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1. Abstract

1. Abstract

Non-Small-Cell Lung Cancer (NSCLC) is the most éreof human lung cancer and a major
cause of death due to its high rate of metastabimse facts emphasize the urgent need for the

investigation of new targets for anti-metastaterpy.

Up to now a number of genes and gene products baea identified that positively or
negatively affect the probability of establishedmtam tumor cell lines to metastasize
Previously, together with the group of Professof Bhpp, we have described the first
conditional mouse model for metastasis of NSCLC idedtified a gene;-MYC,that is able to
orchestrate all steps of this process. We couldhtiiye potential markers for detection of
metastasis and highlighted GATA4, which is exclagnexpressed during lung development, as
a target for future therapeutic intervenfiodowever, the mechanism underlying this metastatic

conversion remained to be identified, and was tbezdhe focus of the present work.

Here, GATA4 is identified as a MYC target in thevdpment of metastasis and epigenetic
alterations at th&ATA4promoter level are shown after MYC expression BALCin vivo and

in vitro. Such alterations include site-specific demetlgtathat accompanies the displacement
of the MYC-associated zinc finger protein (MAZ) finothe GATA4 promoter, which leads to
GATA4 expression. Histone modification analysistioé GATA4 promoter revealed a switch
from repressive histone marks to active histonekmafter MYC binding, which corresponds to
active GATA4 expression. This work identifies a abepigenetic mechanism by which MYC
activates GATA4 leading to metastasis in NSCLC,gastjng novel potential targets for the

development of anti-metastatic therapy.
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1. Zusammenfassung

Das nichtkleinzellige Bronchialkarzinom (Non-Sm@kll Lung Cancer/NSCLC) ist die
haufigste Form des Lungenkrebs und ist aufgrundeseihohen Metastasierungsrate fiur die

meisten krebsbedingten Todesfélle verantwortlich

Bisher konnte eine Vielzahl von Genen und Genprtetukdentifiziert werden, die einen
Einfluss auf das Metastasierungspotenzial von hemafumorzelllinienin vitro habeR. Vor
kurzem gelang es uns unter der Leitung von PrdfRURapp das erste konditionelle Modell der
Metastasierung von NSCLC zu beschreiben. Wir ifiergrten u.a. das Gen c-MYC, welches in
der Lage ist, in alle Schritte des Prozesses mheipnd einzugreifen. Im Rahmen dieser Arbeit
konnten wir potentielle Marker zur Detektion der thktasierung identifizieren. Unser
Hauptaugenmerk lag dabei auf GATA4, ein Gen, daswéhrend der Lungenentwicklung
exprimiert wird. Als potentielles Ziel fir spatetlkerapeutische Eingriffe erscheint es daher
besonders geeigrfetDie der Metastasierung zugrunde liegenden Meshaem sind bisher

weitestgehend ungeklart und stellen daher einend-dleser Arbeit dar.

Im Rahmen der vorliegenden Arbeit wurde GATA4 als gon MYC regulierter Faktor
identifiziert, der an der Entwicklung von Metastagdeeteiligt ist. Epigenetische Verdnderungen
am GATA4-Promotor nach der Expression von MYC kennsowohlin vitro als auchn vivo
nachgewiesen werden. Die Veranderungen beinhalttsspezifische Methylierungen, die
einhergehen mit der Dislokation des MYC-assozirergnc finger protein (MAZ), die zur
Expression von GATA4 fuhrt. Die Analyse der Histdledifikationen am GATA4-Promotor
ergab, dass nach der Bindung von MYC ein Wechselreprimierenden Histon-Markierungen

zu aktiven stattfindet, der mit der GATA4-Expressikorreliert. Im Rahmen dieser Arbeit
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konnte also ein neuartiger epigenetischer Mecharssidentifiziert werden, mit dem MYC
GATA4 aktiviert und auf diese Weise zur Metastadenng bei NSCLC fihrt. Gleichzeitig
wurden dadurch neue potentielle Zielstrukturendig Entwicklung von anti-metastasierenden

Therapeutika gefunden.
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2. Introduction

2.1. Lung development

The complex process of mammalian lung developmectudes lung airway branching
morphogenesis and alveolarization, together witliagenesis and vasculogenésiEhis process
is orchestrated by finely integrated and mutuadlgulated networks of transcriptional factors,

growth factors, matrix components and physicaldstc

The respiratory system arises from the ventral dareendoderth Following the embryonic
period, which in humans corresponds to the firat feeeks after fertilization, four overlapping
phases of lung development are recognized: pseamidglar, canalicular, saccular and alveblar
(Fig. 2.1). In the embryonic phase, lung appear®waginations of the primitive gut which
invade the surrounding mesenchyma. Two buds aneefdion the left side and three on the right,
representing the precursors of the mainstem broaddi lobes in the adult luhgin the
pseudoglandular phase, progressive and compleigativof the airways into smaller branches
occurs and the diaphragm is forfiedhis is followed by the canalicular phase where
vascularization of peripheral mesenchyme rapidigraases the capillaries move into close
contact with the surface epithelium, and connectidsue components are reduced to a
minimunT. During saccular phase additional respiratory ajmsv develop and the future
respiratory units (acini) differentiateThe epithelial cells differentiate into flat typeells and
larger type Il. The latest cells secrete a mixtfrépids and proteins called surfactant during the
final weeks of gestation which are essential taucedthe surface tension of the fluid, and have

antimicrobial properti€s Finally in the alveolar phase, which lasts astehe first 3 years of
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postnatal life alveolar formation commences, aneéal multiply greatly in number up to a total

of about 300 millions and reach a total surfaca af®ut 70 square meters

ALVEOLAR MULTIPLICATION CONTINUES

" T SACCULAR / ALVEOLAR

[[\] };#- __CANALICULAR -

PHASE
a1

PSEUDOGLANDULAR
Lung bud -
MBRYONIC
10 15 20 25 30 35 40 weeks 3 years
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl} ______
Lung budT Airway branching Alveolifirst Birth luminal liquid
formation pattern completed appear rapiddly cleared
Segmental airways
appear

Modified fron? and

Figure 2.1. Major events during lung development.
Lung formation starts at the third week of embrygotévelopment and extends to at least the third gfepostnatal

life and is divided in 5 distinct stages: embryomiseudoglandular, canalicular, saccular and adveol

The adult lung is mainly comprised of numerous aysy alveolar ductal lumens and alveoli
where the gas exchange of carbon dioxide and oxtajers place, as well as alveolar septa and
small pulmonary vessél§Fig. 2.2.A). Nearly 50 distinct types of cellsvieabeen identified in
the lungs. Endothelial and epithelial cells (pneaytes) and an attenuated interstitial space form
the barrier which separates the pulmonary capafrom the alveolar air. Two types of
pneumocytes can be found in alveoli (Fig. 2.2.B)e Type | cells are very flat and cover most of
the alveolar surface. The type Il cells are moregularly shaped and secrete surfactant proteins,

like surfactant associated protein C, Sp-C, whighte precursors of the type | pneumodtes
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Sp-C is also expressed by a rare cell populaticaténl at the bronchioalveolar duct junction,
which also express CC10, a marker for clara c&lese cells are called bronchioalveolar stem
cells (BASCs) and have been shown to be capabkelbienewal and differentiation and to

contribute to both the alveolar and bronchiolaedige3™°

Bronchial
region

Larynx

Visceral pleura

Parietal

pleura Trachea

I Alveoli
= Bronchus

Pulmunary
arteries
||"+\:1 Pulmunary
L = Middls lobe veins
Diaphragma

Modified from® and*

Figure 2.2. Anatomy and cell populations of the lug.
(A) Gross anatomy of lung and thorax. (B) Alveosdructure and cell populations. The putative lutegrscells
(BASC) are located at the junction between the dimary, bronchial region and the alveolar sac, axpress

markers from pneumocytes type Il (Sp-C) cells dadaccells (CC10).

