 h before measuring luciferase

andp-galactosidase activity on a multi-plate readeoating to manufacturers” instructions.

2.2.1.6 In vitrotube formation assay for ECs

A matrigel based assay was applied to test capgdlanation of ECsn vitro. Therefore ECs
were pre-treated by siRNA or miRNA modulation asntiened before. Then cells were
harvested and 15000 cells in 200 pl EGM-2 media sitpplements were seeded on Matrigel
coated 8well chamber slides. After 6 and 24 h pesuwere taken on a Zeiss Axiovert

microscope. Experimental outcome was measuredtatinadily.
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2.2.1.7 Viral transduction

The generation of a murine N-terminal GFP taggedl &2 adenovirus was done by the
laboratory of Prof. Stefan Engelhardt (Pharmacaldgudolf-Virchow Center, Wirzburg,
Germany). Following biosafety level 2 experimentsrevdone in the laboratory of Prof.

Stefan Engelhardt.

For viral transduction experiments cells were graasubconfluence and infected with viral
particles in a multiplicity of infection (m.o.i.)f@O0 for 24-48 h. Additionally, a YFP control

virus was also applied with same m.o.i..

2.2.2 Molecular hiology

2.2.2.1 RNA isolation

RNA isolation of cell culture cell pellets or animi@ssue was done either with Qiagen
RNeasy mini kit or TRIzol reagent. For TRIzol RNgolation samples were homogenized
with 1 ml TRIzol for 5 min at RT. 200 pl chloroformas added, samples were mixed and
incubated for 2-3 min at RT. Samples were centatugt 11900 >»g for 15 min at 4°C.
Afterwards the upper phase was taken and mixed 5@thul isopropyl alcohol following 10
min incubation at RT. Then samples were centrifuged1900 xg for 10 min at 4°C. The
resulting RNA pellet was washed with 70% (v/v) etblaand centrifuged at 7370gfor 5
min at 4°C. Afterwards RNA pellet was suspendedppropriate amounts of DEPC-treated

water.

2.2.2.2 DNA isolation

Genomic DNA from cell pellets was isolated with tPegen DNeasy Blood & Tissue Kit.

2.2.2.3 Determination of RNA and DNA concentration

RNA and DNA concentrations were determined by mesmmsant of absorption at 260 nm
(A260) and 280 nm (hgg in a UV-spectralphotometer versus £fH as reference. The

absorption of suspended DNA or RNA is proportidimatoncentration at Ao
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For DNA 1.0 Ago unit equals 50 pg/ml DNA and for RNA 1.048 unit equals 40 pg/mi
RNA. The AsdAzgo ratio was measured and only preparations withtia beetween 1.8 and

2.0 were considered to be pure.

2.2.2.4 Agarose gel electrophoresis

For qualitative analysis of DNA band pattern agaragl electrophoresis was applied.
Therefore, 1.8% (m/v) agarose gels were preparetidaying agarose in 0.5 TAE buffer.
Samples were mixed with 6x loading dye solution xadled onto the gel with an appropriate
DNA ladder. Electrophoresis run was performed f@nén at 90 V in 0.5 TAE buffer.

2.2.2.5 Luciferase pMIR-REPORT cloning

A putative 3"-UTR miRNA binding sequence was cloimad Spel andHindlll cloning site of
PMIR-REPORT vector (figure 2.1). In advance, 3"-UBR mRNA containg the miRNA
binding site was PCR amplified from whole genomi®NA (human or mouse) with
appropriate  primers  (table 2.23). Primers were ghesi with  Primer3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_wwcgi).

PCR setup

10 pl HotStarag-Mix
2.5 ul primerpair (forward/reverse) [4 uM]
2.5 pul genomic DNA (human/mouse) [100 ng/ul]

PCR protocol:
94°C 10 min, [94°C 1 min, 57°C 30 sec, 72°C 1 mi@x72°C 10 min, 4°C hold

PCR products were purified with Qiagen PCR purtfaa kit and analyzed for correct band
pattern on a 1.8% (m/v) agarose gel. The ampliietd TR sequences and pMIR-REPORT
vector were double-digested for 2 h at 37°C witlprapriate restriction enzymes before

purification with Qiagen PCR purification kit.
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Restriction digestion setup

A) Insert (3"-UTR) B) Vector
20 pl PCR product 1 pl vector pMIR-REPORT [3 pg/ul]
2 ul Spel [10 U/ul] 6 pul Spel [10 U/ul]
1 plHindlll [20 U/ul] 3 plHindIll [20 U/ul]
3 ul NEB buffer 2 [10x] 2 ul NEB buffer 2 [10x]
4 ul dHO 8 pul dHO

Afterwards insert and vector were ligated with THIADligase o/n at 16°C before T4 DNA
ligase inhibition for 15 min at 65°C.

Ligation setup

20 ul 3°-UTR

0.5 pl vector 1:10 diluted
3 ul 10x T4 buffer

1.5 ul T4 DNA ligase

5 ul dHO

Finally, E. coli TOP10 cells were heat-transformed with the ligasample. Therefore, 50 ul
competent were thawed on ice and 10 pl ligation was added. After 20 minutes incubation
on ice, cells were heat-shocked for 90 second2 4t .4Cells were then cooled on ice for 2
minutes. Afterwards 500 pl SOC media was addedcatid mixed on a vortexing platform
for 45 min at 37°C. Then 100-200 pl cell suspensiare plated on LB-Amp plates and
incubated o/n at 37°C. The next day transformargsevpicked and inoculated to LB-Amp-
media o/n at 37°C. Plasmid preparation was donadiée day with Qiagen mini plasmid kit.
For verification of positive transformants doubigeabtion with Soel and Hindlll was
performed for 1 h at 37°C.
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Qualitative restriction digestion setup

5 plisolated plasmid DNA (pDNA)
0.5 plSpel [10 U/ul]

0.5 pIHindIll [20 U/ul]

2 1l NEB buffer 2 [10x]

12 pl dHO

Afterwards samples were analyzed for positive baeattern on a 1.8% (m/v) agarose gel. The
constructs were further subjected to sequencindiat validation. For greater amounts of

pPDNA plasmid preparation was done with the Qiagéai plasmid Kkit.

2.2.2.6 Real-time PCR analysis

For detection of miRNAs in samples different TagMisicroRNA assays were applied.
Specific details about the used assays are giveabie 2.21. In a first step, total RNA was

reverse transcribed.

cDNA reaction setup for miRNA detection

2 1l sample total RNA [100-1000 ng/pul]

3 pliScript reaction mix [5x]

1 pl reverse transcriptase

3 ul miRNA primer for reverse transcription
6 ul dHO

Cycler protocol:
25°C 5 min, 42°C 30 min, 85°C 5 min, 4°C hold

Afterwards, Real-time PCR analyis was performedrnriCycler. Data analysis was supported

by a standard curve created from a mixture of @dllyed samples and a subsequent 5-fold

dilution series. Analysis was performed with ICycBoftware 3.0.
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Real-time PCR reaction setup for miRNA detection

1.33 pl sample 1:2 diluted
10 pliQ Supermix [2X]
7.67 pul dHO

Cycler protocol:
95°C 10 min, [95°C 15 sec, 60°C 1 min]x40, 15°Cdhol

2.2.2.7 ChIP

Chromatin immunoprecipitation (ChIP) is a technigoedetect protein-DNA interactions.
Here, transcription factor GATA2 controlled targ@NA sequences were investigated. In
advance, Protein G Sepharose beads were blockedtafC with 100 pg salmon sperm
DNA and 100 pg BSA per 100 pl 50% (v/v) beads. H@¢Erom confluently grown T75
flasks were first cross-linked by adding 1% (v/@yrhaldehyde for 10 min at RT. Cross-
linking was stopped by addition of 2.5 M Glycinadinal concentration of 125 mM for 5 min
at RT. Cells were washed once with ice-cold PB®1gescraped and harvested. The pellet
was lysed in lysis buffer on ice for 10 min withterval vortexing. Next, the lysate was
sonified to yield DNA fragments from 100-1000 bplength. Therefore, 12 intervalls for
each 30 seconds were applied (Bandelin Sonifier GMsbnotrode MS72, cycle 0.5,
maximum amplitude strength). Samples were kept om for the whole procedure.
Afterwards, samples were centrifuged at maximunedg@0 min, RT). From these cleared
lysates 100 ul aliquots were separately taken tasome sonification efficiency. Therefore
samples were heated o/n at 65°C. Then, 100 pOdihd Proteinase K (0.5 mg/ml final) were
added and samples are incubated for 3 h at 42%@ll¥;i total DNA after sonification was
purified with Qiagen PCR purification kit beforeaagse gel analysis. To reduce non-specific
background cleared lysates were pre-cleared ol 50% (v/v) blocked Protein G Sepharose
beads twice for 2 h at RT. Afterwards, samples vdargled into 500 ul aliquots and filled up
with 1 ml IP dilution buffer. Samples were subjette either immunoprecipitation with 5 pug

GATAZ2 antibody or control mouse IgGs o/n at 4°C.
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To block non-specific background 250 pug BSA andugdsalmon sperm DNA were added.
One sample with cell lysis and IP dilution buffeasvnamed “mock” control. The next day
GATAZ2-DNA cross-links were collected by 15 min imation with 50 pl 50% (v/v) Protein
G beads at 4°C on a rotating wheel. Samples weriftged (3000 xg, 1 min, 4°C) and
beads were washed twice with dialysis buffer ang ftomes with IP wash buffer. Finally
beads were washed twice with TE-buffer. AntibodyT®®-DNA complexes were eluted
from the beads by adding 150 pl IP elution buf@amples were heated at 65°C and kept on a
vortexing platform for 10 min. The elution step wapeated and combined eluates were
reverse crosslinked by addition of 5 M NaCl (0.JiNal concentration) for 4 hours at 65°C.
Samples were cooled on ice and subjected to RNfadagon by adding 10 pg RNase A and
incubation for 30 min at 37°C. Next samples wereediwith 2.5 volumes 100 % (v/v)
ethanol and incubated o/n at -20°C. On the follgMday DNA was pelleted (maximum
speed, 20 min, 4°C) and protein was digested froensamples by addition of 100 ul TE
buffer, 25 pl 5x proteinase K buffer and 6.25 0 (2g/ul) proteinase K (2 h, 55°C). DNA
was further extracted by phenol-chloroform-isoarntghol (PCI) extraction (1 volume
sample on 1 volume PCI, maximum speed, 10 min, RfA¢ upper phase was mixed with 1
volume chloroform-isoamylalcohol and centrifugedagamum speed, 10 min, RT). Again,
the upper phase was taken and 1/10 volume 5 M Ma@l5 pg glycogen were added.
Samples were mixed with 2.5 V 100% (v/v) ethanal artubated o/n at -20°C. The next day
DNA was pelleted (maximum speed, 10 min, 4°C) arastved with 70% (v/v) ethanol.
Pellets were air-dried and solved in 60 pl TE buffefore purification with Qiagen PCR
purification Kit.

For ChIP primer design 2000-2500 bp upstream premiagion of candidate target genes
was identified by Ensembl Genome Browser (http:Mwensembl.org/index.html). Then the
promoter region was screened for potential GATAZdlg sites by the use of ALLGEN-
Promo (http://alggen.Isi.upc.es/cgibin/promo_v3fpodpromoinit.cgi?dirDB=TF_8.3).
Afterwards, primers were designed to amplify pa®nBATA2 binding site. Finally, PCR
analysis of chipped DNA fragments was done withrappate primers (table 2.24).
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PCR setup

2.5 ul chipped DNA
2.5 pl primerpair [4 uM]
10 pl HotStaraqg Mix

PCR protocol:
94°C 10 min, [94°C 1 min, 57°C 30 sec, 72°C 1 magx72°C 10 min, 4°C hold

2.2.2.8 Affymetrix gene chips

To assess RNA integrity number (RIN) for downstreamay analysis total RNA was
subjected to capillar chromatography in an Agildnbanalyzer 2100 according to
manufacturers” instructions. Therefore 1 pl ofased total RNA was analyzed with Agilent

RNA nano chips for 18 and 28 S RNA peaks in antelpberogramm.

Afterwards total RNA underwent microarray (HumanoBxGene ST array) analysis in the
laboratory of Dr. Susanne Kneitz (IZKF Microarrapr€ Facility, University of Wirzburg).
Data acquisition was done with a R programmed so#wDr. Paolo Galuppo, Cardiology,

University Hospital Wirzburg) or Affymetrix expresa console.

2.2.3 Protein hiochemistry

2.2.3.1 Protein isolation

Total protein was isolated from samples by 10 micubation with cell lysis buffer plus 4
mM protease-blocker Pefabloc on ice. Lysis was supgd by interval vortexing. Samples
were then centrifuged (8000gx 10 min, 4°C) to obtain soluble protein.
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2.2.3.2 Determination of protein concentration

Protein concentration was measured by Bradfordyagsentification (Bradford, 1970).
Therefore 1 pul sample was mixed with 800 pb@+Hand 200 pl RotiQuant reaction mix. The
mixture was incubated for 5 min at rt before memguabsorbance at 595 nms@) in a UV-
spectralphotometer versus reference. Protein coratem was obtained by comparingiAto

a protein standard curve of BSA [0.2-20 mg/ml].

2.2.3.3 SDS-PAGE

Samples were mixed with sample buffer and DTT agmtHdenatured for 5 min at 95°C. Then
denatured proteins were separated by discontinoDS-FAGE. Therefore, 10-15%
acrylamide gels were prepared. Electrophoretic rag¢ipa was performed in a mini gel

apparatus for 90-120 min at 20-30 mA. Afterwardis geere blotted onto PVDF-membranes.

2.2.3.4 Western hlot

Western blot was applied in a wet blot techniqueorPo electrophoretic transfer, PVDF
membrane was activated in methanol for 1 min. Tihevas washed in distilled water for 2
min before 5 min equilibration in transfer buff&@/estern blot was performed o/n at constant
30 V.

The next day membranes were blocked with 5% (wWkimhamilk powder for 30 min. After
three times washing with TBST membranes were inegbavith appropriate antibodies
diluted in 5% (w/v) skim milk powder in TBST fort8at RT or o/n at 4°C. Details about the
used primary antibodies are in table 2.25. Follgnamtibody incubation membranes were
again washed three times with TBST before incubatidh appropriate secondary antibodies
linked to horseradish peroxidise (HRP) (see tab@6)2for 1 h at RT. The secondary
antibodies were 1:10.000 diluted in 5% (w/v) skimlkmpowder in TBST. Afterwards
membranes were washed three times with TBST. Rigeandetection luminol reagent was
added to the membranes. Finally membranes wereredweith X-ray films. Time for
developing X-ray films was depending on antigemd&on X-ray films were quantified by

the use of Scion Image Alpha 4.0.3.2.
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2.2.3.5 Apoptosis array

The apoptosis array system was supplied by R&DeRyst(Proteome profiler array) and was
performed by manufacturers” instructions. Brieflg|l pellets were lysed in lysis buffer and
200 pg total protein was incubated with the arramrane. For detection membranes were
incubated with antibody cocktail/Streptavidin-HREcaendary antibody. Chemiluminescent
reaction was performed and exposition to X-ray $ilmas done for 30 sec to 10 min. Details

about the spotted antigens are in table 2.35.