2.2. Cancer

Despite the enormous amount of research on careelapment and therapy, this disease
continues to be a worldwide kilfér Cancer is defined as the abnormal growth of aeliich
tend to proliferate in an uncontrolled waynd is caused by both internal and environmental
factors. Internal factors include inherited mutasip hormones or immune conditions and

10
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environmental/acquired factors include tobaccot, dadiation and infectious organisthsThe
path to cancer is driven by accumulation of genetnd epigenetic alterations, involves
deregulation of many signaling pathways and reguihat somatic cells escape from various
intrinsic tumor suppressor mechanisms leading wontmolled cell growth. The identification

of genes and pathways involved in cancer progressiaoecessary to enhance our understanding
of the biology of this process, and to provide nengets for early diagnosis and facilitate

targeted treatmett

2.3. Lung cancer — NSCLC

Lung cancer is the leading cause of cancer-reldéadh worldwide due to its high metastasis
rate, and thus a major health probters the lung exposes an enormous area to thecemuent

to efficiently load the blood with oxygen, the dyalial cells lining its surface are continuously
exposed to air pollutants and are at high risk méagenic transformatidh Clinically, lung
cancer can be divided into 2 groups: Small Celld-@ancer (SCLC) which begins in the nerve
cells or hormone-producing cells of the lung andfmall-Cell Lung Cancer (NSCLC) which
derives from epithelial cells. Approximately 75% lahg tumors are NSCLC, which includes
squamous cell carcinoma, adenocarcinoma and laiyearcinom& The most frequent human
NSCLC is adenocarcinoma. Molecular abnormalitiefuiing cancers are found in both growth-
promoting oncogenes and growth-suppressing tumppressor genésA dozen regulators of
growth factor signal transduction were identifienl lte altered in lung cancers, especially
regulators of the EGFR-RAS-RAF-MEK-ERK signalingtwerk resulting in alterations on

regulation of cell cycle, gene expression and agmpt(Fig. 2.3).

11
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TGFa O EGFR overexpression:

O OO » Non-small cell lung cancer (14-91%)

A A e X XD
D

LI OO0 :.- P I I X X X I I O I I O O X I I X O X OO O X I I O I I O X O O O X X o OO0

3 —p Ras mutation:
EGFR* 0S | « Non-small cell lung cancer (30%)
‘Grbz ,
-

EGFR mutation: ‘
* Non-small cell lung cancer (10%)

O @ . Cytosolic
\ targets
OO l’ Gene expression
Growth
p— . .
Mitogenesis
Nuclear targets Apoptosis

SOV

*Mutated in human cancers

Modified from*’

Figure 2.3. Oncogene activation of the ERK-MAPK casade.

Mutationally activated RAF, RAS and mutationallytisated (by missense mutations in the cytoplasninase
domain in NSCLC) and/or overexpressed EGFR leagtsistent activation of the ERK-MAPK cascade imian
cancers. Activated ERKs translocate to the nucledmere they phosphorylate and regulate variousstrgstion
factors leading to changes in gene expression. dnicplar, ERK-mediated transcription can result tive
upregulation of EGFR ligands, such as ©GEhus creating an autocrine feedback loop thatritical for RAS-

mediated transformation and RAF-mediated gene esjme changé$

The oncogene K-RAS is mutated in ~30% of the cAs®GSLC, while EGFR is mutated in 10%
of the cas€¥. EGFR C-RAF andMYC are amplified in NSCLE™ C-RAF is a downstream
effector of RAS signaling but although only the R&S Pase is frequently mutated in lung

cancer, C-RAF protein feund to be amplified in different lung cancers cAmulated evidences

12
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of deregulation in the EGFR-RAS-RAF-MEK-ERK pathwiaylung cancer make this pathway
an important subject of research and pharmaceusicaltiny to identify novel target based

approaches for cancer treatniént

2.4. MYC

2.4.1. MYC protein family

MYC family of proto-oncogenes codes for basielix—loop—helix leucine zipper (bHLHZip)
transcription factors that regulate the expressmbrgenes involved in DNA synthesis, RNA
metabolism, and cell cycle regulation and are ddedgd and overexpressed in most cancer
cells”®. Members of this family include the well-charaited c-MYG N-MYCandL-MYCgenes
which have similar overall structures, consistinfy tbree exons with extensive areas of
homology®. The c-MYC gene is expressed during all stages of the celecgnd is normally
downregulated during differentiation. In contrddstMYC and L-MYC expression is limited to
particular stages of embryonic development, andmmature cells of the hematopoietic and
neuronal compartments in the adtlActivation of MYC genes occurs by amplification or loss
of transcriptional control, resulting in MYC proteoverexpression. In SCLEMYC N-MYCor
L-MYC are often amplified and aberrantly expressed, vesene NSCLC exclusivelg-MYCis

found affected and only in 5% — 10% of the c&ses

MYC-dependent transactivation requires heterodiragion with its bHLHZip partner protein
MAX. Both the interaction with MAX and transactiva are essential for proliferative and
oncogenic functions ot-MYC®. This dimerization enables specific binding of M¥X

complexes to BSCACGTG-3 and similar E-box DNA sequences in the promotdrsaoyet

13
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gene&’. The C-terminal 90 amino acids of the MYC protaie required for dimerization with

MAX and sequence- specific DNA bindifiqFig. 2.4).

e mEE

MB | MB I MB IlI MBIV b HLH Zip
NLS
Transactivation DNA-binding and
Domain (TAD) dimerization with MAX

Modified fron?*

Figure 2.4. Structure of the c-MYC protein.

c-MYC contains at least six regions which are hygtdnserved between MYC paralogs and orthologs. M€
N-terminal domain contains MYC Box | (MB I), MYC Bdll (MB Il) and MYC Box Ill (MB Ill). The MYC C-
terminal domain contains the MYC Box |V, the primauclear localization signal (NLS) and the bastixaloop-

helix leucine zipper domains (bHLHZip).

The N-terminal part of MYC proteins contains fougtily conserved elements, the MYC boxes
[, I'and 1lIl. MYC box | (MBI) is required for gene activation,tladugh the deletion of this
region only partially abolishes the transformingligbof MYC. MYC box Il (MBII) is essential
for the ability of MYC to transform, drive cell diferation, inhibit differentiation, repress gene
transcription, and activate certain target gendsjeMYC Box Il (MBIII), plays a role in

transformation, lymphomagenesis and apoptbsis

More recently a forth box has been described toladg DNA binding, transformation, and G2
arrest and apoptodts MYC exerts its main functions through gene retjofa by recruiting
transcriptional cofactors involved in modulation BINA polymerase Il function and of

chromatin structure, including histone acetyl tfarese (HAT) complexes. These are engaged

14
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through interactions with the conserved MYC box(MBII) in the transactivation domain
(TAD) or with the bHLHZip domaift (Fig. 2.4). Thebinding sites of MYC-proteins are ~25,000
in the human genome, which by far exceeds the nuoflddYC molecules available in one cell,
suggesting that a relatively brief binding of MY@atls to longer-lasting changes in the

chromatin organizatidf

Carcinogenic events which lead to MYC deregulagoforce cells to undergo a transition to a
hyperproliferative state, increase cell migratiomd andependent anchorage growth ability,
decrease cell adhesion and lead to metaStasisvever, MY C activation also provokes intrinsic
tumor suppressor mechanisms including apoptosibulare senescence and DNA damage
responses that act as barriers for tumor develogmeRistinct threshold levels of MYC
discriminate between normal and oncogenic M¥@ivity: while low levels of deregulated
MYC drive ectopic proliferation of somatic cells caroncogenesis, activation of apoptotic

pathways requires MYC over-expres<ion

2.4.2. Cooperation partners

Although the c-MYC oncoprotein is required and might for the induction of cellular
proliferation, its role in the induction of apop®feeds to be cancelled by the cooperation of
another oncogenic partner to promote tumorigengsigression. The cooperation of c-MYC
with KRAS or LKB1 is sufficient to drive tumorigesi’. Nevertheless, progression to
metastasis is not achieved by the combination ekdhoncoproteins. In contrast, C-RAF
cooperates with c-MYC in tumor progression and stefds induction by suppressing apoptosis

as described in the RAF-MYC balance model (Fig)2%
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Figure 2.5. The balance model: Cooperation betwedRAF and MYC oncoproteins.
Different cellular responses regarding proliferatidifferentiation, senescence, apoptosis and wlyvilepending

on the relative expression/activity levels of RAtlaMYC.

A hematopoietic lineage switch induced by a repaiogning of B lymphocytes to macrophages
was previously observed as a result of RAF/MYC cimaitiort®. Moreover, the expression of c-
MYC in addition to C-RAF in type Il pneumocytes protes rapidly NSCLC tumor growth and
is sufficient to induce metastasis to liver and fpymnodes. This combination cause the
appearance of a phenotypic switch from cuboid@lt@olar Papillary Columnar Epithelial cells

(APECS) that are the most rapidly growing tumotscahd also predominate in liver metastasis

2.5. Cancer stem cell hypothesis
The cancer stem cell hypothesis suggests that mhaoy all tumors arise from both genetic and
epigenetic changes in fully differentiated cellattban lead to genetic and phenotypic instability.

These alterations induce dedifferentiation resgltin the reactivation of a sub-set of genes
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expressed in progenitor or organ-specific stem. c&he subpopulation of cells that

dedifferentiate as a consequence of reprogrammuegte induced by oncogenes are called

cancer stem cells or cancer initiating cells. Theedbs have the capacity to sustain tumor growth

by self-renewal, differentiation into the cell tygef the original cancer and potent tumor

formatior’®. It has been shown for mixed leukemia lineage tingtloid progenitor cells acquire

properties of leukemia stem cells without changingir overall identity. These cells do not

become stem cells but rather develop stem cellligdeavior by reactivating a subset of genes

highly expressed in normal hematopoietic stem Telle plasticity of functionally mature cells

is induced by oncogenes likeMYC or C-RAF®. It has been postulated by Rapp et al. that

oncogeny is a faulty reversal of ontogeny and thatelude to metastasis is the acquisition of

phenotypes that are more primitive than those dbanaing organ specific stem cells (Fig.

2.6Y°.
A B C
Blastocyst N Blastocyst A
& &
J 4
Gastrula Gastrula
> > / . \ ol O
&S| Ectoderm l Mesoderm | & | Ectoderm l Mesoderm | 2 S| Ectoderm l Mesoderm | 2
= = ale a
= Endoderm = Endoderm = Endoderm
c c 3 = @ ]c S @
o / e ™ o) % £ 4\\ 2 |o / Myc\\ 2
a 53
Bronchial Bronchial Bronchial fose
/ Tree \ /2 Tree 2\\\ / Tree T~
Type | Columnar Type | Columnar Type | Other  Columnar
Lung cells cells Lung cells cells Lung cells b Factors  cells
v Type Il v Type Il v Type Il
Lung cells Lung cells Lung cells

Figure 2.6. Metastasis as a faulty reversal of ongeny.
(A) Endodermal origin of the lung. Following gad#tion the definitive endoderm gives rise to theniive gut

tube, followed by secondary bud formation and bnémg morphogenesis, resulting in the formationhaf bronchial

17
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tree. Upon terminal differentiation the most diggion of the lung is organized into alveoli, whéwo types of
epithelial cells are found: type | cells and culabitype Il celld’. (B) Induction of plasticity in type Il lung cells.g.
by a combination of oncogenic RAF and MYC, allowsarsal of differentiation of the type Il cellsdarlier points
in their ontogenic histofy This may lead to other lung cell types (1,2)@cells mimicking the phenotype of cells
from the primitive gut tube (3,4). Upon evasionnfréthe primary tumor these cells home to tissuesciwiesemble
their phenotype, e.g. liver. Dedifferentiation iscampanied by a gain of novel potential metastiigets and
increase in malignancy of the turfibr(C) A differentiation block imposed by forced MY&xpression or by p53
ablation (a) or by other factors (b) prevents fedéntiation and may further increase plasticitg aeterogeneity of

the transformed cell populatith
This dedifferentiation confers to the cancer c#iks ability to populate organs different from its
origin by loss of organ identity. The reprogrammagents triggered by oncogenes might have

important consequences for the prevention, the nosiic evaluation and the treatment of

cancet’.

2.6. Metastasis

The main reason for most of cancer related deatin®ti the primary neoplasms, but secondary
tumors, the metastadfs The six hallmarks of cancer are distinctive aramplementary
capabilities that enable tumor growth and metastdissemination. They include sustaining
proliferative signaling, evading growth suppressoesisting cell death, enabling replicative
immortality, inducing angiogenesis, and ultimatatfivating invasion and metasta&disA tumor
which has not yet reached an invasive phenotymdtén referred as “carcinoma in situ”. The
capability to leave a primary tumor, travel via tieculation to a distant tissue site and form a

secondary tumor is referred as metastasis

Most cancer cells in a primary tumor have a ‘met&stphenotype’, indicating that metastatic

spread is an early event in tumorigen¥siMetastasis is a complex multistep process which
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includes local tumor cell invasion, entry into teesculature followed by the exit of carcinoma
cells from the circulation and colonization at thistal site¥’ (Fig. 2.7). The sequential nature of
this metastatic cascade implies that failure to glete even one of these steps eliminates the

possible development of secondary colonizafion

Primary tumor

@ Invasion and Metastasis

migration @Proliferation and

. angiogenesis
o
@ Intravasation o "
o
(@) @Extravasation

( ‘o o ©0 o0 O O 0

@Circulation

>

Modified fron?

Figure 2.7. Metastatic cascade.
The biological process of metastasis is a compdsxade with multiple steps: invasion and migratioimavasation,

circulation, extravasation and proliferation angiagenesis.

In the first step of metastasigwvasion and migration, individual cells detach from the primary
tumor and invade adjacent tissue. The loss of Ba@d by carcinoma cells, a key cell-to-cell
adhesion molecule, is a well characterized altemaduring this ste}. Additionally, several lytic

enzymes are secreted to degrade the ECM (extriselluatrix) and therefore facilitate
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migratior’?. After invasion, tumor cells migrate as a respotsechemokine and adhesive

molecules gradients such collagene and fibron&ctin

The intrusion of cancer cells into the blood andpyatic vessels is referrediagravasationand

is followed bycirculation of the tumor cells. To settle at distant sites,ducells have to travel
through the blood stream and withstand the contipresent in the blood. These conditions
include high concentrations of oxygen and cytotdyiophocytes which are toxic for the cancer
cells®’. Escape of cancer cells from the circulatiert(avasatioh is thought to be a major rate-
limiting step in metastasis, with few cells beirgeato extravasateé Duringextravasationcells
get stuck in the capillaries of a distant organ &ale the blood stream by penetrating the
endothelium through proliferation and/or proteaytinzymé?. The last step of the metastatic

cascade includes colonization, proliferation angi@genesis.

At this point, the neoplastic cell settles at distargans and builds a secondary tumor. This
second tumor proliferates and induces neo-angiaignghich greatly improves blood supply of
oxygen and nutrients and a system for the removailvaste products, permitting rapid
growtt*>*”. Angiogenesis is regulated by signaling protefra bind to stimulatory or inhibitory
cell surface receptors displayed by vascular emiathcells. The well-known prototype of
angiogenesis inducers and inhibitors is the Vasddtaothelial Growth Factor-A (VEGF-A)
which is produced by hypoxic tumor cells and throspmondin- 1 (TSP-1), respectivély
Although metastasis is an inefficient process bsedaw cells are able to overcome the adverse
conditions between their entry into the circulatiand settlement at a distant organ, the

consequences of this process are often devastimp high rate of treatment faildte
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2.7. GATA family

GATA factors are a group of highly conserved traigional regulators that play crucial roles in
the development, embryonic morphogenesis and diftetion of all eukaryotic organisms.
Impaired function or reduced expression of theseteprs contributes to malignant
transformation due to failure of the affected cédisnature and exit the cell cycle. Therefore, a

role of this family of genes in human cancers issuprising’.

GATA factors bind to the common WGATAR motif found the transcriptional regulatory
regions of numerous genes. In vertebrates, thigyfarmmprises six members (GATA1-6) which
share a conserved DNA-binding domain composed ofrtwiltifunctional zinc fingers involved
in DNA-binding and protein-protein interaction witbther transcriptional partners and/or
cofactors (Fig. 2.8%. The members of the GATA family can be separaitd iwo subgroups
based on their temporal and spatial patterns. WBAGA1/2/3 are expressed in hematopoietic
cell lineages and are essential for erythroid amgakaryocyte differentiation, proliferation of
hematopoietic stem cells, and development of T lyoagtes, GATA4/5/6 proteins are mainly
found in tissues of mesodermal and endodermalrosgich as the heart, gut, and gofads
However, this characterization does not justicého much broader tissue distribution of most
GATA proteing®. Indeed, the abundant expression of GATA prot@inseveral cell types of
various endocrine organs together with their evgpaading list of target genes strongly
indicates that these factors are essential regslatocell specific gene expression involved in
development, differentiation, and function of emitoe cell§®. GATA factors can function in
undifferentiated progenitor cells interfering irethexpansion, or direct the maturation and cell

cycle withdrawal in terminally differentiating cellThus, it is to be expected that mutations, loss
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or overexpression of GATA factors contribute to tevelopment of cancer in humans,

including leukemia, breast or gastrointestinal eagi&

GATA1 N-term 2 @i g C-term
Hematopoietic GATA2
group
GATA3
GATA4
Cardiac GATAS
group
GATAG6

Modified from*?

Figure 2.8. Structure of the vertebrate family of GATA proteins.

GATA factors share a conserved DNA-binding domainsisting of 2 zinc fingers (ZnF). The different GA
factors can be divided into 2 subgroups based teshpand spatial distribution: the hematopoietic golp
(GATA1/2/3) and the cardiac subgroup (GATA4/5/6)afsactivation domains are found in both the N-beah(N-

term) and/or C-terminal (C-term) portions of thffetient GATA proteins. NLS, nuclear localizatiomsal.