Table 2.35:Overview on the spot distribution of the apopt@sigy (R&D, Minnesota, USA)

Coordinate Target/Control Coordinate Target/Control

Al, A2 Positive Control C13, Ci4 HO-2/HMOX2
A23, A24 Positive Control C15,C16 HSP27

B1, B2 Bad C17,C18 HSP60

B3, B4 Bax C19, G20 HSP70

B5, B6 Bcl-2 C21,C22 HTRA2/Omi

B7, B8 Bcl-x C23, C24 Livin

B9, B10 Pro-Caspase-3 D1, D2 PON2
Bi1,B12 Cleaved Caspase-3 D3, D4 p21/CIP1/CDNK1A
B13, B14 Catalase D5, D6 p27/Kip1
B15, B16 clAP-1 D7,D8 Phospho-p53 (S15)
B17,B18 clAP-2 D9, D10 Phospho-p53 (S46)
B19, B20 Claspin D11, D12 Phospho-p53 (S392)
B21, B22 Clusterin D13, D14 Phospho-Rad17 (S635)
B23, B24 Cytochrome ¢ D15, D16 SMAC/Diablo

C1,C2 TRAIL R1/DR4 D17,D18 Survivin

C3, C4 TRAIL R2/DR5 D19, D20 TNF RI/TNFRSF1A

Cs5,C6 FADD D21, D22 XIAP

C7,C8 Fas/TNFSF6 D23, D24 PBS (Negative Control)
C9, C10 HIF-1a E1, E2 Positive Control
Ci1,C12 HO-1/HMOX1/HSP32
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2.2.3.6 Phospho-Bad ELISA

For detection of intracellular phosphorylated Badt@n (Serll12) a phospho-Bad ELISA
(R&D Systems) was applied according to manufactirerstructions. Therefore, cells in

6wells were harvested and lysed with cell lysisférufProtein concentration was determined
and samples were adjusted to 0.3 pg/ul proteinn Te® pul sample were diluted with 100 pl
sample buffer and incubated to antibody-coatedsafell 2 h at 37°C. Afterwards plates were
washed and incubated with 100 pl detection antibfmdyl h at 37°C. Again, plate was

washed before incubation with 100 pl HRP-linkedoselary antibody for 30 min at 37°C.

Washing was repeated and finally wells were incedbatith 100 pl substrate solution for 10
min at 37°C. Detection reaction was stopped bytaddof 100 ul stop solution. Plates were
immediately measured in an ELISA reader fas/AMeasurements wered adjusted to total

BAD protein determined by Western blot.

2.2.4 Fluorescence-activated cell sorting (FACS)

FACS measurements were performed on a FACS CglgbrBiosciences, Germany) flow
cytometer. Data acquisition and analysis was peror with CellQuest software (BD
Biosciences, USA).

2.2.4.1 Apoptosis staining

Apoptosis was measured with the Annexin-V-Fluos (Rbche, Germany) according to
manufacturers” instructions. Here necrotic cella ba separated from apoptotic cells by
double staining of PI and Annexin-V-Fluorescein. fOMnnexin-V-Fluorescein single
positive cells can be named apoptotic. Briefly)scelere harvested and washed. Afterwards
cell pellets were incubated with 100 pl staininguson for 15 min at RT. Then 500 ul
incubation buffer was added and samples underw&@SFanalyis.

2.2.4.2 Cell cycle propidium iodide (PI) stain

Cell cycle analysis was performed by propidium dedistaining. Therefore cells were
harvested, suspended in 500 pl PI staining soluéind incubated at 37°C for 40 min.
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Afterwards cells were washed with PBS. Finally gallets were resupended in 300-500 pl
PBS and subjected to FACS analysis.

2.2.4.3 Reactive oxygen species (R0OS) detection

The redox-sensitive, cell-permeable fluorophoreydibethidium (DHE) becomes oxidized in
the presence of Oto yield fluorescent ethidium. Thus, dye oxidatisran indirect measure
of the presence of reactive oxygen intermediatesRNW-transfected HUVECs were
incubated with DHE (2.5uM) for 30 min at rt. After washing, HUVECs were irediately
analyzed with FACS.

2.2.5 Immunocytochemistry and immunohistochemistry

Immunofluorescent detection of samples was doné& &t Axiovert microscope (Zeiss,

Germany). Pictures were taken with the supportxab®ision 4.5 software (Zeiss, Germany).

2.2.5.1 Immunocytochemistry

Cells were grown to confluence in 4 or 8well chambledes for analysis. Confluent cells
were fixed with 4% (w/v) p-formaldehyde in PBS fab min at RT. Then cells were
permeabilized with 0.1% (v/v) Triton X-100 in PB& L0 min at RT. After washing samples
were blocked with 5% (v/v) donkey serum for 30 mainRT. Next, cells were washed and
incubated with specific antibodies diluted in 5%vjvdonkey serum (table 2.R7Again,
samples were washed and then incubated with apatepflexa fluorophore secondary
antibodies (table 2.28) for 30 min at RT. Finalslls were washed and stained with DAPI
(1:2000 dilution) for 5 min at RT.

2.2.5.2 Immunohistochemistry

For immunohistochemistry frozen hearts were moumddsue tek and slowly frozen by the
use of methylbutan. Then, frozen hearts were sliced10 um sections and air-dried for 30
min. Samples were fixed by acetone for 3 min ataRd dried for 10 min. After washing with
PBS samples were blocked with 5% (v/v) donkey sefmnB80 min at RT. Incubation with
appropriate primary antibodies in 1% (v/v) donkeyusn was performed o/n at 4°C.
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Optionally, mouse on mouse (MOM) kit was applieddeiect mouse antigens with mouse
primary antibodies. The next day samples were whahe incubated with appropriate Alexa
fluorophore secondary antibodies diluted in 1% Ydeonkey serum for 30 min at RT. Finally
slides were washed and stained with DAPI (1:100@idn) for 5 min at RT. Finally slides
were mounted with Vectashield. Details about tredumntibodies are in table 2.27/28.

2.2.6 In vivo methods

2.2.6.1 Fractionation of cardiac cells from heart tissue

The thorax of mice was opened and the aorta wasutatied. After washing with 37°C PBS,
the heart together with the cannula was removedpanidised with a collagenase solution in
Joklik medium for 5 min. Then the heart was plaice87°C pre-warmed collagenase solution
for further 25 min and was subsequently minced fdteted through a nylon mesh (2@@n
pore size). Then, cardiomyocytes were separated bgdimentation step in 15 ml falcon
tubes. The noncardiomyocyte cell fraction retaimedhe supernatant was incubated with
CD146-antibodies coupled to MicroBeads and subjette magnetic affinity cell sorting

according to the manufacturers’ recommendations.

2.2.6.2 Antagomir injection

Antagomirs were designed and provided by Regulusrdpeutics (USA). Details on
sequence information can be found in table 2.2Z2agamirs were diluted in nuclease-free
water and 10Qul at concentrations of 5 mg/kg and 80 mg/kg werpliag to mice via

retroorbital injection.

2.2.6.3 Myocardial infarction

Male mice underwent coronary artery ligation foe foroduction of MI. Briefly, mice were

anesthetized, placed on a heating pad, intubateéd/emtilated with a mixture of oxygen and
isoflurane. After left lateral thoracotomy and egpre of the heart by retractors, the left
anterior descending coronary artery (LAD) was peremdly ligated. For control reasons,

mice were also subjected to surgery without apptinaof Ml (sham-operated animals).
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Successful production of MI was checked by measentsn of ST-elevation in

electrocardiograms as well as impaired left veotasic wall motion by echocardiography.
Animals that did not show ST-elevation and impaitett ventricular wall motion after

myocardial infarction were excluded from furtheudies. Fourteen days after Ml, additional
echocardiography measurements were performed aalllyfhearts were excised and cut into
transverse sections. From the middle ring, sectivese cut and stained with appropriate
antibodies (see above). Cardiac dimensions andtiemavere analyzed by pulse-wave

Doppler echocardiography essentially.

2.2.6.4 Echocardiography

Echocardiographic studies were performed undert lighesthesia with spontaneous
respiration using isoflurane. An ultrasonographguegienced in rodent imaging performed
the echocardiography, operating a Toshiba PowesWi€i000 and a 15 MHz transducer.
Short-axis two-dimensional echocardiographic imagese obtained at the midpapillary and
apical levels of the left ventricle and stored agtal loops. Frame acquisition rates using the
loop mode reached 100 MHz, allowing excellent terapoesolution for two-dimensional
analysis. At the same anatomic levels, short-aximddle images were obtained with a sweep
speed of 100 mm/s. Echocardiographic studies werfenned after the surgical procedure at
weeks four and eight. Endocardial borders wereettaat end-systole and end-diastole
utilizing a prototype off-line analysis system (NHC Toshiba Medical Systems, The
Netherlands). Using the end-systolic and -diast@lieas, fractional area changes were
calculated at both levels as [(end-diastolic aread-systolic area)/end-diastolic area] (Merkle
et al., 2007).

2.2.6.5 Matrigel implantation and determination of vascularization

300 ul Matrigel™ Basement Membrane Matrix High Concetitra supplemented with 600

ng/ml bFGF, 300 ng/ml VEGF and 25 U/ml Heparin wangcted subcutaneously into

wildtype C57BL/6 mice and harvested two weeks latAnimals were treated post

implantation with Antagomir-24 or a scrambled cohtantagomir (5 mg/kg at day 0 and day
2) by retroorbital injection. Half of the plug wssed in cell lysis buffer and samples were
measured for haemoglobin amount with a Mouse HeolaglELISA.
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Hemoglobin amount was normalized to total protékdditionally, plugs were frozen in
TissueTek, sliced, stained with CD31 antibodies anglestigated by fluorescence

microscopy.

2.2.7 MicroRNA target prediction

The miRNA databases and target prediction toolsBadge (http://microrna.sanger.ac.uk/,
Griffiths-Joneset al., 2004, 2006, 2008), PicTar (http://pictar.mdc-ivede/, Kreket al.,
2005) and TargetScan (http://www.targetscan.orghritml, Lewiset al., 2005; Grimsoret
al., 2007; Friedmaret al., 2009) were used to screen and identifgilico potential miRNA
targets.

2.2.8 Statistical analysis

Average data are presented as mean and s.e.ms gtdésd different. Statistical analysis was
carried out using SigmasStat (SPPS, Chicago, US#) statistical comparison of two groups,
unpaired, two-tailed Student’s t-test or Mann-WeijtrRank Sum test was used. In case of

comparison of more than two groups one-way ANOVA wapplied.
Differences were considered significant whper 0.05. Otherwisq) values were described as

n.s. (not significant). In the figures, significgmtvalues are indicated by asterisk (*p=<
0.05; ** =p < 0.01; *** =p < 0.001).
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3. Results

3.1 MiR-24is induced post myocardial infarction (MI)

MiRNA-dependent regulation of target proteins hagrbdescribed in different organs and
cell types thus highlighting a potential therapeutalue for disease. More interestingly,
several studies indicated that miRNAs are deregdlatpon cardiac failure (Thumrt al.,
2007; van Rooijet al., 2008). The up- or downregulation of cardiac miRN#as also
suggested to be a critical regulatory step forieardound healing (Caret al., 2007; Thum

et al.,, 2008; Bonaueet al., 2009). Thus, miRNA deregulation may impact oneasal
cardiac signalling cascades which result in redwagdiac function. Previously, upregulation
of miR-24 in a murine hypertrophy model was reported (vaniReical., 2006). Other data
gained in our group also indicateiR-24 upregulation to be induced by cardiac stressrat a

MI model.

To validate these dataiR-24 expression level was profiled in the left vengi€LV) of
infarcted mice hearts and compared to control alsinMice underwent permanent coronary
ligation, whereas controls received sham-operatioly. Successful performance of infarcts
was validated by ECG analysis and measured by negbaiwall motion using
echocardiography. After 14 d of intervention, heanere prepared, total LV RNA was
isolated, reverse transcribed and analyzed bytireal-quantitative PCR with specific primers
to miR-24 and the house-keeping miIRN&NUG6b. RT-PCR revealed a significant increase of
miR-24/RNUGD ratio in infarcted versus sham operated animaB4(2.0.44vs. 1 £ 0.16,p <
0.05; figure 3.1). This indicates thatR-24 is regulated in cardiac remodeling post MI.
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Figure3.1: Ratio ofmiR24/RNU6b in sham versus infarcted (MI) mice hearts. Headse prepared 14 d after
coronary ligation and LV underwent total RNA isadat and miRNA detection. N = 6 to 7 animals
per group. * 9 < 0.05

3.1.1 MiR-24 profiling reveals an ubiquitous expression panel

MiRNA-dependent effects crucially depend on thelwdar expression level. Cardiac injury
changedmiR-24 expression in the infarcted heart. Since the heamiprises different cell
types, the cellular source oiR-24 upregulation is unclear. To test for possibleat#hces in
basalmiR-24 expression, an expression screen profiling endagemaiR-24 was performed.
This might give an initial clue to a possible cglbe enriched expression, which has been
reported for some miRNAs, e.giR-126 for endothelial cells (ECs) (Fis# al., 2008; Wang

et al., 2008; Kuhnertet al., 2008). Therefore, real-time PCR detection miR-24 was
performed in total RNA samples from different cefpes and organs (figure 3.2). The
resulting qualitative profile verifieaniR-24 expression in endothelial cells as wells as in
cardiomyocytes which are key cellular componenthenheart. Comparing the organ panel,
higher miR-24 signals were found in muscle, brain, spleen araith©n the wholemiR-24
screening revealed ubiquitious abundance of thisaRNA. This indicates thahiR-24 is not

a cell-type or organ specific miRNA based on hursamples.
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Figure 3.2: Ratio ofmiR24/RNUG6b in various cell types and organs. Total RNA waspared or provided from
cell and organ samples and underwent miRNA deteetith specific primers taiR-24 and
RNU6b.