The member of this family, GATA4, plays a role iarly endoderm developmént regulates
genes involved in cardiac differentiation, is anpeortant regulator of apoptosis and cell
proliferation in humans and is essential for thentemance of jejunal-ileal identities in adult

44,45

mice In the intestine, GATA4 cooperates with TBRo activate gut epithelial gene

expressioff. In addition, this transcription factor was red¢gshown to control the expression of
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Bcl-2 antiapoptotic factor and the cell cycle regat cyclin DZ2°. Its transcriptional activity was

shown to be attenuated by direct methylation byRblycomb-repressive complex 2 (PRE2)

2.8. Epigenetic changes in cancer

Epigenetics is defined as “heritable changes inegexpression that are not accompanied by
changes in DNA sequené®” Epigenetic mechanisms provide an "extra" layerarscriptional
control that regulates how genes are expressedseTheechanisms are critical for normal
development and growth of céflsin the cells, DNA is wrapped around clusters lbglar
histone proteins to form nucleosomes. These nuamiees are organized into chromatin and
changes in the structure of chromatin stronglyumfice gene expression. Genes are silenced if
the chromatin is condensed and expressed if tharatm is opened. These dynamic chromatin
states are controlled by reversible epigeneticepagtof DNA methylation, histone modifications
and nucleosome remodelffigLike most biological processes, silencing carobee deregulated
resulting in the development of diseases like cdfic@he loss of normal DNA methylation
patterns is the best understood epigenetic caudiseds€. DNA methylation is the addition of
methyl groups to cytosines catalyzed by at leastettbNA methyltransferases (DNMTSs). The
methylation takes place only at cytosine basestéoc& to a guanosine in a CpG dinucleotide.
Most CpG islands are located in the proximal pra@nog¢gions in the mammalian genome, and
are, generally, unmethylated in normal G8I[§ig. 2.9.A). DNMTs found at the replication fork,
copy the methylation pattern of the parent strantb ¢the daughter strand during S-phase. This
makes methylation patterns heritable over many rg¢ioas of cell divisions. The silencing
mediated by DNA methylation occurs in combinatiathvhistone modification and nucleosome

remodeling, which together establish a represdivernatine structure (Fig. 2.9.B).
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Figure 2.9. Epigenetic patterns in normal and cancecells.

(A) DNA methylation. In normal cells, nearly all ¢fie CpG dinucleotides are methylated whereas Gpeahds,

mostly residing in 5° regulatory regions of genae unmethylated. In cancer cells, many CpG isldr&tome

hypermethylated, in conjunction with silencing bkir cognate genes, while global hypomethylationsthy at

repetitive elements, occurs. (B) Chromatin andohistmodification. Active genes are associated adttylation of

histone tails, methylation of lysine 4 on histon8 HH3K4), and nucleosome depletion at their promsot&he

promoters of silenced genes (drawn here in conjomovith DNA hypermethylation) become associatedhwi
nucleosomes, lose acetylation and H3K4 methylatiarnks, and gain repressive methylation marks sadisine 9

or 27 on histone H3, which recruit repressive caxe$™.

The building blocks of nucleosomes — the histonesindergo several post-translational

modifications that regulate chromatin structurenegexpression and DNA repair. The key link

24



2. Introduction

between DNA methylation and histone modificatiorthie recruitment of histone deacetylases
(HDACSs) to methylated DNA during chromatin compantiand gene silencig The DNA in
these transcriptionally silent regions is packedo ircompact nucleosomes containing
deacetylated histones, in particular histone H8, this state helps to maintain nucleosomes in a

compacted and transcriptionally silent state

Together with acetylation, histone methylation he tmost well studied histone modification.
Histone methylation occurs mainly at histone lysiasidues. In general, regions silenced by
DNA methylation show hypermethylation and hypoalsiyn of specific histone lysine
residues, such as lysine 9 or 27 in histone H3redsehyperacetylation of histones H3 and H4,
and methylation of lysine 4 of histone H3 chardeeethe transcriptionally active chromatin
These epigenetic alterations lead to aberrant denetion and altered pattern of genes
expression which are key features of caficénss of acetylation at lysine 16 and trimethylati

at lysine 20 of histone H4 is a common hallmark hoiman cancéf, and global histone
modifications patterns predict risk of prostate asti. Growing evidence suggests that these
patterns may be generated by upstream-acting “@nogjr involving the Polycomb group
complexes (PcGs) that went wrong. PcGs are protemsiplexes responsible for the
maintenance of long-term silencing of genes, medialy the histone methyltransferase EZH2 of
the Polycomb-repressive complex 2 (PCR2), whidknswn to be upregulated in tumors and is
involved in tumor progressidh EZH2 methylates lysines 9 and 27 of histone HBictv are
markers for silenced chromatfhAlso both hyper- and hypo methylation of individli€pG sites

in the promoters are common in cancer either by édsggene function like tumor suppressors or
activation of genes that promote carcinogen@sius, it is today widely accepted that cancer is

an epigenetic disease at the same level that ibeaonsidered a genetic dise4se
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2.9. Previous work and aim of the project
It was previously shown by the group of Prof. Répgt RAF/MYC combination leads to ectopic
expression of intestinal selector genes, reminisoéithe ability of MYC to induce a myeloid

lineage switch of RAF transformed B-céfls

Kerkhoff et al showed the induction of premalignant lesionsatage of two weeks in a mouse
model for human NSCLC (Sp-C-C-RAF) where @drRAFtransgene is specifically expressed in
lung alveolar type Il epithelial ceff§ In this model, no metastasis could be found inngpor
old animals. A compound mouse model that in additm constitutive expression of C-RAF,
expresses the transgetYCin lung alveolar type Il epithelial cells (Sp-CRAF-BxB/Sp-C-
c-MYC) have been shown to induce early macrometasta liver and lymph nodes indicating

that c-MYC expression is a major determinant ir$ {iriocess. Moreover, the combination of ¢

MYC and C-RAF caused appearance of a phenotypiciswiiom cuboidal to Alveolar Papillary
Columnar Epithelial cells (APECs) that are the miagtidly growing tumor cells and also
predominated in liver metastasis. The transplamtatif immunodeficient mice with a high c-
MYC expressing A549 cell clone showed the develapnoé metastasis in the liver and lymph

nodes, establishing c-MYC as a strong metastadiging gene for NSCLE

The expression of the intestine maintenance trgtsur factor GATA4 has been observed in
the lung tumors and liver metastasis of Sp-C-C-HBXB/Sp-C-c-MYC compound and Sp-C-c-
MYC single transgenic mice. In contrast, GATA4 wassent in the lung tumors of Sp-C-C-
RAF-BxB animals, which expressed GATAG insteadtraascription factor that is involved in
airway regeneration. GATAG is an upstream factomf ©F1, which in turn is necessary for the
activity of the Sp-C promoter. The GATA4 ectopigadixpressed in lung cells was shown to be

functional, as the expression of its target mueir® detected. The expression of Cdx2, another
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selector gene that marks intestinal lineages waslei@cted in primary tumors or metastasis of

any of the genotypes highlighting GATA4 as a ndw¥IC target.

Although the data from the previous work directpply to metastatic human lung cancer and
identify a novel treatment target, the way in whitlese genes may contribute to metastatic

process remained to be elucidated

Therefore, the aim of the present work was to ingate the role of GATA4 in MYC induced
metastasis in more detail and to get insights thi® molecular mechanisms and signaling

pathways involved in metastasis of NSCLC.

27



3. Materials and Methods

3. Materials and methods

3.1. Materials

3.1.1. Instruments

Instrument Model and Manufacturer

Array scanner lllumina

Cell counter chamber Burker

COzincubator Heracell 240i — Thermo Scientific

Electrophoresis power supply PowerPac 200 — Bio-Ra

Electrophoresis unit for Agarose Gels Sub-cell®-@jio-Rad

Electroporator MicroPulséf - Bio-Rad

Fluorescence microscope TCS SPE - Leica

In vivoimaging system Maestro EX imaging system - CRi iffo, MA)

Low light imaging system Argus 100 - HamamatsudBewater, NJ

Megacentrifuge Megafuge 1.0 — Heraeus Instruments

Microcentrifuge Centrifuge 5415D — Eppendorf

Microplate reader Infinite M200 — Tecan

Microscope DM IL — Leica

Microtome Leitz — Wetzlar

Paraffin embedding machine EG1150 — Leica

pH meter pH 720 WTW series — inoLab

Photometer Biophotometer — Eppendorf

Pipettes P1000, P200, P100, P10 — Eppendorf

Real-Time PCR systems Step One Plus — Applied Btesys
LightCycle® 480 - Roche

Sequencer Roche 454 FLX Standard

Shaker HT — Infors AG

Spectrophotometer NanoDrop® ND-1000 — peqlab

Thermoblock TDB-120 — Lab4you GmbH
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Instrument

Model and Manufacturer

Thermocycler
Transilluminator
Vortex
Waterbath

3.1.2. Chemical reagents

Reagent

T3 Thermocycler — Biometra
Dark Hood DH 40/50 - Biostep
Vortex Gene2 — Scientific Industries

Amersham-Buchler

Manufacturer

1kb DNA ladder

Absolute QPCR SYBR Green Mix
Agarose, ultra pure
Ampicillin

Bacto-Agar

Bacto-Tryptone
B-Mercaptoethanol

Bovine serum albumin (BSA)
Chloroform

DAPI

DEPC

Diaminobenzidine (DAB)
Dimethylsulfoxide (DMSO)
Doxycycline

dNTPs

EDTA

Entellan

Eosin

Ethanol

Ethidiumbromide

Fetal Calf Serum (FCS)

Fermentas

Thermo Scientific
Invitrogen
Sigma
Roth
Roth
Roth
Sigma
Roth
Sigma
Roth
Sigma
Sigma
Sigma
Fermentas
Sigma
Merck
Merck
Roth
Invitrogen

Invitrogen
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Reagent Manufacturer
Formaldehyde Roth
Glacical acetic acid Roth
Glycerol Sigma

HCI Roth
Hematoxylin Merck
HEPES Roth

Hydrogenperoxide (30%)
Isopropanol

Ketanest
Lipofectamine™ 2000
Luciferin

Methanol

Mowiol

MTT dye

NacCl

Paraformaldehyde (PFA)
Paraffin wax
Phosphate-buffered saline (PBS)
Polybrene

Puromycin

Rompum

PerfeCT4 SYBR® Green FastMiX,
ROX™

Serum (rabbit, goat, donkey)
Sodiumdodecylsulfat (SDS)
Tamoxifen (OHT)

Tissue TEK (OCT)
Trichostatin A (TSA)

Tris

Triton X-100

Hartenstein
Roth
Pfizer
Invitrogen
Promega
Hartenstein
Calbiochem
Sigma
Roth
Sigma
Merck
Gibco
Sigma
Sigma
Bayer

Quanta Bioscences

Chemicon
Roth
Sigma
Chemicon
Sigma
Roth
Sigma
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Reagent Manufacturer

Xylol Roth

Yeast-extract Invitrogen

Zeocin Sigma

3.1.3. Buffers and solutions

Solution Composition
1,2 ml Glycerol

6x DNA loading dye

Lysis buffer

Tail lysis buffer

TE buffer

3.1.4. Enzymes

1,2 ml 0,5 mM Na2EDTA
300pul 20% SDS
bromphenol blue

Water (up to 10 ml)

10 mM TrisHCI

1 mM EDTA

1% w/v of Tween 20
100pg/ml of proteinase K

50 mM EDTA
50 mM Tris-HCI (pH8.0)
0,5% SDS

1 mM EDTA
10 mM Tris-HCI (pH8.0)

Enzyme Manufacturer
Calf Intestine Alkaline Phosphatase Fermentas
(CIAP)

DNasel Fermentas
Proteinase K Roth
Restrictionendonucleases Fermentas
RNaseA Fermentas
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Enzyme ‘ Manufacturer
T4 Ligase Fermentas
Taqg Polymerase Genecraft
3.1.5._ Consumable material

Material Manufacturer

96-well plates
Cell culture flasks

Cell culture plates

Gene pulser cuvette, 0.1 cm electrode g

Cryotubes

Falcon Tubes (15 and 50 ml)
Glass coverslips

Glass slides

Micro tube (1,5 and 2 ml)
Pasteur Pipette

Petri dish

Scalpel

Syringes

3.1.6. Antibodies

Antibodies (Immunochemistry)

Nunclon A/S, Greiner bio-one

Sarstedt
Sarstedt

ap Bio-Rad

Sarstedt
Sarstedt
Leica

Leica
Eppendorf
Hartenstein

Roth

Hartenstein

Braun

Catalog Number — Manubcturer

Anti-GATA4 (mouse)
Anti-Pro Sp-C (rabbit)

Antibodies (ChlIP)

sc-25310 AC — Santa Cruz
gift from Jeffrey A. Whitdet

Catalog Number — Manufacturer

Anti- chicken-MYC

gift from Klaus Bister
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Antibodies (Immunochemistry)

Catalog Number — Manugcturer

Anti- DNMT1
Anti- DNMT3a
Anti-DNMT3b
Anti- EZH2
Anti-GATA4
Anti-GATAG6
Anti-H3K4me2
Anti-H3K4me3
Anti-H3K9me2
Anti-H3K9me3
Anti-H3K27me3
Anti-MAZ
Anti- POLII

39204 - Active motive
ab13888 - Abcam
39207 - Activ motive
AC22 - Cell Signalling
sc-1237 - Santa Cruz
sc-9055 - Santa Cruz
07-030 — Upstate
07-473 — Upstate
ab1220 — Abcam
ab8898 — Abcam
07-449 — Upstate
ab85725 — Abcam
4H8 ab5408 —Abcam

Secondary antibodies Manufacturer
Anti-mouse-biotinylated (rabbit) Dako
Anti-rabbit-biotinylated (goat) Dako
Anti-goat-biotinylated (rabbit) Dako

Anti-mouse-Cy3 (goat)
Anti-goat-Cy5 (donkey)
Anti-rabbit-Cy3 (donkey)

Jackson Immuno Research
Jackson Immuno Research

Jackson Immuno Research

3.1.7. Plasmids

Name Source Resistance
pLKO.1-puro-shGATA4-24 Sigma Mission® shRNA Anth Purd®
pBpuro c-MYC-ERY T. Littlewood® Amp®, Purd®
pEGZ F. Ceteci Amp zed?

33



3. Materials and Methods

Name Source Resistance
pPEGZ-GATA4 -11 This work Amp Zed®
pGL3 Luciferase Reporter| Promega Amp
pGL3_GATA4 Prom_455| This work Arfip
pLKO.1-puro-shGATA4-26 Sigma Mission® shRNA Anih Purd®
pLKO.1-puro-shMAZ-345 | Sigma Mission® shRNA AfPurd

3.1.8._Oligonucleotides for genotyping

Mouse Line Name Sequence (5"->3")
oG MY SpC_Si1 GAGGAGAGGAGAGCATAGCACC
P SpC-cMyc AAGGACTTGGCTGGCAGACAGG
CRaf s GCTGGTGTTCATGCACTGCAG
SP-C-C-RAF-BXB | cpat as AAAGACTCAATGCATGCCACG
o CortTA ftta_s TCCTGGCTGTAGAGTCCCTG
P rtta_as CTCCAGGAACCCACTCTCTG
Tet-0_new TAGAAGACACCGGGACCGATCCAG
Tet-0-C-RAFBXB | cpafas AAAGACTCAATGCATGCCACG
etooYC Tet-0_new TAGAAGACACCGGGACCGATCCAG
Teto-myc CTGGTTCACCATGTCTCCTCCTCCCAG

3.1.9. Oligonucleotides for cloning

Name Sequence (5->3")

GATA4_fwd AAAAAAGAATTCATGTATCAGAGCTTGGCCATGG
GATA4_P_455 fwd AAAAAACTCGAGGGAACTAGCATCCAGCC
GATA4_P_rev AAAAAAAAGCTTGCTGCAGCGGCGACGAA
GATA4 rev AAAAAAGAATTCTTACGCAGTGATTATGTCCCC
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3.1.10. Oligonucleotides for Real-Time PCR

Name Sequence (5->3")

B-actin (HS) sense: ACGCAGTCAATAAGTGATACCA
anti-sense: GGATGTTTCCTGGTCAGCCT

ANG1 (HS) sense: AAACAGCTGGAACCCATCTCCCGT
anti-sense;: CCGGCCCTGTGGTTTGGCATC

BMP4 (HS) sense: GTGCCATCCCGAGCAACGCACT
anti-sense: GCGTGGCCCTGAATCTCGGCG

CD30 (HS) sense: CCGTGTCTGCGAATGTCGACCCG
anti-sense;: GGGAAGCCGGCTCACAGACCGT
sense; CTACATGGCCGACGTGGGAG

GATA4 (HS) anti-sense: CTCGCCTCCAGAGTGGGGTG

GEP sense: GCAAGCTGACCCTGAAGTTCATC
anti-sense: TCACCTTGATGCCGTTCTTCTG

HIF1A (HS) sense: TTAACTTTGCTGGCCCCAGCCGC
anti-sense: TGGCGTTTCAGCGGTGGGTAATGG
sense; CCACGGGCTGGCCACGGTC