3.1.2 MiR-24is induced in ECs post hypoxia and in cardiac ECs post MI

The regulation of miIRNA expression depends on tmapsonal activities occuring in the
whole genome. Therefore, recruitment of transaipfactors to its DNA binding sites is the
trigger for induction or repression of transcriptisites. Thus, identification of transcription
factors regulating miRNA expression would be fawdeato understand upstream miRNA
signalling. Transcriptive regulation of theiR-24-1 genelocus has been observed during
hypoxic conditions by hypoxia-inducible factor (HIF1a) (Kulshreshthaet al., 2007). A
hypoxic environment is a major hallmark of myocatdnfarction. IndeedmiR-24 was found
to be upregulated in the infarcted heart. To testhypothesis if hypoxia inducesR-24 in
ECs or neonatal rat cardiomyocytes, cells wereestbyl to 1% (v/v) @ for 24 h and
thereafter miRNA expression level was monitoreterestingly, the expression level oiR-

24 was induced by hypoxic treatment in endothelilsa@mpared to normoxic environment

(2.16 £ 0.12vs. 1 £ 0.15,p < 0.01; figure 3.3) but not in cardiomyocytes éabt shown).
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miR-24/RNU6b

normoxic hypoxic

Figure 3.3: RelativemiR-24 expression during hypoxia vitro. Endothelial cells were incubated in normoxic
(21% viv Q) or hypoxic (1% Qv/v) conditions for 24 h before miRNAs were de¢ecby
TagMan RT-PCRRNUG6b served as a house-keeping miRNA. N =3 experimagrtgroup. ** =p
<0.01

A key player for hypoxic signalling is the aforemiened HIFx which mediates
transcriptional control during hypoxic conditionkv(etikova et al., 1995; Huanget al.,
1996).In vitro, this transcription factor can be stabilized lishamical agent, desferrioxamine
(DFA), thus inhibiting its proteosomal degradatidang and Semenza, 1993). To test for
potential HIF i-dependent transcriptional regulationnaR-24 in ECs, HIFh was stabilized
chemically by desferrioxamine (DFA)n vitro. In Western Blot experiments, HIl&l
upregulation was observable 6 h after DFA treatnmeB&C nuclear extract (figure 3.4).

I HIFlo [120 kDa]

S S s M TBP [42 kDa]

control DFA

Figure3.4: Representative Western Blot of HiEih control or desferrioxamine (DFA, 150 pM) trahte
HUVECSs. Control and DFA-treated group were incutldtr 6 h before protein isolation. Nuclear
extracts were blotted onto PVDF membrane, followgdletetction with appropriate antibodies.
TATA-box binding protein (TBP) was used as a loadiontrol.

Next, miR-24 expression was investigated in DFA-treated, HIiabilized ECs. RT-PCR

was applied to measure endogenous miRNA expressignlated total RNA.
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Nevertheless, the induction of HléIprotein measured by Western Blot before was not
accompanied by a synergistic inductiomirR-24 expression compared to control level (0.85
+0.08vs. 1 £ 0.05,p = n.s.;figure 3.5).
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Figure 3.5: miR-24 expression analysis in control and desferrioxaniidieA) treated HUVECs. HUVECs
were cultured for 6 h with or without the presen€&50 uM DFA. Afterwards, total RNA was
isolated and RT-PCR analysis was performed. N ergpoup.

Whether themiR-24 expression pattern varies at different time poirgsnains to be

determined.

Myocardial infarction (MI) upregulatedniR-24 expression in total hearts 14 d after
intervention (figure 3.1). The cellular source niypsbntributing to enhanced expression is so
far unclear. To address this issue, sham-operatddirdarcted animals underwent cellular
fractionation of heart tissue two days after inggtvon. In a first step, cardiomyocytes were
separated from the non-cardiomyocyte fraction dirsentation as described (Thuenhal.,
2008). Afterwards, cardiac endothelial cells weselated and enriched by incubation with
magnetically-labeled CD146 beads. Finally, totalARKom cardiomyocytes and endothelial
cells was subjected to miRNA-expression analysisddgeneousniR-24 expression was
higher in cardiac ECs compared to cardiomyocyte$45(3 0.40vs. 1 £ 0.18,p = < 0.001;
figure 3.6). Of great importancemiR-24 expression level remained constant in
cardiomyocytes either isolated from sham-operateifarcted animals (1 £ 0.1&. 0.73 £
0.22,p = n.s.; figure 3.6).
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In contrast, expression in cardiac endothelialscalicreased post Ml compared to sham
control (7.17+ 0.3%s. 3.45+ 0.40, p = <0.001; figure 3.6).

O cardiomyocytes mendothelial cells
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Figure 3.6: MiR-24 expression analysis in murine cardiomyocytes adiaa endothelial cells in sham-operated
or animals post MI. Total hearts were isolated feranyocardial infarction or sham-operation.
Then fractionation of cardiomyocytes and endothekdis followed.MiR-24 and relevant house-
keepingRNUG6bD level was calculated by real-time PCR analysisdNanimals per group. *** f <
0.001

]

sham MI

Taken together, hypoxia or myocardial infarctionlunes expression ohiR-24 in cardiac

endothelial cells. Its transcriptional regulatibowever, remains unclear.

3.2 MiR-24 modulation in different cell types

The availability of synthetioniR-24 precursors or antagonists offers the possibititgerform

in vitro gain- and loss-of function experiments. Therefere,modulatedniR-24 expression
in the most prominent cardiac cells, namely cargiocytes, fibroblasts and endothelial cells.
Cardiomyocytes and fibroblasts were prepared aokhtesd from young-born rats whereas
HUVECs served as an endothelial cell model. Syrdrstrambled (scr), precursor (pre) or
antagonist (anti) miRNA oligonucleotides were tfented liposomally for 72 h. Afterwards,
transfection efficiency was measured by miRNA-sfiegeal-time PCR. In addition, Cy3-

labeled miRNAs were transfected to monitor transéecefficiacy.
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As can be seen in figure 3.7, neonatal rat cardemytes exhibited the strongest ability to
incorporate exogeneous Cy3-miRNA due to their laige in comparison to endothelial cells

or fibroblasts.
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Figure3.7: Liposomal transfection of Cy3-labeled miRNA premuroligonucleotides in different cardiac
cells. 100 nM of miR-Cy3 (red) was transfected#arh before fluorescent imaging was
performed. Nuclei were stained with DAPI (blue).

Quantitative miRNA expression analysis further eletgrized the modulation afhiR-24
expression level (figure 3.8). While pmaR-24 transfection increasedhiR-24 levels in
endothelial cells (521.81 + 147.96 10 + 3.04;p < 0.05), fibroblasts (399.31 + 69.08 10+
1.17;p < 0.05) and cardiomyocytes (3391.29 + 570vi4310 + 0.52; p < 0.001), transfection
of anti-miR-24 significantly repressed endogeneanifk-24 in endothelial cells (1.52 + 0.81
vs. 10+ 3.04;p < 0.05), fibroblasts (5.78 = 1.24. 10+ 1.17;p < 0.05) and cardiomyocytes
(0.14 = 0.07vs. 10 £ 0.52; p < 0.001). These experiments provegimeral capability to

modulatemiR-24 expression in different cardiac cell typasvitro.
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Figure 3.8: Transfection efficieny omiR-24 precursor or antagonist in cardiomyocyte, fibrobtasl
endothelial cells. 100 nM of scrambled (scr) miRNe-miR-24 or antimiR-24 was transfected
for 72 h before total RNA isolation and subsequaiRNA RT-PCR analysis. N = 4 per group. * =
p<0.05;***=p<0.01

3.2.1 MiR-24 overexpression induces apoptosis specifically in ECs

The functional consequences ofiR-24 upregulation upon MI are unclear. It is well
established that MI-dependent cardiac remodelinlyides changes such as apoptosis, fibrosis
and neoangiogenesis. Thus, modulatmgR-24 expression level might lead to severe
functional changes in cardiac cells. To dissect ithpact of miR-24 modulation in the
different cardiac cell types (cardiomyocytes, fillests and endothelial cells) changes in
apoptosis were tested by FACS. Annexin-V was useddrk early apoptotic cells since this
protein binds with hight affinity to phosphatidytsee (PS) which flips from the inner to the
outer membrane side while apoptosis is initiatedafmanet al., 1994). In addition, cells
were stained with propidium iodide (PI) to discnvaie between necrotic and apoptotic cells
because a prominent hallmark of apoptosis is tiegiity of cellular membrane so only

necrotic cells can incorporate PI.
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While analyzing Annexin-V positive and Pl-negatis@ls, onlymiR-24 overexpressing ECs
but not cardiomyocytes or cardiac fibroblasts shtib@aesignificant increase (2.78 + 0.88 1

+ 0.016;p < 0.05) in apoptosis rate (figure 3.9). Moreowwren antagonizing endogeneous
miR-24 in ECs reduced cell death (0.62 £ 0. 1 + 0.016;p < 0.001). Since cardiac
fibroblasts and cardiomyocytes were uneffectedemms of apoptosis measurement, the

proceeding experiments focusedmiik-24 function in ECs.
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Figure3.9: Apoptosis analysis imiR-24 modulated ECs, cardiac fibroblasts and cardiomigsyCells were
miRNA-transfected for 72 h (100 nM each) and thedarwent Annexin-V-FITC/PI staining.
Samples were then analyzed on a FACS Calibur. @Gelte gated on Annexin-V positive, PI-
negative cells. N =4 per group. *p=< 0.05; *** = p < 0.001

Hypoxia-induced upregulation ofiR-24 in ECs raised the question, if antagonizmidR-24
would reduce apoptosis rate induced by oxygen tlepleThereforemiR-24 was either up- or
downregulated in ECs for 72 h. Afterwards cellsemeent hypoxic treatment (1%, for 24

h. Finally apoptosis analysis was performed. IndaatagonizingniR-24 in ECs reduced the
apoptosis rate (1.54 + 0.22. 2.58 + 0.12;p < 0.001) in hypoxic atmosphere (figure 3.10).
Thus,miR-24 downregulation is beneficial under stress cond#idfor ECs, this observation

implicates a shelter mechanism towards reducedesxggncentration and cellular stress.
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Figure 3.10: Apoptosis analysis in mMiRNA modulated ECs thatenadditionally exposed to hypoxic stress.
ECs were miRNA transfected (100 nM each) for 72dh then incubated in 1%,Gor 24 h.

Afterwards samples underwent Annexin-V-FITC/Plsitag and were analyzed by FACS. N =4
experiments per group. *** p < 0.001

3.2.2 Apoptosis array post miR-24 modulation reveals dysregulation of
anti-apoptotic HMOX1 and pBAD protein

Cellular death induced by the extrinsic or intrcmapoptosis pathway is mediated by diverse
factors. Obviously, in ECs an apoptotic programmenitiated by upregulation ahiR-24
(figure 3.8). Nervertheless, underlying signal patiis remain elusive. To monitor the
changes in the expression of key apoptotic plagedsto gain a better understandingrfoR-

24 induced EC apoptosisiR-24 overexpressing HUVECs were analyzed using a gpdcif
apoptosis protein array (figure 3.11).

Here, the expression of 35 apoptosis-related fachmas investigated simultaneously on a
protein array. Control anchiR-24 modulated cell lysates were incubated to thisyaffigure

3.11). Finally, comparison of protein expressiovels revealed deregulated protein levels
induced by forced expressionmiR-24 (figure 3.12).

The strongest upregulation in protein levels wasébfor HIF-In (1.5-fold upregulation),
FAS (+1.46-fold upregulation), SMAC/DIABLO (+1.4®itl upregulation), HSP27 (+1.38-
fold upregulation) and HTRA2 (+1.32-fold upregudet) protein.
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In contrast, a prominent reduction was observeddial Bad (0.54-fold downregulation) and
HMOX1 protein (0.57-fold downregulation).
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Figure 3.11: Apoptosis array membrane analyzed with controlraii®i24 modulated (100 nM each) cell
lysates. 35 different antibodies to apoptosis markere spotted and hybridized in duplicate to the
membrane. 200 ug of total cell lysates were incdbatith membranes and developed with a
chemiluminescent method. Group lysates were a giatbree different experiments.
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Figure 3.12: Quantitative summary of the protein profiler apgis array. A selection of up- or downregulated
apoptosis-related proteins upaiR-24 modulation in ECs is plotted.

To delineate mechanisms involved imiR-24 mediated apoptosis we focused on

downregulated proteins related to anti-apoptotiacfion or cardiovascular protection.
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Therefore, two candidate proteins, BAD and HMOXZrevfurther investigated to validate
the array result. BAD belongs to the BCL2 familydarither stimulates apoptosis by
heterodimerization at mitochondrial membran sii#sa(t al., 1997) or protects towards cell
death in phosphorylated state (Zlea al., 1996). Cardioprotective heme-oxygenase 1
(HMOX1) has been characterised as an outstandiagrfdor heme metabolism thereby
mediating anti-oxidant effects (Claekal., 2000). Endothelial cells were modulated either b
precursor or antagonistitiR-24 transfection.MiR-24 dependent HMOX1 downregulation
was confirmed by Western Blot in HUVECs (0.19 +3w8. 1 + 0.25;p < 0.05; figure 3.12).

In line, antagonizing endogeneaueR-24 increased HMOX1 expression compared to control
level (1.42 £ 0.3%s. 1 £ 0.25;p = n.s.; figure 3.13).
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Figure 3.13: Western Blot analyis of HMOX1 protein in seiR, preimiR-24 or anti-miR-24 modulated (100
nM each) HUVECSs. Loading control is GAPDH. HMOX3sal density was normalized to
GAPDH, N = 3 experiments per group. = 0.05

In contrast to direct quantification of HMOX1 by ¥tern Blot, BAD expression level was
investigated differently since its prominent argpptotic characteristic depends on its
phosphorylation status controlled by kinases (Dattal., 1997) Thus, post-translational
modification might also contribute to decreased BAKpression in the protein apoptosis
array. To dissect this issue, Western Blot in coraton with phospho-Bad specific ELISA
was performed. This approach showed that the leivahphosphorylated BAD was slightly
decreased imiR-24 overexpressing ECs (0.74 + 0.94 1 + 0.17;p = n.s.; figure 3.14).
Repression omiR-24 also decreased total BAD protein (0.57 + Ov441 + 0.17;p = n.s,;
figure 3.14).
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Figure 3.14: Representative Western Blot analysis of BAD proteiscrmiR, premiR-24 or antimiR-24
modulated (100 nM each) HUVECSs. Loading contrdb&PDH. BAD signal density was
normalized to GAPDH, N = 3 experiments per group.

Further normalizing the total BAD protein valuesrédevant BAD phosphorylation status at
serine residue 112 revealed a massive downregulbjioniR-24 overexpression (0.31 + 0.03
vs. 1 + 0.16;p < 0.05, figure 3.15). This indicates loss of aybptotic phospho-BAD (p-
BAD) function induced bymiR-24. In contrast, inhibitingniR-24 increased phosphorylated
BAD levels (1.76 £ 0.34s. 1 £ 0.16;p =n.s.).
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Figure 3.15: Summary of phospho-BAD ELISA data (p112) normalite total BAD protein values. HUVECs
were miRNA modulated (100 nM each), lysed and aelyby phospho-BAD specific ELISA. N =
3 experiments per group. *p=< 0.05

The data indicate the involved factors to triggeof@otic pathways bgniR-24 overexpression
in ECs. Underlying molecular mechanisms are theegpmtentially mediated by p-BAD and

HMOX1 downregulation. However, these proteins ar@redictedniR-24 targets.
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Thus, regulative impact should be mediated by ath@dulators that are direct R-24 targets

(see section 3.3).