HKDC1 (HS) anti-sense: ACATTCGCACTGACCTCCGTCCA

HNF4A (HS) sense; AGCTGGCGGAGATGAGCCGGG

KCNAB2 (HS)

LAMC2 (HS)

MYC (GG)

MYC (HS)

mucin2 (HS)

anti-sense: ACCTGGGAACGCAGCCGCTTG

sense: TGGGCAAGTCTGGCCTGCGG
anti-sense;: GCCGGCTGCGTAGACTTCTGCTG

sense: AGGGACCGCTGTTTGCCCTGC
anti-sense;: GCACCCCGCATCCGTGAGCA

sense: CGGCCTCTACCTGCACGACC
anti-sense;: GACCAGCGGACTGTGGTGGG

sense: GCCCACCACCAGCAGCGACTCT
anti-sense;: CGCCTCCCTCCACTCGGAAGGAC

sense: CGACTAACAACTTCGCCTCCG
anti-sense;: CGCGGGAGTAGACTTTGGTG

35



3. Materials and Methods

Name

Sequence (5->3")

NFKB1 (HS)

SLC6A15 (HS)

TGF$1 (HS)

VEGFA (HS)

CHIPGATA4_up

sense: AGCCCAGCGAGGCCACCGTT
anti-sense: GCAGTGAGATGGCGCTGGACGG

sense: TGGCTGCCTGGGTCATGGTTTGC
anti-sense: GGGGTAAACATGTGGCGAATGCCATC

sense: CCTGGCGATACCTCAGCAACCGGC
anti-sense: TGCTGTCACAGGAGCAGTGGGCG

sense: CCAGGCTGCACCCATGGCAGA
anti-sense;: AGCAGCCCCCGCATCGCATC

sense: CGGAGACCCCAGAGCCTG
anti-sense: CTCTCTACCTCCAGACAAGC

3.1.11. Oligonucleotides for bisulfite sequencing

Name

Sequence (5->3")

COGATA4-prom_up

COGATA4-prom_lo

454-COGATA4-prom_up

454-COGATA4-1_lo

TAATAAAGTTGATTTTGGGTATTATAG

CCCTACCTACTAAACCTAAAAATTC

GCCTCCCTCGCGCCATCAGXXXTAATAAAGTTGATTTTGG
GTATTATAG

GCCTTGCCAGCCCGCTCAGXXXXCCCTACCTACTAAACCT
A AAAATTC

3.1.12. Kits

Kit Manufacturer
DNeasy Blood & Tissue Kit QIAGEN
EpiTect Bisulfite Kit QIAGEN
First Strand cDNA Synthesis Kit Fermentas
ONE-Glo™ Luciferase Assay System Promega
peqGold TriFast! Peglab
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Kit Manufacturer
QIAquick Gel Extraction Kit QIAGEN
QIAquick PCR Purification Kit QIAGEN
QIAprep Spin Maxiprep Kit QIAGEN
QIAprep Spin Miniprep Kit QIAGEN
TOPO TA Cloning kit Invitrogen

3.1.13. Bacterial strains

Strain

‘ Source

E. coliDH10b

3.1.14. Cell lines

Line

‘ Department of Microbiology, University of Wilourg

Source

A549

A549 GATA4-11

A549/GFP

A549 J5-1

A549 MYC-ER

Caco-2

HelLa

Human alveolar basal epithelial adenocarcinoma
Department of Microbiology, University of Wirzburg

Human alveolar basal epithelial adenocarcinoma
This work

Human alveolar basal epithelial adenocarcinoma
Michael Hel3, Department of Biochemistry, University
Wirzburg

Human alveolar basal epithelial adenocarcinoma
Professor U. R. Rapp

Human alveolar basal epithelial adenocarcinoma
This work

Human epithelial colorectal adenocarcinoma
Department of Microbiology, University of Wirzburg

Human cervical cancer
Department of Microbiology, University of Wiirzburg
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Line

‘ Source

Phoenix ampho

3.1.15. Mouse lines

Line

‘ Department of Microbiology, Universif Wirzburg

Source

Athymic Nude - Foxnlnu
Sp-C-c-MYC
Sp-C-C-RAF-BxB

Sp-C rtTA

Tet-o-c-MYC
Tet-0-C-RAF-BxB

3.1.16. Media and additives

Bacterial culture

Luria-Bertani (LB) Medium

Harlan Winkelmann
GmbH

Gift from R. Halter
Professor U. R. Rapp
Gift from J. Whitsett
Gift from T. Wirth
Professor U. R. Rapp

g for 1 Liter of Water

Bacto-tryptone
NacCl

Yeast extract

10
10
5

After the substances were dissolved in water, tHewas adjusted to 7.5 using NaOH. For

production of plates, 15 g of bacto-agar were adddéldmedia were autoclaved for 20 min at

120°C. Antibiotics for the production of selectiygates were added after cooling of the

autoclaved liquids to about 45°C. The plates weyeed at 4°C.

Antibiotic

‘ Stock solution ‘ Final concentration

Ampicillin

‘ 100 mg/ml in H20 ‘ 10Qg/ml
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3.1.17. Eukaryotic cell culture

Medium Manufacturer
DMEM Invitrogen
Antibiotic Stock solution

Final concentration

Fetal Calf Serum (FCS)
Penicillin/Streptomycin
Trypsin-EDTA

3.2. Methods

3.2.1. Bacterial manipulation

Invitrogen
Invitrogen

Invitrogen

Preparation of electrocompetent cells

10x stock
10x stock

For preparation of electrocompetent cells, 30 ml ir®dium were inoculated witk. coli

DH10b and incubated over night at 37°C. 1 ml ofdkernight culture was diluted with 100 ml

LB medium. When the culture reached theggDit was equally transferred into two 50 ml tubes

and incubated on ice for 15-30 min. After incubatithe cultures were centrifuged for 10 min at

6000 rpm at 4°C and supernatants were discardedpélets were re-suspended in 1 ml of 10%

glycerol and the tubes were filled up to 50 ml wii®% glycerol. Following centrifugation at

6000 rpm for 10 min at 4°C, the supernatants weseadded and the pellets were re-suspended

in 1 ml of 10% glycerol. 10% glycerol was addedHe suspension up to 25 ml. The suspensions

were centrifuged again and the pellets re-suspeadddilled up to 10 ml with 10% glycerol.

After a last centrifugation step, the pellets wexesuspended with 50d of 10% glycerol and

stored at -80°C.
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Transformation of electrocompetent cells

Electroporation was used to transfof coli. Frozen electrocompetent cells prepared as
described above were used. 1 toghof DNA were added to 50 — 70 of competent cells on ice.
After 1 min of incubation on ice the mixture wasntg transferred to a pre-chilled 0.1 cm
electroporation cuvette and electroporated (GetgePat 1.8 kV, 2mF and 200 Ohm, program:
bacteria). After electroporation the cells were iediately resuspended in LB medium and then
gently transferred into a sterile 1.5 ml tube. Atrmnsformation the bacteria were plated on LB-
agar plates containing a selective antibiotic. Afiteubation at 37°C overnight, a single colony
could be picked and expanded in LB medium contagirtive selection antibiotic and used for

DNA preparation.

Purification of Plasmid-DNA
To amplify plasmid DNA, a colony d&. coli previously transformed with the according plasmid
was grown in 50 ml of LB medium overnight. From thedlet of this culture, the plasmid-DNA

was isolated using the QIlAprep Spin Miniprep or agp Kit as described in the manual.

3.2.2. Analysis of DNA-molecules

Electrophoresis of DNA in agarose gels

For separation of DNA fragments on agarose gelspension of agarose (0.8-2%) in 1XTAE-
buffer was cooked until the agarose was complatégolved. After cooling to about 50°C,
0.5g/ml of ethidium bromide was added to the sohytiand after it was poured into the gel
apparatus. After gel solidification, it was loadetth the DNA mixed with loading dye and
electrophoresis was performed in 1XTAE buffer aO\Zor 30min. The DNA bands were

visualized under UV-light.
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Extraction of DNA fragments from agarose gel
The DNA fragments separated by agarose-gel eldubregis visualized by UV-light could be
excised with a sterile scalpel from the gel. Aftards this DNA was isolated from the gel using

the QIAGEN Gel Extraction kit according to the mahu

3.2.3. Polymerase Chain Reaction (PCR)

The Polymerase Chain Reaction (PCR) was used fplifesation of specific regions of a DNA
target. PCR was performed in an @l0reaction mix containing 3l of 10x Taqg-Polymerase
buffer, 1ul of 2mM dNTP-mix, 0.5ul of 20 pM forward and reverse primer and Ql3f Tag-
polymerase, filled up with water. The PCR reactigpically consisted of 20-40 cycles. An
initialization step for 10 min at 95°C was followbg a cycling of the denaturation step (for 30
sec at 95°C), the annealing step (temperature dapgon the primers used) and the elongation
step (30 sec-1 min at 72°C). Finally, before capltiown the reaction mix, an additional
elongation step was carried out at 72°C for 10 fI@R reactions were performed as described

unless other conditions are mentioned.