3.2.3 Elevated reactive oxygen species (ROS) upon miR-24
overexpression in ECs

In ECs, miR-24 overexpression induces apoptosis. The cellularsequences are cell
shrinkage, chromatin condensation and the inductbrproteolytic cascades. Apoptosis
progression can be accompanied by certain sidéisaacenhancing the apoptotic signalling
(Johnsoret al., 1996). As validated beforajiR-24 overexpressing ECs have a deficit in anti-
oxidant HMOX1. To answer the question, if increasedctive oxygen species (ROS) are
present inmiR-24 overexpressing and apoptotic ECs, cells undervagmgdroethidiume
(DHE) staining and FACS analysis. Shown in figuré63 ROS levels were significantly
increased iMiR-24 overexpressing ECs (1.86 + 0.68 1 £ 0.01; p < 0.001). This finding
implies that the generation of ROS may contribateiR-24 mediated apoptosis.
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Figure 3.16: Measurement of reactive oxygen species (ROS) lnyddoethidiume (DHE) staining in sanR
andmiR-24 modulated (100 nM each) ECs. Cells were miRNAsfacted for 72 h, stained with
2.5 uM DHE and analyzed on a FACS Calibur. N = deginents per group. *** 3 < 0.001
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3.2.4 Capillary tube formation is impaired in m/R-24 overexpressing ECs

A major characteristic of ECs is the capability ftmm tube-like capillaries supporting
angiogenic respons@ vivo. This feature can be investigatedvitro by monitoring tube-
formation in matrigel-coated wells (Gradt al., 1989). To answer the questionnifR-24
modulation influences angiogenic propertiesitro, a tube-formation assay was performed.
To test this, cells are seeded onto matrigel-coalieiés where tube formation is favoured.
Again, HUVECs weremiR-24 modulated and then analyzed for tube-formatiorligtiaely.

As can be seen in figure 3.17, control and emR-24 modulated ECs show comparable
capillary formation. Nevertheless, angiogenic resgois impaired imiR-24 overexpressing
ECs indicated by the lack of proper capillary dgndn summary, this assay reveals a first
functional defect fomiR-24 overexpressing ECs.

5 x magnification

scr-mikR pre-miR-24 anti-miR-24

Figure 3.17: Tube formation assay on matrigel coated wells. Q¥ were miRNA-modulated (100 nM each)
for 72 h. Then, 15000 cells were put on matrigeluje to 24 h. Qualitative pictures were taken at 8
h. N = 3 experiments per group.

3.3 MiR-24 regulates endothelial GATA2, H2A.X, PAK4 and RASA1l

The major hallmark of miRNA biology is the postrsgriptional regulation of miRNA-
specific target genes. Thus, binding of miRNAshe 8-UTR of target mMRNA can inhibit
translation or induce degradation of the mRNA:miRNg&teroduplex.
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Noteworthy, miRNA-guided protein regulation crutyatlepends on the abundant expression
of miRNA and its target gene within the same c€le aforementionethiR-24 mediated
defects in endothelial cell biology should be expd by exploring and validating diretiR-

24 targets in endothelial cells. More insight into thetwork of miRNA and its targets is
provided by different miRNA target prediction to@sailable online. The miRNA prediction
databases miRBase (www.mirbase.org), PicTar (wvatapimdc-berlin.de) and TargetScan
(www.targetscan.org) were applied to screen foraipeg miR-24 target genes potentially
involved in fundamental EC biology processes, apgptosis or angiogenic response. In table
3.1, four putativaniR-24 targets are listed which are predicted by at le@stdatabases. The
genedH2AFX, GATA2, PAK4 andRASA1 are commonly expressed in endothelial cells.

Table 3.1: Selection of predictenhiR-24 targets provided by different databases.

Gene name Evolutionary | Predicted | Predicted | Seed match
conservation, | target target for miR-24
no. of species | (miRBase) | (PicTar) (TargetScan)
(miRBase)

GATA2  Endothelial 4 yes no 8mer (poorly
transcription factor conserved)

GATA-2 (GATA-
binding protein 2)

H2AFX  Histone 2A family 5 yes yes 7mer-m8 (two

member X (H2A.X) sites
conserved)

PAK4 Serine/threonine- 5 no yes 8mer
protein kinase PAK 4 (conserved)
(p21-activated kinase
4) (PAK-4)

RASA1 Ras GTPase- 10/1 no yes (2 7mer-m8
activating protein 1 transcript ~ (conserved)
(GTPase-activating variants)

protein) (GAP) (Ras
p21 protein activator)
(p120GAP)
(RasGAP)
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To validate the prediction ahiR-24 targets, endothelial cells overexpressmdr-24 were
analyzed for target protein expression by Westdat @gure 3.18). GATA2, an endothelial-
specific transcription factor that also is knownctmtrol hematopoiesis (Tsetial., 1994), is
decreased whileiR-24 expression is forced (0.57 £ 0.06 1 + 0.09;p < 0.05). The histone
2 family member H2A.X is involved in DNA double atrd repair and has recently been
reported to have an essential role in postnatabgegesis (Lakt al., 2009). In ECsmiR-24
overexpression represses expression of nuclear X&#feasured by Western Blot analysis
(0.56 + 0.13vs. 1 + 0.05;p = 0.05). In addition, the anti-apoptotic kinaseK2Aregulating
Bad phosphorylation status (Gnesutal., 2001) is decreased (0.31 £ 0321 £+ 0.10;p <
0.01). Finally, RASA1, a family member of the Ra$Rases essential for the formation of
vasculature (Henkemeyeral., 1995), is downregulated upomR-24 overexpression (0.56 +
0.04vs. 1 +0.12;p < 0.05).
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Figure 3.18: Western Blot analysis of putativaR-24 targets in ECs. HUVECs were transfected with 100 nM
scr control miRNA or preniR-24 for 72 h, harvested and lysed. 10-50 pg totalgimpin case of
H2A.X a nuclear fraction, was loaded onto 12% (\B)S-Polyacrylamide gels and SDS-PAGE
was performed. Gels were blotted onto PVDF-memizaplecked with 5% (w/v) skim milk
powder, incubated with appropriate primary antilesdisecondary antibodies linked to HRP and
developed using chemiluminescent reaction. GAPDH uged as a loading control for GATAZ2,
PAK4 and RASAL, whereas nuclear Lamin A+C was themnalizing factor for H2A.X. For each
target, Western Blot results were normalized anidiated statistically. N = 3 experiments each. *
=p<0.05 *=p<0.01
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Cumulatively, in vitro overexpression omiR-24 suggests H2A.X, GATA2, PAK4 and
RASA1 to be potentiainiR-24 targets. Investigated targets are expressed iotleelthl cells
and linked at least to cellular apoptosis or angmg signalling. To further proof these

targets, reporter gene assays were performed ittatebona fide targets fomiR-24.

3.3.1 Luciferase reporter gene assays confirm miR-24 targets GATA2,
H2A.X, PAK4 and RASAl

MiRNAs target mRNAs specifically at the 3"-untreateld region (3°-UTR) leading to
transcript degradation or subsequent ribosome itndnbb As a direct consequence, target
protein level decreases. A genetic tool to obsemRNA:MmRNA interaction is a luciferase
reporter gene assay. Therefore, 3" -UTR of intasesloned adjacent to the luciferase gene in
a reporter vectorln vitro, reporter vector, miRNAs of interest and a normadi beta-Gal
containing vector are co-transfected in HEK293 reagyocell line. Theoretically, interaction
with an appropriate, specific miRNA should downredel luciferase gene expression in
respect to the aforementioned mechanism. For dorgesons, different miRNAs with no
binding prediction (non-related miRNAS) are alseti@nsfected. Thus, luciferase expression
should be unaffected here.

In this work, humarGATA2-, H2A. X-, PAK4- and RASA1-3"-UTR bearingmiR-24 binding
site were cloned into a luciferase reporter veatwt analyzed. Remarkabl2A.X-3-UTR
contained twaniR-24 binding sites. As can be seen in figure 3.19,itkestigated luciferase
constructs were specifically downregulated in thespnce oimiR-24 compared to control
group H2A.X: 0.63 = 0.01vs. 1 £ 0.03;p < 0.001;GATA2: 0.68 + 0.02vs. 1 £ 0.01;p <
0.001;PAK4: 0.68 + 0.01vs. 1 + 0.07;p = 0.005;RASAL: 0.52 £ 0.04ss. 1 £ 0.02;p < 0.001).
However, luciferase activity for non-related miRNAs&th no predicted binding site in 3-

UTR like miR-1, miR-22 andmiR 210, remained basically unchanged.
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Figure 3.19: Luciferase assays to validate the potemi&-24 targets GATA2, H2.AX., PAK4 and RASAL.
HEK?293 reporter cells were transfected for 24 thwibned reporter vector bearing the predicted
miR-24 binding site, mMiRNA and for normalizing reasonstabgalactosidase expression vector.
Finally, cells were lysed and analyzed for lumires®e and beta-galactosidase activity. N = 4
experiments per group. ** g< 0.05; *** = p < 0.001
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3.3.2 Transient knockdown of miR-24targets GATA2, PAK4 and RASAl
induces apoptosis in ECs

As mentioned before, GATA2, H2A. X, PAK4 and RASAEw validated as directiR-24
targets through its recognition sites in 3 -UTR.akhdition, overexpression ofiR-24 was
pro-apoptotic implicating a role of its target geme regulating apoptosis outcome. To test for
an impact on apoptosis, validated targets weresigatly downregulated and analyzed by
Annexin-V-FITC/PI staining. Noteworthy, as can bees in figure 3.20, all targets were

efficiently repressed by their specific SIRNA.

I GAPDH [34kDa] == == = . . LaminA+C [69+62 kDa]
scr siRNA siRNA GATA2 scr SiIRNA siRNA H24.X

PAKA [65 kD) RS RASAL [120 kDz]

s
A SR G A\PDH [34 kDa] GAPDH [34 kDa]

scr siRNA  siRNA PAK4 ser siRNA - siRNA RASAT

Figure3.20: Western Blot analysis for transient knockdown &T@&2, H2A.X, PAK4 and RASAL1 in ECs.
HUVECSs were transfected with 100 nM scr controlN#Ror target specific SiRNA, harvested
and lysed. 10-50 pg total protein, in case of H2A.Xuclear fraction, was loaded onto 12%
(v/v) SDS-Polyacrylamide gels and SDS-PAGE wasqraréd. Gels were blotted onto PVDF-
membranes, blocked with 5% (w/v) skim milk powdacubated with appropriate primary
antibodies, secondary antibodies linked to HRPdmatloped using chemiluminescent reaction.
GAPDH was used as a loading control for GATA2, PAdtl RASAL, whereas nuclear Lamin
A+C was the normalizing factor for H2A.X. N = 3 expments each.

Modulated endothelial cells were then analyzed dor apoptotic phenotype. In case of
GATA2, PAK4 and RASA1L, knockdown increased apoptosis compared to scegintmntrol
SiRNA transfected ECS5ATA2: 2.40 + 0.07Ass. 1 £ 0.03;p < 0.001;PAK4: 1.79 £ 0.03ss. 1

+ 0.03;p < 0.001;RASAL: 1.41 + 0.10vs. 1 £ 0.04;p < 0.05; figure 3.21). In contrast,
transient H2A.X silencing had no effect on apopt@vents (0.85 + 0.0vs. 1 £ 0.13;p =

n.s.).
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To sum up, three out of four identified direoiR-24 targets, namely GATA2, PAK4 and
RASAI1 directly foster apoptosis in ECs.

kkk

sk

apoptosis (fold control)

—

0.5 1

W

scr siRNA  siRNA GATA2 siRNA PAK4 siRNA RASAI siRNA H24.X

o

Figure 3.21: Apoptosis analysis in sSiRNA modulated ECs. ECsewtmansfected with gene specific SiRNA (150
nM each) for 48 h. Afterwards samples underwentekimV-FITC/PI staining and were analyzed
by FACS. N = 4 experiments per group. p=< 0.05; *** = p < 0.001

3.3.3 GATA2 is a key player for cell cycle progression in ECs

In ECs, silencing of thdona fide miR-24 target GATA2, elevates apoptosis progression
remarkably (figure 3.21). Apoptosis was describedoé triggered by transcription factor-
dependent control of cell cycle (Fiedtal., 1996). To check for a direct relationship between
repressed GATA2 protein level and proliferativetista GATA2 modulated ECs underwent
cell cycle analysis by propidium iodide (PI) stain.line with the aforementioned effect on
apoptosis, cell cycle progression was disturbe@ATA2-deficientECscompared to control
group (figure 3.22). Resting cells in GO/G1 phaserdased (0.86 = 0.008. 1 £ 0.02;p <
0.01), as well as DNA-synthesizing in S-phase (G:68.01vs. 1 + 0.03;p < 0.001) and
finally mitotically active ones (0.60 £ 0.0&. 1 + 0.04p < 0.001). Taken together, the

GATAZ2 transcription factor also seems to be a k#gceéor for cell cycle progression in
endothelial cells.
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Figure 3.22: Cell cycle analysis in GATAZ2 silenced ECs. Endbt#ieells were transfected with gene specific
siRNA (150 nM each) for 48 h. Afterwards sampledaemvent Pl staining and were analyzed by
FACS. N = 4 experiments per group. *p= 0.01; *** =p < 0.001

3.3.4 Impairment in tube formation ability in ECs when silencing GATA2
or PAK4

ForcedmiR-24 expression induces apoptosis, ROS formation andsléa a disturbance in
angiogenic signalling measured by decreaseditro tube formation (figure 3.16). The
identification of themiR-24 downstream effectors GATA2, H2A.X, PAK4 and RAS#lsed
the question if single target knockdown also afdébe formation of capillary-like structures
on matrigel. Thus, siRNA experiments were perforraed afterwards angiogenic response
was investigated. The qualitative analysis reveahkt again silencingGATA2 has the
strongest effects on endothelial tube formatioguife 3.23)PAK4 knockdown also slightly
impairs tube formation whereas inhibititdRA.X or RASAL1 does not alter capillary tube

formation.
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10 x magnification

scr siRNA siRNA GATA2 siRNA P4AK4

scr siRNA siRNA H24.X siRNA RASA I

Figure 3.23: Tube formation assay on matrigel coated wells. Q€ were siRNA-modulated (150 nM each)
for 48 h. Then, 15000 cells were put on matrigelujp to 24 h. Qualitative pictures were taken at
4-8 h. N = 3 experiments per group.