3.2.4. Enzymatic manipulation of DNA

Restriction digestion of DNA using restrictionendomicleases

Restrictionendonucleases specifically bind to destfohnded DNA and cut in or next to their 4-8
base pairs target sequence. For digestion ofi@ & DNA, it was incubated for 2 h at 37°C with

0.5-1ul of each restrictionendonuclease usedy &f the appropriate buffer and water up to a

final volume of 20ul. After digestion, the enzymes were inactivatedZ0 min at their specific

41



3. Materials and Methods

inactivation temperature. The exact compositiontted according buffers and the reaction

conditions are described in the catalogue of ttzyme supplier.

Dephosphorylation of digested plasmid- DNA

To prevent re-ligation of linearized plasmid- DNWet5’-phosphate-groups were removed from
the DNA- ends. This was achieved by incubating0.8f Calf Intestine Alkaline Phosphatase
(CIAP) and 2.1ul of CIAP buffer together with 2@l of digested DNA for 2 h at 37°C. To
remove the phosphatase and buffer from the reantisnPCR purification was performed using

QIAquick PCR Purification Kit (according to the lnded manual).

Purification of PCR products
To remove the nucleotides and the Tag-polymerasterbfrom the PCR product, the PCR
reaction solution was purified using the QIAquiciCRR Purification Kit according to the

included manual.

Ligation of DNA fragments

Ligation of DNA fragments was catalyzed by DNA Lsga For this reaction, the concentration
of the insert was about three times higher thanveetor concentration. 1,8 of 10x ligation
buffer and 1-2 units of T4-Ligase were added touwbetor and insert and water was filled up to

15 ul. The reaction was performed for 2 h at 22°C araight at 14°C.

3.2.5. Isolation of RNA

RNA isolation from eukaryotic cells
To isolate RNA, the cells were centrifuged for Snnait room temperature (500 rpm) and the

pellet was then resuspended in 1 ml peqGold Trifeastell lysis. After 5 min of incubation at
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room temperature, 200 of chloroform p.A. were added. The mixture wasubated for 3-10
min at room temperature. After incubation, cengétion for 5 min at 12000 rpm separated the
mixture in three phases. The upper colorless pbastining RNA was transferred into a fresh
1.5 ml cap and 50@I of isopropanol were added. After incubation oa for 5-15 min, the
solution was centrifuged for 10 min at 4°C (120p6h). The supernatant was discarded and 1 ml
of 75% ethanol was added. After vortexing, new Giergation was performed for 10 min at 4°C
(12000 rpm). The supernatant was discarded anghehet was washed again with ethanol as
described before. The pellet was then air dried r@sdspended in 4@ of RNase free DEPC

treated dH20.

Quantification of RNA
Quantification of extracted RNA from each samples\dane using a spectrophotometer. RNA in

the solution was quantified by the absorbanceghit {260 nm) in spectrophotometer.

3.2.6. Real-Time PCR

cDNA synthesis

cDNA was synthesized from RNA isolated from euké&i/oells. For cDNA synthesis, the First
Strand cDNA Synthesis Kit was used according tarnbkided manual. DNA concentration was
determined using a spectrophotometer. DNA in thetism was quantified by the absorbance of

light (260 nm) in spectrophotometer.

Real-Time PCR
Depending on the cDNA-quality, 0.5+ of cDNA was used as template for Real-Time PCR

analysis. 1Qu of the PerfeCT& SYBR® Green FastMiX, ROX™ Master mix (if not specified

43



3. Materials and Methods

otherwise), the template cDNA, OB/ of the specific forward and reverse primers fog gene

of interest or for the housekeeping gene, respagtiwere used in a 20l reaction. If not
specified otherwise, the conditions used were:decy@5°C x 15 minutes; 42 cycles: 95°C x 15
seconds / annealing temperature x 40 seconds, medting curve 65°C - 95°C, read every 1°C.
To calculate the relative amount of the transcdptthe gene of interest, the amplification
efficiency was raised to the power of the threshmidle (Ct-value). This gives the number of
cycles necessary for the product to be detectdble.resulting value was normalized against the
level of the housekeeping gene for all samplehénsame experiment. Assays were performed
in triplicates following the manufacturer’s insttioms in the Step One Plus detection system (if

not specified otherwise).

3.2.7. Bisulfite sequencing

DNA isolation from paraffin sections for bisulfite sequencing

After GATAA4-staining sections were air dried and TG¥-positive and —negative tumor regions
were scratched from the slide using a scalpel. Neteras collected in 3@l of lysis buffer and
incubated overnight at 37°C. For inactivation obtpinase K samples were heated at 95°C for

20 min. DNA was then precipitated and used for 46% bisulfite sequencing.

Conventional- and next generation- bisulfite sequeaing

For conventional bisulfite sequencing DNA from cuétd cells was prepared using the DNeasy
Blood & Tissue Kit according to the specificatiosfsthe manufacturer. Ca. 250 ng up tpdLof
DNA was bisulfite treated with the EpiTect Bisuffitkit according to the manufacturer's
instructions. Deaminated DNA was amplified by PCIg the following primers COGATA4-

prom_up and COGATA4-prom_lo (annealing temperaf&®C) listed on the Material section.
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PCR conditions were as follows: 95°C for 3 min daled by 40 cycles at 95°C for 30 sec,
annealing temperature for 40 sec and 72°C for d5A8east, the reaction was incubated at 72°C
for 3 min. PCR products were gel extracted usirg@Aquick Gel Extraction Kit and cloned
using the TOPO TA cloning Kit for sequencing, acliog to the manufacturer’s instructions.
DNA from picked clones was prepared using the Q&pSpin Miniprep Kit and sent for

sequencing (GATC Konstanz, Germany).

For next generation bisulfite sequencing DNA fromtured cells or paraffin section was
prepared as described above. Ca. 250 ng up jig &f DNA was bisulfite treated with the
EpiTect Bisulfite Kit according to the manufactuseinstructions. Deaminated DNA was
amplified by PCR using the primer mentioned abdote, with the 454-adapter sequence added
and an identifier 4-base code for each tissue samgh4-COGATA4-prom_up and 454-
COGATA4-1 lo listed in the Material section. PCRhddions were as follows: 95°C for 3 min
followed by 40 cycles at 95°C for 30 sec, annealargperature for 40 sec and 72°C for 45 sec,
followed by a 3 min incubation at 72°C. PCR produatere subsequently purified using the
QIAquick gel extraction Kit. For sequencing, eqularoamounts of all amplicons were
combined in a single tube. Roche 454 FLX Standaglencing was provided by the Core

Genomics and Proteomics Core Facility of the DKRA performed by Achim Breiling.

3.2.8. Array-based DNA methylation profiling (Infim-chip)

Analysis of the whole genome methylation statua%49 and A549 J5-1 cells was performed by
Achim Breiling at the Division of Epigenetics frofihe German Cancer Research Center
(DKFZ) in Heidelberg, using Infinium HumanMethylat27 bead chip technology (lllumina)
according to the manufacturer's instructions.
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3.2.9. Chromatin immunoprecipitation

Chomatin immunoprecipitation experiments were earout by Achim Breiling. Crosslinked
chromatin from A549 control cells or A549 J5-1 selNas prepared and immunoprecipitated as
described previoust. ChIP-grade antibodies are listed in the Materiséction.
Immunoprecipitates were dissolved in 30 pl of THdru 1 pl was analysed by Real-Time PCR
using a primer pair specific for th&ATA4 promoter region (CHIPGATA4 up and
CHIPGATAA4 lo) in 10 pl PCR reactions, using the éllote QPCR SYBR Green Mix and a
Roche LightCycler 480. PCR conditions: 1 cycle: ®5¢ 15 min; 42 cycles: 95°C x 15 sec /
60°C x 40 sec, read; melting curve 65°C - 95°Cdreery 1°C. Cycle threshold numbers for
each amplification were measured with the Light€ycl80 software and enrichments were

calculated as percentage of the input.