3.3.5 PAK4 and RASA1 are downregulated under hypoxic conditions in
ECs

This work describesniR-24 induction by cardiac stress and through hypoxiart&nly,
hypoxia-driven transcriptome changes occur to cenact the changing environment. To test
the hypothesis if the elevatend R-24 expression levels correlate with a parallel deszeia
target protein, endothelial cells were exposedyfmokia for 24 h. Total protein was isolated
and subsequently Western Blot analysisroR-24 targets GATA2, PAK4 and RASA1 was
performed (figure 3.24). IndeethiR-24 targets were deregulated by oxygen depletion but
regulatory effects were diverse. While GATA2 exgies was induced (1.32 + 0.08. 1 +
0.05;p = 0.001), PAK4 and RASAL expression was repressegrotein level (PAK4: 0.52 +
0.10vs. 1 £ 0.13;p < 0.05; RASA1: 0.69 + 0.0%s. 1 £ 0.05;p < 0.05).
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Figure 3.24: Hypoxia regulated expressionmfR-24 targets in ECs. HUVECs were exposed to normoxia or
hypoxia (1%) for 24 h, harvested and lysed. 15-§%qtal protein was loaded onto 12% (v/v)
SDS-Polyacrylamide gels and SDS-PAGE was perfori@ets were blotted onto PVDF-
membranes, blocked with 5% (w/v) skim milk powdacubated with appropriate primary
antibodies, secondary antibodies linked to HRPdmatloped using chemiluminescent reaction.
GAPDH was used as a loading control. For each tavgestern Blot results were normalized and
validated statistically. N = 4 experiments each.pF< 0.05; *** = p < 0.001

3.4. Affymetrix and ChIP data indicate GATA2-regulated genes related
to angiogenic processes

The direct miR-24 target GATA2 is a key mediator for endothelial bgy. Different
experiments showed the necessity for GATA2-depentitanscriptional regulation. GATA2
silencing resulted in apoptosis, cell cycle disamte and decreased angiogenic response.
Thus, transcriptional control in promoter regiorfstarget genes should be responsible for
these observations. Identification of possible GART#arget genes is facilitated by whole

genome transcriptome approaches using Affymetmeghip analysis.
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By this method, global mRNA changes are monitorsdi @an be compared in groups. Further
in vitro assays such as chromatin immunoprecipitation (ChiRy then validate GATA2-

bound DNA regions.

3.4.1 Overexpression of murine Gata2 in ECs

Invitro loss- and gain-of function experiments are an @mjeite tool to define the impact for
a gene of interest. Therefore, GATA2 was speciffodbwn- or upregulated in ECs. By now,
transient silencing of GATA2 has been applied (feg8.20). For GATA2 overexpression, N-
terminal GFP-tagged murine GATA2 was cloned interexViral constructs (cooperation in
biosafety level 2 with group Prof. Engelhardt, Ri@id6rchow-Center, University of
Wirzburg). Then, ECs were infected with viral paes for 24 h. For control reasons, an YFP
expressing control vector was also applied with game multiplicity of infection (m.o.i.).
Fluorescence microscopy revealed the subcellulealiation of the GFP-GATA2 fusion
protein solely in the nucleus (figure 3.25a). Imirast, control cells expressed YFP reporter

protein ubiquitiously.

Western Blot analysis further confirmed the overespion of GFP-GATAZ2 in the nuclear
fraction (figure 3.25b). The fusion protein could detected at the estimated weight of 75
kDa. Taken together, successfull GATA2 overexpmsset the basis for comparison of

transcriptome changes induced by repression octraduof transcription factor GATAZ2.
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a 20 x magnification

YFP control virus GFP-Gata2 virus

b = “~ GFP-Gata2 [75 kDa]
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Figure 3.25: GATA2 overexpression in ECs. (a) ECs were infeet@t YFP control virus or GFP-GATA2
adenovirus with m.o.i. 40. 24 h post infection fleecence microscopy was performed. (b) Western
Blot analysis for overexpression of GFP-GATA2. B@ge infected with control or GFP-GATA2
virus for 24 h, harvested and lysed. An aliquohw¢lear fraction was loaded onto 12% (v/v) SDS-
Polyacrylamide gels and SDS-PAGE was performeds @ele blotted onto PVDF-membranes,
these blocked with 5% (w/v) skim milk powder, inetdd with appropriate primary antibody,
secondary antibody linked to HRP and developedgusiremiluminescent reaction. N = 3
experiments.

3.4.2 Transcriptome analysis upon GATA2 modulation by Affymetrix
gene chip

Transcription factors are key proteins regulatimg transcriptome. Naturally, these regulators
are expressed dynamically. As a result, cells gmw@ermanent changes in their genome.
Quite necessary, transcription factors are spetifitheir ability to recognize DNA binding
sites. For GATAZ2, it is known that it binds to census [T/A(GATA)A/G] DNA sequences
(Evans et al., 1988). Nevertheless, target genes in ECs aravelu$hus, manipulating
GATA2 expression level in ECs by either knockdown averexpression should reflect
GATAZ2’s impact on direct target gene regulationerBfore, it is assumed that putative
GATAZ2 target genes are reciprocally regulated wWB&TA2 is either repressed or induced.
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In advance, ECs underwent silencing by liposom&Ng# transfection or adenoviral
overexpression of GATA2. Then, total RNA was isetheind analyzed by Agilent capillary
electrophoresis. RNA integrity number (RIN) can ioewestigated by this method. For
subsequent Affymetrix gene chip analysis RINs sthdad comparable between groups and
near to the maximum RIN of 10 which is indicated bistinct RNA peaks in the
electropherogramme for 28 S and 18 S RNA. By wagxaimple a gel electropherogramme is
shown in figure 3.26 indicating a RIN of 9.9.
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Overall Results for sample 7 : Sample 7

RNA Area: 195,2 rRNA Ratio [28s / 18s]: 1,9

RNA Concentration: 131 ng/ul RNA Integrity Number (RIN): 9,9 (B.02.02)
Fragment table for sample 7 : Sample 7

Name Start Time [s] End Time [s] Area %o of total Area

185 40,58 41,81 45,5 23,3

28S 46,43 48,85 87,0 44,6

Figure 3.26: Total RNA analysis with Agilent capillary geleleaphoresis. Isolated total RNA was placed onto
an Agilent RNA nano chip, mixed with fluorescenedgnd run with the use of Agilent bioanalyzer
software. The resulting electropherogramme inditétte presence of 28 S and 18 S RNA in a ratio
of 1.9 giving a RIN of 9.9.

For Affymetrix gene chip analysis following groupgre compared: scr siRNxersus(vs)
SiIRNA GATA2 and YFP control virugs GFP-GATA2 virus. Isolated total RNAs had RINs
between 9.5 and 10.0 (data not shown). Finallyg toal RNA of each group was hybridized
onto Affymetrix arrays in the department of Dr. Sage Kneitz (IZKF Microarray Core
Facility, University of Wirzburg). Subsequentlytalanalysis was applied with the help of an
R-programmed tool from Dr. Paolo Galuppo (Cardigldgniversity of Wirzburg).
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Firstly, data sets were screened for genes that vegulated > +1.5-/ < -1.5-fold. Then, data
were further validated with the assumption, that T®& could regulate target mRNAs

reciprocally if knocked down or induced by overeegsion. With these restrictions, the
putative GATAZ2 target gend3AMBI, ESM1 andNTN4 were identified (table 3.2).

Table3.2:. Overview on reciprocally regulated genes upon GATmodulation by siRNA or viral
overexpression.

Fold Change (viral GATA2
over expression vs control
virus)

Fold Change

CETE e (SRNA GATA2 vsscr SRNA)

NM_012342 /BAMBI // -1.52 1.60
BMP and activin membrane-
bound inhibitor homolog

NM_007036 /ESM 1 // 1.54 -1.79
endothelial cell-specific

molecule 1

NM_021229 /INTN4 // 1.51 -1.51
netrin 4

Noteworthy, ESM1 and NTN4 have been described tedsential for angiogenesis (Slan
al., 2008; Lejmiet al., 2008). Thus, GATA2 can be considered as a keyiatmdfor
angiogenic signalling. Taken together, global tcaippsome analysis in GATA2 modulated
ECs revealed certain reciprocally regulated mRNRss might imply that their host genes

are putatively regulated by GATAZ2.

3.4.3 ChIP analysis for GATA2

Chromatin-immunoprecipitation (ChIP) is a methodvadidate transcription factor binding
sites in DNA. Initially, transcription factor andNA are crosslinked. DNA:transcription
factor complex is then sheared to fragments of a200-1000 bp in length. Afterwards,
immunoprecipitation is performed. Then transcripti@actor-oound DNA can be isolated.
Mostly, precipitated DNA belongs to promoter regasf a gene which can be analyzed by
PCR for example. ChIP analysis for GATA2 shouldHar support the initial clue for direct
regulation oBAMBI, ESM1 andNTN4.
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ChIP analysis for GATA2 was performed in ECs rasgltin precipitated GATA2-bound
chromatin. Next, potential GATAZ2 binding sites iromoter regions oBAMBI, ESM1 and
NTN4 were acquiredn silico. Therefore, 2000 nucleotides upstream of exon IT&A
binding analysis was performed with Alggen Promottp{Walggen.Isi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3, Megser et al., 2002; Farreet al.,
2003). Potential GATA2 binding sites f@AMBI, ESVI1 and NTN4 are listed in table 3.3.
Appropriate primers were designed spanning theses.siGATA2 immunoprecipitated
chromatin then underwent PCR analysis with theseseps (figure 3.27). Resulting PCR
products were enriched in samples generated wghGATA2 specific IP compared to
samples incubated with mouse IgG. This indicateg tBATA2 has regulative function
towards endothelidBAMBI, ESM1 andNTNA4.

Table3.3: Predicted GATA2 binding sites in promoter regiohBAMBI, ESM1 and NTN4. Transcription
factor binding analysis was performed with Allgaefo (http://alggen.lsi.upc.es).

Gene symbol Predicted GATAZ2 binding
> site at upstream bp position

BAMBI -1220, -1370
ESM1 -540, -880, -1430, -1530, -1790
NTN4 -110
BAMBI ESM1 NTN4
Q C? \yl ] L o R L
yo& 9 Yo 9 AP R
Vv ,&0 Vv ,&0 Vv ,&0

Figure 3.27: Chromatin immunoprecipitation (ChIP) for GATA2 aadalyzing PCR products. ECs were
subjected to ChIP in three groups: GATA2 immunojpigation (IP) with specific GATA2
antibody, mouse 1gG control antibody and mock adr{mmo antibody). Isolated chromatin was
analzyed with primers detecting GATAZ2 binding sitegromoter regions dAMBI, ESVI1 and
NTN4. Amplified PCR prodcuts were separated on 1.8 %)(agarose gel.
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3.4.4 Pro-angiogenic HMOX1 and SIRT1 are regulated on protein level
by the miR-24 target GATA2

Our previous data show that tmeR-24 downstream effector GATA2 has an important role in
regulating the endothelial transcriptome. Spediffcaangiogenesis-related genes are either
induced or repressed by GATA2 binding to respectix@noter regions. Noteworthy, ECs
overexpressingiR-24 show reduced GATA2 and HMOX1 levels (figures 3183/ HMOX1

Is, in addition to its important function for henmeetabolism, a natural source of carbon
monoxide thereby mediating pro-angiogenic proper(Rulaket al., 2008). To address the
question if HMOX1 expression is effected by GATAZdualation, Western Blots were
performed upon GATA2 overexpression or silencinguife 3.28). GATA2 knockdown
resulted in decreased HMOX1 expression (0.41 + @95 + 0.05;p < 0.001) whereas
inducing GATA2 forced elevated HMOX1 levels (1.63088vs. 1 £ 0.11;p < 0.001). The
reciprocal regulation indicates that GATA2 seemsb® a transcriptional enhancer of
HMOX1.
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Figure 3.28: Representative Western Blots for HMOX1 in GATA2-d¢ntated ECs. Control siRNA and siRNA
GATA2 (150 nM each) were transfected in ECs for 48 taddition, ECs were transduced with
adenoviral control virus and GFP-GATAZ virus (m..i40). Then cells were harvested and lysed.
Total protein was loaded onto 12% (v/v) SDS-Polymanide gels and SDS-PAGE was performed.
Gels were blotted onto PVDF-membranes, these weokédd with 5% (w/v) skim milk powder,
incubated with appropriate primary antibody, se@gpdntibody linked to HRP and developed
using chemiluminescent reaction. HMOX1 expressias wormalized to GAPDH and validated
statistically. N = 4 experiments per group. ***p= 0.001
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This finding also implicates that GATA2 is the madr for miR-24 dependent HMOX1
regulation. AntagonizingmiR-24 in GATA2 deficient ECs should therefore not rescue
HMOX1 expression. To test this hypothesis ECs undet miR-24 and GATA2 modulation

in parallel. In figure 3.29 HMOX1 and GATA2 express are plotted for different treatment
groups: HMOX1 expression is elevatedmnR-24 deficient (anti-24) compared tGATA2
silenced ECs (1 + 0.04s. 0.68 + 0.05;p < 0.01). Nevertheless, parallel antagonistic
modulation ofmiR-24 and transient silencing @ATA2 could not rescue HMOX1 expression
compared to control levels (0.71 £ 0.0& 1 £ 0.04;p < 0.01). Taken together, HMOX1
dysregulation induced yiR-24 is dependent on GATA2 function.

I GATA2 [50 kDa]
PR S R e [IMOX1 [32 kDa]

SRR G APDH [34 kDa]

anti-24 + anti-ctrl anti—24 ” anti-24 +scr IRNA  anti-ctrl + SIRNA GATA2  anti-24 + SIRNA GATA2
scr siRNA  +siRNA  +siRNA
GATA2 GATA2

g
z

Figure 3.29: HMOX1 and GATA2 protein level in miRNA and siRNAadulated ECs analyzed by Western
Blot. miRNAs (100 nM each) and siRNAs (150 nM eaafeye transfected in ECs for 72 h. Then
cells were harvested and lysed. Total protein wadeéd onto 12% (v/v) SDS-Polyacrylamide gels
and SDS-PAGE was performed. Gels were blotted BMOF-membranes, these were blocked
with 5% (w/v) skim milk powder, incubated with appriate primary antibody, secondary
antibody linked to HRP and developed using chemihascent reaction. HMOX1 expression was
normalized to GAPDH and validated statistically=M experiments per group. *pg< 0.01

Next to HMOX1, the histone deacetylase sirtuinlR(El) has been recently described as a
potent regulator of angiogenesis (Potesital., 2007). Indeed, bioinformatic analysis reveals
GATAZ2 binding sites irSSIRT1 promoter region. To validate GATA2-dependent ragah of
SIRT1, GATA2-modulated ECs were analyzed for SIRKpression (figure 3.30). In line,
SIRT1 expression was found to be downregulate@AmA2-deficient ECs (0.36 + 0.0&. 1

+ 0.09;p < 0.01) whereas expression was increased in GAGV&Zexpressing ECs (1.52 +
0.19vs. 1 £ 0.26;p=n.s.)
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Figure 3.30: Representative Western Blots for SIRT1 in GATA2dulated ECs. Control siRNA and siRNA
GATA2 (150 nM each) were transfected in ECs for 48 laddition, ECs were transduced with

adenoviral control virus and GFP-GATAZ virus (m.e.i40). Then cells were harvested and lysed.
Total protein was loaded onto 12% (v/v) SDS-Polymanide gels and SDS-PAGE was performed.

Gels were blotted onto PVDF-membranes, these weokdd with 5% (w/v) skim milk powder,
incubated with appropriate primary antibody, se@gdntibody linked to HRP and developed
using chemiluminescent reaction. SIRT1 expressias mormalized to GAPDH and validated

statistically. N = 4 experiments per group. *p=< 0.01

In conclusion, pro-angiogenic factors HMOX1 and BlRare regulated on transcriptional

level by endothelial transcription factor GATAZ2. Woregulation of GATAZ2 inhibits

expression of HMOX1 and SIRT1 thus contributing negative effects in angiogenic

signalling.

3.5 Bad phosphorylation status is regulated by the m/iR-24 target

PAK4

Identifying downstream effectors famiR-24 is essential to highlight underlying signal

transduction. BesidasiR-24 dependent regulation of HMOX1 anti-apoptotic phasgad is

dysregulated by increasedR-24 levels (figure 3.15). Of particular interest, thalidated

miR-24 target PAK4 has been reported to phosphorylate &aderine 112, which then

functions anti-apoptotic (Gnesuthal., 2001). This finding might also be true in ECs vehe

PAK4 kinase was found to trigger apoptosis protec{figure 3.21).
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To test for Bad phosphorylation status dependenPAl4 expression ECs were modulated
with PAK4-specific SIRNA. Afterwards, Western Blfair unphosphorylated Bad and ELISA
measurement for phospho-Bad (Serll12) was perforfdedt can be seen in figure 3.31

unphosphorylated Bad is not affected in PAK4-siegh&Cs (1.09 £ 0.19s. 1 + 0.22;p =
n.s.).

—— ———— - BAD [28 kDa] [

BAD/GAPDH

- s D au» e e emm (A PHYH [34 kDa]

scr siRNA siRNA PAK4

scr siRNA siRNA PAK4

Figure 3.31: Bad protein level in siRNA modulated ECs analybgdVestern Blot. siRNAs (150 nM each) were
transfected in ECs for 48 h. Then cells were hdedtand lysed. Total protein was loaded onto
12% (v/v) SDS-Polyacrylamide gels and SDS-PAGE pexformed. Gels were blotted onto
PVDF-membranes, these were blocked with 5% (w/ipskilk powder, incubated with
appropriate primary antibody, secondary antibodidd to HRP and developed using
chemiluminescent reaction. Bad expression was riaredsto GAPDH and validated statistically.
N = 4 experiments per group.

However, Bad phosphorylation decrease®AK4 knockdown ECs measured by phospho-
Bad specific ELISA (0.45 £ 0.08s. 1 + 0.21;p < 0.05; figure 3.32). Cumulatively, these
experiments proof that PAK4 function is necessarphosphorylate endothelial Bad protein.
MechanisticallymiR-24-dependent PAK4 repression is responsible for rediyphospho-Bad
levels observed imiR-24 overexpressing ECs.

0.8 A

0.6

phospho-BAD/ BAD

0.4 A

0.2 A

scr siRNA siRNA PAK4
Figure 3.32: Summary of phospho-BAD ELISA data (p112) normalize total BAD protein values. Scrambled

andPAK4 specific siRNA were transfected in ECs (150 nM ¢doh48 h. Then cells were lysed
and analyzed by phospho-BAD specific ELISA. N =x$&riments per group. * p< 0.05
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3.6 In vivotreatment of myocardial infarction by a specific
miR-24 antagonist (antagomir)

In case of MI, pathological cardiac injury results altered gene expression. Derailed
signalling pathways accompany cardiac remodellirec@sses. The exploration of miRNA
biology offers a new regulative tool to countergehomic changes. Whole gene networks are
regulated by conductor miRNAs dynamically expressedn diverse stimuli. More recently,
novel therapeutic strategies were developed toedser miRNA expressiom vivo by
chemically-modified miRNA-specific antagonists @mgbomirs). In this work, the finding that
MI inducedmiR-24 expression (figure 3.1) set the basisifovivo treatment with antagomir-
24. Furthermore, describing and explaining a propéqtic characteristic fomR-24 in ECs
pointed out to investigate angiogenesrs vivo. To study the effects omiR-24 on
vascularizationin vivo, an experimental design was built spanning 14 dégsre 3.32).
Initially, MI or matrigel plug implantation was algd in wildtype mice. Immediately
thereafter antagomir-24 treatment was performedvwasdrepeated two days later. For control
reasons, an antagomir bearing a scrambled sequeasealso injected. Matrigels were
isolated one week after implantation whereas onJdaheart function tests were performed

with subsequent tissue analysis.

MI / plug implantation Function tests
or Sham Harvest tissue
l treatment l
S Y 3
Q@ Q@ Q@

Figure 3.33: Experimental design and treatment scheme of ttegamir-24 study. On day 0, MI or Matrigel
plug implantation along with sham controls was perfed in mice. Antagomir injection
immediately followed and was repeated on day 2 rigkels were isolated and analyzed one week
after implantation. For Ml-studies, heart functiests and tissue analysis were applied on day 14.
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Noteworthy, two experiments were performed in adeaaf this study. First, it was proven
that antagomirs are delivered effectively to ERsitro. Therefore ECs were incubated with

Cy3-labeled antagomir. Cellular uptake was higlfficient (figure 3.34).

overlay Cy3-antagomir
+ CD31 + DAPI

20 x magnification

Figure 3.34: Cellular uptake of Cy3-Antagomir in HUVECSs. Coréht cells were incubated with Cy3-labelled
Antagomir for 1-2 h. Afterwards cells were fixeddastained for endothelial CD31 (green) and
nuclei (DAPI, blue). Fluorescent pictures were takgth 20x magnification.

Next, titration experiments for antagomir concetntra were applied since the aim was to
target cardiovascular endothelial cells mainly. Lamg/kg body weight) and high dose (80
mg/kg body weight) Cy3-antagomir were injected aetbitally in mice. Immuno-
histochemical analysis of heart tissue revealed ltha-dose injection resulted in cellular
uptake in cardiac vessels and the surroundingdissereas injection of a high dose led to a

strong homogeneous stain of all cardiac cells oiolyg cardiomyocytes (figure 3.35).
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Figure 3.35: In vivo uptake of Cy3-antagomir in heart tissue. Two dageSy3-antagomir were injected
retroorbitally in mice. Hearts were isolated, sfi@nd stained for CD31 (green) and nuclei (DAPI,
blue).

intact heart
5mg/kg Cy3-Ant.

intact heart
80mg/kg Cy3-Ant.
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3.6.1 Antagomir-24 efficiently lowers cardiac m/R-24 expression

The efficient delivery of antagomirs into the hehds been shown before thus being a
prerequisite for therapeutic therapy in cardiacesstr conditions (Thunet al., 2008).
Nevertheless, in this study, antagomir-24 treatrmead investigated quantitatively 14 d after
intervention to check for knockdown of cardiadR-24. Therefore, heart tips were subjected
to RNA analysis with subsequent miRNA RT-PCR. Aswsh in figure 3.36, antagomir-24
lowers miR-24 expression in comparison to placebo control (127 8s. 50000+ 9290p <
0.001).
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Figure3.36: Ratio ofmiR24/RNU6Gb in scrambled antagomir or antagomir-24 treatedmeunearts.
Antagomir treatment followed twice after intervemti 14 d after coronary ligation, heart tips
underwent total RNA isolation and miRNA detectibh= 7 animals per group. *** < 0.001

3.6.2 Heart function tests after MI

We first characterized basic cardiac parameterthendifferent study groups. For control
reasons, an antagomir against a scrambled miRNAeseg (placebo/ctrl) was also injected.
Analysis of cardiac function by echocardiographydeds after initial intervention proved
that Ml led to an impairment of cardiac functionasered by decreased fractional shortening
in scrambled antagomir treated animals comparesham (12.63 % + 0.75 ¥s. 36.12 % +
2.79 %;p < 0.001, figure 3.37a). In addition, an increaséung wet weight (150.32 mg +
4.61 mgvs. 98.5 mg £ 5.17 mqgp < 0.001, figure 3.37b) and systolic (0.48 cm £20cdnvs.
0.22 cm + 0.017 cmp < 0.001, figure 3.37c) as well as diastolic lefintricular diameter
(0.55cm £ 0.02 cms. 0.34 cm = 0.016 cnp < 0.001, figure 3.37d) was observed.
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These observations were consistent to normal aardisease progression after MI.
Remarkably, injecting antagomir-24 as an immediatrventional treament after Ml at day O
and 2, partly rescued cardiac function when comgaparameters to scrambled antagomir
treated group. First of all, fractional shortenimgs improved by antagomir-24 treatment
(20.88 % * 4.03 %vs. 12.63 % + 0.75 %p < 0.01, figure 3.37a). Additionally, pulmonary
congestion decreased slightly (132.35 mg £ 7.16/sn$50.32 mg + 4.61 m@ = n.s., figure
3.37b). The increase in left ventricular systolic36 cm + 0.04 cms. 0.48 cm + 0.02 cnp <
0.05, figure 3.37c) and diastolic dilatation (0e¥ £ 0.03 cmvs. 0.55 cm £ 0.02p < 0.05,

figure 3.37d) was also attenuated.
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Figure 3.37: Basic heart parameters derived from mice subjectamtagomir-24 study 14 days after
intervention. Three groups are indicated: shangnsbted antagomir and antagomir-24. (a)
Fractional shortening (FS) is lowered after MI. agdmir-24 treatment increases FS compared to
placebo. (b) Lung wet weight is increased after RBpression amiR-24 indicates prevention of
pulmonary congestion. (c+d) Systolic and diastigft ventricular diameters (LVs/LVd) are
elevated due to MI. EliminatingiR-24 lowers the extension of LVs and LVd diameter. M-Z
animals per group. * < 0.05; * =p < 0.01; *** = p < 0.001
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In conclusion, therapeutic antagomir-24 treatméter &1 indicates a global improvement in
cardiac function. Necessarily, underlying cardiaolenular mechanisms and general

structural alterations have to be determined.

3.6.3 Cardiac angiogenesis is improved upon antagomir-24 treatment

Myocardial infarction leads to a hypoxic insult andregulation of miR-24 in EC. In this
work, in vitro data suggest a role foniR-24-dependent negative regulation of angiogenic
signalling in endothelial cells. AntagonizingiR-24 expression might thus improve
angiogenic response upon myocardial infarctionvivo. To test this hypothesis, mice
underwent MI and were treated with antagomir-24nalfy, heart tissue from control
scrambled antagomir or antagomir-24 treated animals collected, sliced to appropriate
sections and analyzed for CD31 expression, an baliakt cell marker indicating capillaries
or vessels. In addition, sections were also stafoedctardiomyocyte Troponin | (Tnl) and
nuclei (figure 3.38a). Remarkably, antagomir-24ereing animals are characterized by an
increased capillary density indicated by elevatdd3C staining (arbitrary units, a.u.) in
border (12.13 + 0.38s. 6.96 = 0.25p < 0.001, figure 3.38b) and infarct zone (10.50.610
vs. 4.96 + 0.39;p < 0.001, figure 3.38b) in comparison to scrambéedagomir treated
animals. However, capillar density remains unchdngeemote myocardium (8.63 = 0.4
8.17 £ 0.40p = n.s., figure 3.38b). Taken together, these pedaf a pro-angiogenic effect of
therapeutic antagomir-24 treatment in diseased$iear
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Figure 3.38: Immunohistochemical analysis of murine heart gsderived from antagomir-24 study. (a) Hearts
from scrambled antagomir (ctrl) and antagomir-24t(24) treated mice were collected, sliced to
10 um sections and stained for CD31 (green), TrioplofT nl, red) and nuclei (DAPI, blue). (B)
Statistical summary of CD31-positive capillariesg@nt in remote, infarct and border zone. N = 4
animals per group. *** 3 < 0.001
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3.6.4 Implantation of matrigel plugs to characterize global
neovascularization /n vivo

Basically, antagomir technique delivers cholestbmind antisense miRNAs to every organ
except the brain. As shown before, antagonizmi&-24 in a murine disease model of
myocardial infarction improves cardiac angiogenesiwe effect of antagomir-24 therapy on
global neovascularization has not been monitoréd @ address this question a matrigel-
based assay to detect angiogenesisvo was applied (Akhtagt al., 2002).

Matrigel plus were injected subcutaneously in miteadvance to antagomir-24 treatment.
After one week, matrigels were collected and aredlyaVhole matrigels were divided into
two pieces. One half underwent hemoglobin detectibe other part was analyzed by
immunohistochemistry. Hemoglobin-specific ELISA idated that plugs derived from
antagomir-24 treated mice showed an increased Hebingcontent compared to scrambled
antagomir treated group (265.07 pg/mg + 51.34 ug/en§8.65 nug/mg + 34.89 ng/mg;<
0.05; figure 3.39).
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Figure 3.39: Hemoglobin (Hb) ELISA to quantify neovascularipatiin a matrigel plug assay. Matrigels were
injected subcutaneously in mice. Control and antag@4 treatment followed and was repeated
two days later. After one week matrigels were imalaand underwent hemoglobin-specific ELISA.
Values were normalized to total protein content aaldated statistically. N = 4 animals per group.
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Immunohistochemical analysis of matrigel plugs Hart confirmed the pro-angiogenic
property of antagomir-24 treatment. Sliced matrgelgs were stained for endothelial CD31
surface marker and nuclei (figure 3.40). Qualiiiy antagomir-24 treatment increased

capillar density in implanted matrigels.

control Antagomir-24

Figure 3.40: Representative cyroscetions of implanted matpdigds to characterize angiogenesis. 14 d after
matrigel implantation and treatment with contrarénbled antagomir) or antagomir-24 plugs
were isolated and sliced. Endothelial staining (COfeen) and nuclei stain (DAPI, blue)
followed.

In conclusion, antagomir-24 treatment promotes asowlarizationn vivo and thus may

be beneficial in treatment of ischemic cardiovaacdisease.
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4. Discussion

The work presented here suggestsii@24 based mechanism contributing to the regulation of
capillary density in the infarcted heart (figurel. Hypoxia or myocardial infarction
increases endotheliahiR-24 expressiontriggering endothelial cell apoptosis and vascular
defects. Mechanistically, GATA2, H2A. X, RASA1 an@&R4 were validated as direchiR-

24 targets in endothelium. Further downstream sigmallpathways were identified for
GATA2 and PAK4. GATA2-dependent transcriptionalukegion was found for diverse target
genes including HMOX1 and SIRTMiR-24-induced repression of PAK4 directly decreases
the phosphorylation status of Bad thus contributm@poptosis. In a mouse model of M,
blocking of miR-24 by a specific antagonist (antagomir) enhancesllaapidensity in the
heart and preserves cardiac function. In conclyserdothelialmR-24 serves as a pro-
apoptotic miRNA acting as a critical regulator afdethelial cell apoptosis and capillary

density of the infarcted heart.
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Figure4.1:  Scheme for the biological function of endothefi@R-24. Hypoxia or myocardial infarction
induces expression of endothelidR-24. As a consequencaiR-24 targets GATA2, H2A.X,
PAK4 and RASAL1 are repressed. PAK4 kinase actigifynpaired leading to decreased level of
anti-apoptotic phospho-Bad. Repression of GATA2 di@gulates anti-apoptotic HMOX1 and
deregulates the transcription of further angioggeices. Cumulatively, induction of endothelial
miR-24 supports apoptosis and impairs capillary density.
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4.1 MiR-24 deregulation in cardiac disease

The endogenous expressionnaiR-24 increases in murine hearts after myocardial ini@nct
(figure 3.1). MicroRNAs regulated after myocardiafarction have also been investigated
earlier (van Rooijet al., 2008). However, in this previous publicationiR-24 has not yet
been characterized. There are two genomic locmi®-24 (mature miRs are identical, but
miR-24-1* andmiR-24-2* differ in sequence), which cluster together wiiiir-23/27a/b, and
thus form a very complex miRNA family. Specificgllwan Rooij et al. report a
downregulation ofmiR-24-2* in the border zone of infarcted myocardium. Thtso
important facts have to be taken into account wthertwo findings are compared: First, only
the maturaniR-24 expression was investigated in the present wogteHno data regarding
the expression level ofiR-24-1* or miR-24-2* were generated. No experiments to screen for
changes in pre-miRNA expression were performed. él@n further evidence for an
upregulation in infarcted murine heart was gaingé lcollaboration with the RNA laboratory
of Thomas Tuschl, Rockefeller University, New Yofkhe Tuschl group performed miRNA
in situ hybridization of cryosectioned hearts and foundteng miR-24 expression in
infarctedversus sham control hearts (unpublished). Enhanee@24 signals indicate that a
consistent upregulation is present in the infaread4 days after Ml. A time course foirR-

24 expression during progression of cardiac diseasenbt been performed so far. However,
we suggest thaniR-24 induction starts early after Ml based on the heatlt fractionation

experiments 2d after Ml (figure 3.6).

The cellular source fomiR-24 upregulation signal remains unclear but there arsesfirst
findings in the literaturemiR-24 expression was attributed to microvascular cedsved
from CD31I-sorting of different organs in mouse (Larssbral., 2009). Therefore, it can be
assumed that cardiac endothelial cells contribytiatge to enhancedliR-24 signal upon M.
This hypothesis is also supported by different ole@ns made in the current work.
Fractionation of infarcted and control heart tissue cardiomyocytes and endothelial cells
revealed a selectiveiR-24 upregulation in endothelial cells 2 d after infeon whereas the

expression level in cardiomyocytes remained bdgicalchanged (figure 3.6).
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In addition, hypoxic atmosphere serving as a mddelreduced oxygen supply post Ml
inducesmiR-24 expression specifically in endothelial caltsvitro (figure 3.3). However, no
direct evidence was found for potential HiFdependent transcriptional regulation as it has
been suggested earlier in cancer cell lines (Kaltaet al., 2007) or recently in lung and
pulmonary arteries (Chast al., 2010). One could speculate that endotheldR-24 is
regulated by different hypoxia-related transcripti@ctors or other stress sensors because
contribution of reactive oxygen species (ROS) talsaniR-24 expression was recently
reported (Takagiet al., 2010). Hepatocyte cells exposed to ROS inducin®.Hwere
characterized by elevatedhiR-24 expression. This in turn modulated the expressdn
metabolizing enzymes like HNE4nd caused a defect in cell cycle progressiorcatoig the
need of tightly balancethiR-24 expression. The exact mechanismnoR-24 regulation in

endothelial cells by hypoxia remains to be deteeaiin

EnhancedniR-24 expression levels post Ml rise the question if thesteredmiR-23/27a/b
also are subject to transcriptional regulation mfaicted hearts. To address this issue,
collaboration partners in the Tuschl laboratoryoajgerformedin situ hybridization for
clustered miRNAs in cardiac tissue after Ml. Indetrtey found a parallel upregulation of
clustered miRNAs in the infarcted zone (unpubligh&tiis in turn indicates that thaiR-23-
27-24 cluster may act coordinatively in the infarctedate although different post-
transcriptional regulation has been observed withis miRNA cluster (Sun et al., 2009;
Buck et al., 2010). Synergistic effects of this miRNA cluskave also been reported for the
regulation of Smads during hepatocytic differemiat(Rogleret al., 2009). The presented
mechanism established a pivotal role of thB-23b cluster for TGF-beta signalling with high
expression levels shutting down the pathway. A ipre functional study also suggests
synergistic effects regarding apoptosis. Overexgoes of clusteredmiR-23a-27a-24-2
sensitized HEK293 cells to apoptosis either by aR&insic or intrinsic apoptosis pathway
(Chhabraet al., 2009). Nevertheless, functional studies for thtteo membersmiR-
23a/b/27a/lb have not been addressed in this work. Therefoutatipe effects of other
members of this miRNA family on e.g. endotheliall cgpoptosis or other endothelial
functions cannot be ruled out. Analyzing the impadt modulated endotheliamiR-
23a/b/27alb expression should be investigated in further ssidMdevertheless, cooperative

function in a miRNA cluster is not obligatory.
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Recently, it has been shown that theR-23a-27a-24-2 cluster is upregulated upon
hypertrophic stimuli like aldosterone or isoproteskin cardiomyocytes (Liret al., 2009).
Noteworthy, silencing ofmiR-23a only prevents aldosterone or isoproterenol induced
cardiomyocyte hypertrophy whereas antagonizmB-27a or miR-24 had no effects. In line
with these observations, van Roefj al. reported that adenovirahiR-24 overexpression
induces cardiomyocyte hypertrophy (van Raigl., 2006). Additionally, enhanceriiR-24
expression was found in failing human hearts irtchgathatmiR-24 has a role in progression
and manifestation of cardiac failure, although tledlular source of this regulation was not
examined in this work. Taken together, these ingagsons emphasize thamiR-24
dysregulation may have potential impact in othedieg cells than endothelial cells which
has not been addressed in this work. Besides thégerse effects fomR-24 on cardiac
remodeling, interesting findings were made whilg@lexng the miRNA expression panel
upon ischemic preconditioning (IPC) (Yat al., 2009). During IPC, that might serve as a
cardioprotective approachniR-1, miR-21 and miR-24 expression is induced. Parallel
injection of these miRNAs led to a reduced infaaota upon ischemia/reperfusion which
demonstrates that upregulationnaR-24 can also guide defense mechanigmer to cardiac
stress. However, the current work emphasizes timeasedniR-24 expression induced by
MI exerts negative effects on cardiac endotheldll lsiology contributing to adverse cardiac

remodeling.

4.2 Induction of endothelial cell apoptosis by miR-24

Myocardial infarction or hypoxia induces endothleli@R-24 expression (figure 3.1).
Mimicking this situation in vitro modulates apoptosis outcome becauseR-24
overexpressing ECs suffer from more apoptotic evéfigure 3.9). Therefore, endothelial
miR-24 can be viewed as a pro-apoptotic miRNA. In confrastagonizingmiR-24, even
under hypoxic conditions, counteracts endothelapaosis (figure 3.10). Additionally, ROS
generation increases in parallel further amplifyaedjular stress signalling (figure 3.16). By
this, EC biology is crucially disturbed as definleg impaired capillary tube formatiom

vitro. The importance of miRNAs for angiogenesis hasilisscribed by Suaretzal.
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Silencing of the miRNA processing enzyme Dicer {DsEabolished capillary tube formation
due to unprocessed, not functional miRNAs (Suategt., 2007). This clearly indicates that
mMiRNAs are necessary for capillary formation. lestingly, elevatedniR-24 levels affected
apoptosis in ECs only (figure 3.9). Other cardialt types such as cardiomyocytes or cardiac
fibroblasts were unaffected. A possible explanafionthis observation is the variance of
protein expression patterns and thus potenti@R-24 targets in these cell types.
Cardiomyocytes, cardiac fibroblasts and endothal@ls haveper se different functional
relevance in the cardiac system. Thus, cellularstaptome differs greatly with respect to
functionality. In turn, this impacts on respectiméRNA actions which is crucially dependent
on its specific target availability within a giverell type. Taken together, endothelial cells
seem to have a transcriptome “fitting” best forR-24 induced apoptosis formation in
comparison to other cardiac cells. Of great impuna the pro-apoptotic characternaiR-24

in ECs is quite strong since overexpression trig@goptosis even in the presence of serum.
The presence of serum normally protects cells &ndvithdrawal sensitizes cells towards
apoptosis which is also in part dependent on miRMNAction (Asadaet al., 2008). The
linkage of mIRNAs towards the specific regulationEC apoptosis has also recently been
reported. The exposure of ECs to shear stress wipted miR-21 (Weber et al., 2010).
IncreasedmiR-21 expression inhibited endothelial apoptosis alttodgta from our group
also show impairment of oxidative stress defenseham@sms in circulating angiogenic cells
(unpublished). In this work, repression of endogsnoiR-24 displayed anti-apoptotic
character only. This emphasizes that derepresdiairert miR-24 targets is responsible for
anti-apoptotic signalling.

Further investigations characterizing proliferatiaor migratory capacity inmiR-24
overexpressing ECs should be performed. Due toptibapoptotic effects omiR-24 in
endothelial cells, it is likely that also other iorfant characteristics of EC biology are
affected. In fibroblastsmiR-24 inhibits proliferation and cell cycle via downrdgtion of
E2F2 and Myc, whereas depletingR-24 expression forced proliferation (Lel al., 2009).
Target recognition studies revealed interactionsnoR-24 with “seedless” nucleotide
elements in the 3 -UTR suggesting an alternatiie @ modus operandi.
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Such different target regulation mechanisms wese &und in cancer cells whenaR-24
displayed target recognition elements in the codseguence of FAF1l thus abolishing
apoptosis (Qiret al., 2010).

The proapoptotic and antiangiogenic effectsnoR-24 in mature endothelium raise the
question if developmental processes in endotheidlls are also affected whemiR-24
expression is modulated. To dissect miRNA-dependaevelopmental processes, the
zebrafish model is often used. MiRNAs are injected either precursors or antagonists
(morpholinos) into the developing zebrafish embryoa periode of two or three days after
injection the developing embryo is monitored. Thiasgain insights into the role ofiR-24

for vascular development, zebrafish experimentseHasen performed in cooperation (AG
Prof. Brand, Cell and Developmental Biology, Unsigr Wirzburg; laboratory moved over
to Imperial College London recently). Transgenidraéishes bearing d@lk-driven GFP
reporter (flk:GFP), thus marking the vasculaturereavmodulated by injection of miRNA
precursors. Indeed, enhanceilR-24 expression disturbed the formation of the vascular
network indicated by lack of vessel branching aethbrrhage compared to control miRNA
injected embryos (figure 4.1 and personal commtioica The impairment of vascular
development demonstrates thaRk-24 can already influence EC biology during early stag
in vivo. It is assumable that endothelial apoptosis, asrdeed in this work, is triggered by
enhancedmiR-24 expression in the developing zebrafish and thusaim vascularization

processes.

In parallel, amplifying the disturbances in vascufarmation, erythropoiesis could be
disturbed which was described forR-24 in erythroleukemic K562 cells by interfering with
ALK4 receptor mediating erythroid differentiatiodvanget al., 2008). In contrastniR-24
seems to negatively regulate apoptosis in the heetraa (Walker and Harland, 2009). In the
developing Xenopus laevis, antagonizingmiR-24 caused marked apoptosis in the eye by
derepressing pro-apoptotic factors like CaspaséFBus, besides effecting vascular
development demonstrated in zebrafish, also lossni&¥24 may exerts specific target
derepression in other organs regulating criticdutze events.
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Taken together, endotheliai R-24 influences cellular outcome in a pro-apoptotic merand
impairs the formation of new capillaries. The urgiag molecular mechanisms are linked to

the downregulation of target genes which shoulddesidered as key players for EC biology.

premir-24

Figure 4.2: Effect of miR-24 overexpression in flk1:GFP transgenic zebrafistmtél (ctr) or precursor-
miRNA-24 (premir-24) were injected into developirgprafish embryos. 48 h post fertilization,
vascular structures were monitored. Arrows indicites of vascular defects observeanifR-24
mutant embryos (figure provided by AG Prof. BraBéttina Kirchmaier, Cell and Developmental
Biology, University Wirzburg).

4.3 Target-specific regulation for miR-24in ECs

The use ofn silico target prediction tools has accelerated the eaptor of direct endothelial
miR-24 targets. Target databases like targetscan (wwyetscan.org) were screened for
endothelial expressed downstream effectormiét-24. Recently, a comprehensive database
comparing miRNA expressiowersus mRNA expression in different tissues has been
introduced further assisting in MiIRNA target finglifRitchie et al., 2010). Combining
miRNA modulation with proteomics would be an intheg alternative to screen for global

protein changes reflecting potential miRNA targets.
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This work describes that endothelraiR-24 represses the protein level of GATA2, H2A.X,
PAK4 and RASAL1 (figure 3.18). Targets are abungaextipressed in cultured ECs as well as
in cardiac tissue monitored by immunohistochemigtigta not shown). Mechanistically,
downstream signalling was deciphered by differesgagis. Downregulation of GATAZ2,
PAK4 and RASA1 mediatasiR-24 apoptosis progression analyzed by transient sibgnaf
these factors in ECs (figure 3.21). Capillary fotima in vitro is disturbed by silencing of
GATAZ2 and PAK4 only (figure 3.23). This highlightisgeneral concept of combined miRNA
target effects. Single target repression does biajaiory reflect miRNA-induced effects. The
sum of global proteome changes is crucial since single miRNA orchestrates often
complete gene networks. Repressive miRNA effe@srastly modest with reduction rates of
20-30% in protein. In turn, this fine-tuning balasdadifferent cellular events. ProbakbgiR-

24 has other endothelial targets that do not supgmrptosis or angiogenesis defects. By way
of example, p27/Kipl expression was found to beesged upomiR-24 overexpression in
ECs (data not shown). The p27/Kipl protein funci@s a cell-cycle inhibitor potent of
forcing cellular proliferation in cancer cells whdepleted (Royet al., 2008), which did not
match to the aforementioned apoptotic phenotypavdver the net effect of altered targets

drive the phenotypic alterations.

One of the most important endotheldR-24 targets based on the results in this work, is the
zinc-finger transcription factor GATA2. Downregutat of GATA2 impairs EC function
measured by increased apoptosis rate, disturbanceell cycle progression and finally
decreased capillary formation (figures 3.21/22/2#%)kage of GATAZ2 to these processes has
been reported in different settings. In line witle turrent work, reduced GATA2 expression
coincidences with decreased cell survival in embiystem cellsn vitro (Tsai and Orkin,
1997). Moreover, GATA2 reduction in haploinsufficteanimals was attributed to lower
amounts of hematopoietic progenitors and in pdrdfle increased apoptotic events by
reduction of anti-apoptotic Bcl-x (Rodrigues al., 2005). Noteworthy, increased levels of
GATAZ2 also support apoptotic signalling in a B-cifle by inducing pro-apoptotic alpha
globin (Brechtet al., 2005). This indicates that GATAZ2 deregulation nrapact on apoptosis
in both ways. As aforementioned fiorR-24 action, transcriptional activity of GATAZ2 is also
dependent on target gene accessibility thus exptpicell-type specific effects. Furthermore,

transcriptive (upstream) regulation sets anotheelléor GATA2-guided signal pathways.
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Although miRNA-mediated post-transcriptional cohtreported in this work is possible and
also seen fomiR-451 in zebrafish erythroid maturation (Pasteal., 2009), potential other
regulative motifs in the enhancer/promotor regioh ®ATA2 contribute to direct
transcriptional regulation. For instance, GATA2 wges sites in its own promoter thereby
establishing a positive feedback loop (Martowigizal., 2006; Wozniaket al., 2007).
Remarkably, endothelial GATAZ is upregulated urtdgroxic conditions (figure 3.24) which
coincidences with hypoxia-induced VEGF expressiegulating global angiogenesis (Marti
and Risau, 1998). In addition, enhanced GATA2 esgiom has recently been shown to
transduce angiogenic signalling by crosstalk withother transcription factor further
emphasizing the pivotal angiogenic role of GATA2aimotoet al., 2009). Besides its anti-
apoptotic, pro-angiogenic function, GATA2 also aotg endothelial cell cycle progression
since GATA2 knockdown induceso&;-arrest measured by DNA staining in this work
(figure 3.22). Indeed, GATA2 expression has beakeld to cell cycle control previously.
Hematopoietic progenitor cells expressed GATA2nnoacillating manner during cell cycle
with highest expression in S-phase (Kagjaal., 2007). Regarding the short half-life of a
transcription factor oscillation is feasible bustf&xpression or dose changes have certainly

profound effects on GATAZ target genes that ateeeitranscriptionally induced or repressed.

As shown in this work, GATA2 modulation experimefgd to the identification of further
downstream targets in ECs. Affymetrix gene chiplysis idenitified reciprocally regulated
GATAZ2 target genes which then were further validatg ChIP analysis. Notabl\BAMBI,
ESMI andNTN4 have not been reported before as directly reguilbtetranscription factor
GATAZ2. Neverthelesd:SM1 andNTN4 are deeply attributed to endothelial biology. Dygri
angiogenesis, endothel-specific molecule 1 (ESM4)highly induced by angiogenic
mediators VEGF-A and VEGF-C (Aitkenheettal., 2002; Shiret al., 2008). Secreted netrin-
4 (NTN4) has also been proven as an active indwftangiogenesis, even after ischenma
vivo and in the zebrafish model (Wilsat al., 2006). Controversially, endothelial NTN4
knockdown increases tube formation ability on ngalri(lLejmi et al., 2008). This suggests
pro-angiogenic property of NTN4 which is furthefleeted by the recent finding that GATA2
silencing reduces NTN4 and then contributes to inegaube formation in GATA2-deficient
ECs. Next to the regulation of angiogenesis-relagghes, GATAZ2 regulates heme

oxygenase-1 (HMOX1) at the protein level (figur2&.
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Loss-of function experiments in GATA2- amdR-24-deficient ECs demonstrated thatR-

24 target GATAZ2 is the critical regulator for HMOX&pression immiR-24 overexpressing
ECs (figure 3.29). HMOX1 has been described ast@peytective enzyme towards ischemic
disease when administrated into the myocardium ¢Melal., 2002). Furthermore, carbon
dioxide production by HMOX1 protects against EC m@psis (Wanget al., 2007).
Additionally, elevated HMOX1 expression reduced R@&ls in vascular ECs (Asigt al.,
2007). In contrast, HMOX1 downregulation inducedenylothelial overexpression wiR-24
expression induced maladaptive ROS as it has beannsin this work. Noteworthy, ROS
generation is attributed to support cell apoptasidacilitating cytochrome C release from
mitochondrial intermembrane space (Petrostlal., 2003). Likewise, this scenario may also
be present fomiR-24 induced endothelial apoptosis. Besides HMOX1,ohistdeacteylase
sirtuinl (SIRT1) expression has been identifiedbto GATA2-dependent because SIRT1
expression was markedly decreased in GATA2 defickEe@s (figure 3.30). Remarkably,
SIRT1 has a central role in EC biology regulatingiagenic respons@ vitro andin vivo by
post-translational modification of anti-angiogemianscription factor Foxol (Potenge al.,
2007). Cumulatively, newly identified GATA2-regutat genes as well as effector proteins
HMOX1 and SIRT1 emphasize a master function of #mel@l transcription factor GATA2

for endothelial homeostasis.

Another important signal pathway identified in thnsrk is themiR-24-induced repression of
the anti-apoptotic kinase PAK4. Mechanistically,wioegulation of endothelial PAK4 is
responsible for decreased phospho-Bad expressisenad inmiR-24 overexpressing ECs
(figures 3.15/32). This supports endothelial celbatosis which is accompanied by impaired
tube formation in PAK4 silenced ECs. Indeed, prasiceports have shown that PAK4 drives
downstream phosphorylation of Bad thereby prevgnitsi mitochondrial membrane binding
which in turn is a prerequisite for apoptosis byochrome C release from the mitochondrial
intermembrane space (Gnesudiaal., 2001; Hekmanet al., 2006). In line, a defective
vascular phenotype has also been observed for leelddtPAK4 knockdown before (Ko&t

al., 2008). Lessons from PAK4 knockout animals dyingthe embryonic phase further
revealed an essential role for developmental vdsselation which fits to the phenotype of
aforementioned mutant zebrafish (Tienal., 2009). It is likely that endothelial PAK4 not
solely controls apoptotic decision by Bad phosplatign.
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Speculations on additional cellular tasks, likeortgd PKC-activated function for migration
processes (Paliouras et al., 2009), links PAK4denta further general cellular aspects which

have not been adressed in the current work.

Besides GATA2 and PAK4, endotheliahiR-24 also targets RASA1 and H2A.X.
Downstream analysis has not been performed foetfators but both proteins participate in
miR-24 signalling. Notably, RASA1 knockouts also suffesrh defective vasculogenesis and
of clinical importance, as RASA1 mutations are rdgd to guide capillary malformation-
arteriovenous malformation (Lapingdtial., 2007; Eerolat al., 2003). In a mechanistic view,
RASA1 is negatively controlling mitogenic RAS aaty by hydrolyzing GTP thus
functioning as a tumor suppressor (B#sal., 2007). However, endothelial RASA1 shows
weak pro-apoptotic function and no effects on dapiltube formation were found (figures
3.21/23). Endothelial modulation afiR-24 target H2A.X also revealed no severe functional
changes measured by apoptosis analysis or capitl#rg formation (figures 3.21/23).
Interestingly, H2A.X mediates DNA strand repair aymiR-24 dependent mechanism in
differentiated blood cells (Ladt al., 2009). Putatively, endothelial H2A.X executes im
functions. Therefore, repression would sensitizes E€ cellular stress mechanisms like

apoptosis or ROS seen in this work.

Altogether, endothelial cell characteristics arétiaally regulated by identifiedmiR-24

targets. Nevertheless, there are certainly mogetgroteins and signal mediators awaiting
exploration. Despite the lack of comprehensivedaayerview, it should be emphasized that
miR-24 signalling is maladaptive due to direct targetrespion and that antagonistic

approaches may be favorable.

4.4 Antagonizing miR-24 as a therapeutic option in
treatment of cardiovascular disease

The current working model suggests that blockinglefated endotheliahiR-24 expression
counteracts endothelial detoriatiom vitro. Theoretically, downstream target repression is
abrogated and effects on apoptosis and vascularnzate diminished.
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Indeed, under basal and hypoxic conditions, anMA-24 transfection increases viable
endothelial cell number (figure 3.9/10). Furthermorepression of endogenounsR-24
sustains and even slightly improves EC ability donf capillary tubes on matrigel (3.17).
However, it is a great challenge to translate tHe®skngs into a therapeutic cardiovascular
setting although translational miRNA research hasnbapplied in different cardiac disease
settings before. Usage of chemically modified aotégtic miRNA sequences, so-called
"antagomirs”, markedly repressed endogenous miRMNpressionin vivo and modulated
disease recovery. By way of example, our groupgeoed the first miRNA-based therapeutic
approach in a cardiac hypertrophy model (Thetnal., 2008). Furthermore, antagonism of
miR-92a improved vascularization in ischemic disease (Ben& al., 2009). In contrast,
silencing of endogenous endothelial-specifidk-126 inhibited angiogenesis after ischemic
insult (van Solingeret al., 2009). These findings indicate that miRNA downidagion can
especially modulate angiogenic response. While Berat al. applied a low dose for several
times, van Solingeret al. applied a single high dose injection antagomir.olr study,
titration experiments in comparing low (5 mg/kggrsus high (80 mg/kg) antagomir
retroorbital application revealed that a low dosesufficient to mainly target cardiac
endothelial cells (figure 3.35). Therefore, antagowas injected twice with 5 mg/kg after
experimental Ml to minimize antagomir off-side effe and effects on other cells such as
cardiomyocytes. Analysis ofmiR-24 expression in placebo and antagomir-treated hearts
validated an efficient repressive function of antag-24 in the cardiac system (figure 3.36).
Certainly, other highly vascularized organs may dle affected but have not been in the
scope of this study. To further exclude therapeside effects, other organs have to be
intensively characterized to weigh positiversus negative effects of an antagomir-24

treatment.

Characterization of functional heart parametersradintagomir-24 treatment highlighted a
general improvement in cardiac function (figure 73.3 Measurements for fractional
shortening, left ventricular diameter and pulmonagngestion emphasized that cardiac
function is preserved after MI-treatment with amtaiy-24. Noteworthy, antagomir-24-
induced changes in cardiac function parameterstptona possible involvement of

cardiomyocytes in the therapeutic response.
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Induction of cardiomyocyte hypertrophy lbgiR-24 overexpression has been shown before
(van Rooijet al., 2006). Nevertheless, application of low dose gmtair-24 should have
precluded strong impact on none-endothelial c@léken together, a contribution oiR-24

antagonism towards cardiomyocyte hypertrophy cabhaatiled out.

The main idea for performing the antagomir-24 stuelulted from the fact thatiR-24 was
upregulated after Ml and triggered endothelial apsig. Taking into account thatiR-24
downregulation would positively influence on endaial survival, it was assumed thaiR-

24 repression is beneficial under ischemic diseasglitions. In line, cardiac CD31 staining
in placebo and antagomir-24 treated animals depiatenarkedly enhanced capillary density
in border and infarcted zone (figure 3.38). Enhdraxegiogenesis after myocardial infarction
is generally described by the release of growtlofadike VEGF and induction in endothelial
FIk-1 expression (Liet al., 1996). Therefore, blockingiR-24 expression is capable to
support such vascular processes. In addition asd &tflecting the proposed model,
endothelial apoptosis might be blocked in antagdreated hearts compared to placebo ones.
Overall, increased cardiac capillary density ctntiés to improved cardiac functiqrost
antagomir-24 treatment. Further matrigel implaotatiexperiments revealed a general
improvement in vascularization by repressionneR-24 under basal conditions (3.39/40).
This indicates that modulation of endogenani&-24 expression may lead to side-effects
related to cancer progression (for cancers thgtaielangiogenesis). IndeediR-24 has been
described as a tumor suppressor miRNA before (Mishral., 2009). Direct targeting of
dihydrofolate reductase (DHFR) induced cell cyatest and blocked proliferation. Moreover
and of importance, cancer tumor miRNA profiling ealed decreasenhiR-24 expression
levels. Furthermore, DHFR single nucleotide polypiisms in 3"-UTR comprising theiR-

24 binding site were attributed to chemodrug resistaiMishraet al., 2007). These findings
emphasize thaniR-24 modulation guides angiogenic pathways in cancegadie. Therefore,
in vivo application of antagomir-24 must be carefully ¢dased. To overcome such diametral
effects, meaning positive effects for capillary sign in the heart but risk for cancer
progression, antagomirs” chemical characteristmsdnto be modified to develop cardiac
specific approaches. Unspecific and systemic dslivould be substituted to a highly

specific and efficient cell-type or organ delivery.
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4.5 Concluding remarks

The current work identified an endothelialR-24 —related mechanism that may be translated

into a potential cardiovascular therapeutic apgilica

Hypoxia and myocardial infarction enhanoeR-24 expression selectively in endothelial
cells. Thereby, apoptosis in endothelial cellsnduiced and formation of capillary structures
is abolished. Functional consequences are explaiyethe downregulation of important
endothelial mediators GATA2, H2A. X, PAK4 and RASAMiR-24 antagonism prevented
endothelial apoptosis and was applied in ianvivo model of myocardial infarction.
Therapeutic intervention by injection aiiR-24 antagonists preserved cardiac function and

improved capillary density in the infarcted heart.

Currently miRNA research covers many diseases amdtherapeutic approaches may have
great clinical relevance. Fundamental observatioiih respect to miRNA origin and

mechanism are deciphered but many unsolved issmaim. For instance, upstream and
downstream signalling differs for nearly every miRldnd needs to be deciphered in many
cell types. Furthermore, translation into clinicedenarios is a future aim but careful
consideration is needed since current antagomiroagpes are systemic and not cell-type or
organ specific and thus may have side-effects. Watihy, great efforts are underway to
translate promising findings for the treatment oépititis C infection in primates by

repression omiR-122 to the clinic (Lanfordet al., 2010) and indeed the first clinical study
has recently started (Santaris, Denmark, persarahwnication). Thus, miRNA-dependent
therapeutics will be in focus of future extensivlam@cterization and clinical drug

development.
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