3.2.10. Freezing cell lines

Trypsinized cells were spun down in a centrifugeSanin at room temperature (1000rpm) and
the pellet was washed with PBS, counted using ab&leer chamber and diluted in ice-cold
medium containing 20% FCS and 10% DMSO to obtaileast 1-2x10cells per ml. 1 ml of
this cell suspension was then transferred intoyatabe and stored at —80°C for at least 24 h. For
prolonged storage the cryotubes were then traesfe liquid nitrogen. For reculturing of the
frozen cells, the cell suspension was defroste874C and immediately put into prewarmed
medium. To remove the toxic DMSO, the cells wenensgown for 5 min at 37°C (1000rpm) and

the pellet was resuspended in warm medium andredliat 37°C.
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3.2.11. Transfection of eukaryotic cells using fgmdamine

Introduction of plasmid DNA into eukaryotic cellsaw carried out with a cationic lipid
(Lipofectamine TM 2000) enabling the DNA to pass ttell membrane. The procedure was
performed according to the manual. For stable teation, appropriate antibiotics for selection

were added 48 hrs after transfection.

3.2.12. Viral infection of cell lines

For viral transfection, the viral plasmid (pBpureMYC-ER™ °, pLKO.1-puro-shGATAA4,
pLKO.1-puro-shMAZ or pEGZ GATA4) was transfectedtanthe amphotrophic retrovirus
producer cell line Phoenix using lipofectamine,dascribed above. The transfected cells were
incubated at 37°C for 48 hours, and supernatanthesscollected and centrifuged at 500 rpm at
4°C and used for infection of the eukaryotic cellshe presence of 8g/ml of polybrene. 24 h

after infection, appropriate antibiotics were adtethe medium for selection.

3.2.13._Soft agar assay

For the soft agar assay, the bottom agar was mépeming an autoclaved stock of 5% sea plaque
agarose, which was microwaved and mixed with DMEMdmam to a final concentration of
0.5% agarose. 5ml of 0.5% agarose were pouredthram dish. For the top agar the 5% stock
was diluted to 0.6% agarose with DMEM medium arutest in a waterbath at 40°C. Dilutions
of the cells were prepared in 1 ml of medium (10080s per 60mm dish) and then mixed 1:1
with the 0.6% agarose. The mixture was poured @natfothe solidified bottom agar. After
solidification of the top agar, the dishes werauimated in a wet chamber at 37°C for 21-28 days,

when the colonies number was counted.
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3.2.14. Immunocytochemistry

Immunocytochemistry was performed on cells growncomerslips. After fixation using 4%

PFA-PBS for 15 min at room temperature, cells weashed with PBS. To prevent unspecific
antibody binding, cells were blocked with 4% goatusn, 0,3% Triton X-100 in PBS for 1 h at
room temperature. The primary antibody (GATA4, 8810) was diluted 1:200 in 4% goat
serum in PBS and applied over night at 4°C. Aftasking with PBS the cells were incubated
with the secondary antibody (Anti-mouse-Cy3 — fr@woat) diluted 1:100 in 4% goat serum in
PBS for 2 h at room temperature. Before mountintty wiowiol, cells were counterstained using
DAPI (1:200) for 20 min at room temperature. Cellere observed under fluorescence

microscopy.

3.2.15. Luciferase reporter assay

A 455 bp fragment upstream of the transcriptiontssite of GATA4 was amplified from
genomic DNA from HelLa cells using the primers GATM 455 fwd and GATA4_P_rev listed
in the Material section. The fragment was subclomd Xhol and Hindlll sites of the pGL3
Luciferase Reporter- Basic Vector by enzymatic tieac A549 and A549 J5-1 cells were
transfected independently with the pGL3 vector amihg the GATA4 promoter and with the
pGL3 control vector containing luciferase undertooinof a SV40 promoter. Caco-2 cells were
transfected with the same vectors and used as iivposontrol, as they normally express
GATA4>". To measure luciferase activity, ONE-Glo Luciferasesay System was used and
performed in 96 well plates according to the recamdations in the manual. The microplate
reader was pre-heated to 37°C and the luminescgasaneasured with an integration time of

100 ms.
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3.2.16. Proliferation assessment of adherent cells

To assess the proliferation of A549 and A549 GATW4cells a MTT assay was used. Cell
suspensions were plated into 96-well plates at1lf3gells/per well. Twelve parallel wells were
designated for each experimental group. Cells were/n for 48 hours. At this time point, p0

of MTT (5 mg/ml) were added to the wells and indeblaat 37°C for 30 min in the dark before
the culture medium was discarded, and the rea¢doninated by adding 150 of undiluted
DMSO. The optical density (OD) at a wavelength 40 "m was read on a microplate reader to

determine cell numbers.

3.2.17. Wound healing assay

To assess the migration ability of cancer cellsyaand healing test was used. The cells were
seeded in a 6-well plate (3 wells with A549 and élsvwith A549 GATA4-11 cells) and when
they reached confluence after 72 h, a straightdtraas made in the monolayer using a pipette
tip (100 wl), simulating a wound. The images were capturethatbeginning and at regular

intervals during cell migration until close the wali

3.2.18. Animal experiments

All animal experiments were performed according therman law for animal protection.
Animals used in transplantation experiments wei@ifsged by hypoxia in a carbon dioxide
chamberAll the other animals were sacrificed under genarasthesia by heart perfusion with

4% PFA-PBS and the lungs, livers and lymph node® wellected for histology.
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3.2.19. Preparation of tissue-sections

The fresh tissue collected from mouse was wash#dRBS and fixed in 4% PFA in PBS at 4°C
overnight. After washing with PBS, the tissue wasred in 70% ethanol at 4°C until the
embedding procedure. For paraffinization, tissuesevsequentially embedded in the following
solutions at room temperature: 50% ethanol (40 mi@Y ethanol (40 min), 80% ethanol (40
min), 90% ethanol (40 min), 95% ethanol (40 min),x3100% ethanol (40 min), 2 X

chloroform:ethanol (1:1) (30 min) and chloroformO(&in). After paraffinization the tissues
were transferred into melted paraffin and incubdted. h at 65°C and then in fresh paraffin 2 h
or overnight at 65°C. Finally, the tissue was aasteo paraffin blocks. Paraffin blocks were

sectioned into 6-1Qm microsections and used for the further histolalgamalysis.

3.2.20. Hematoxylin and eosin (HE) staining

For histological analysis of paraffin sections, tissues were stained with hematoxylin and eosin
(HE). First, paraffin had to be removed from thetems, and then the tissues were stained with
HE, dehydrated and mounted with entellan. For thmisg, the sections were embedded in the
following solutions: 2 x xylol (10 min), 3 x 100%hanol (5 min), 70% ethanol (10 min),
millipore water (5 min), hematoxilyn (30 sec), tapter (5 min), Millipore water (5 min), eosin
(20 sec), millipore water (5 min), 70% ethanol (@), 3 x 100% ethanol (5 min) and 2 x xylol

(20 min).

3.2.21. Immunohistochemistry

Immunohistochemistry was performed on paraffin isest After deparaffinization and
rehydration, sections were boiled in 10 mM citdatdfer for 10-20 min for antigen retrieval. To
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guench the endogenous peroxidase activity sectieere incubated with methanol or PBS
containing 1-3% bO,. Non-specific antibody binding was prevented bguiation with 5% of
serum with 0.2% Trition X-100 in PBS for 1 hourrabm temperature. After blocking, sections
were incubated with the primary antibody (GATA4;1t37, Santa Cruz (1:200); Pro Sp-C, gift
from Jeffrey A. Whitsett (1:5000)) over night atCi°After washing, sections were incubated
with the corresponding biotinylated secondary atibs (Dako)yt1:200-600for 1 hour at room
temperature. For staining ABC reagent was appMatiastain Elite ABX Kit, Vector Labs) and
color was developed with diaminobenzidine (DAB)r Eounterstaining haematoxylin was used.
After dehydration the stainings were mounted witteban. For immunofluorescence staining,
the following secondary antibodies were used: dgraqgi-goat Cy5 and donkey anti-rabbit Cy3

at 1:200 dilutions.

3.2.22. Genotyping of transgenic mice

DNA for genotyping was obtained from the mousestailt in the age of 3-4 weeks. The tails
were lysed in 19Qu of tail lysis buffer and 12 of 0.4 mg/ml of proteinase K and incubated
overnight at 54°C. The resulting lysate was cemged at 10000 rpm for 5 min and the
supernatant was diluted 1:10 with water and useal RER template. PCR reaction was carried

out as described above with primers for genotypstgd in the material part.

3.2.23. Transplantation experiments

For transplantation experiments, A549/GFP and AS38TA4-11 cells were injected
subcutaneously in Athymic Nude - Foxnlnu mice. Befimjection, the cells were washed two
times with sterile PBS and counted. 2.5 ¥ t@lls were resuspended in 10Dof PBS and
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injected subcutaneously into the Athymic Nude - o mice. The tumor size was measured
two times per week and the animals were sacrifigken the tumors were necrotic or close to 2

cm of diameter.

3.2.24.In vivo bioluminescence imaging

Imaging of luciferase expression

Bioluminescence imaging of luciferase expressionampound mice (Sp-C-C-RAF BxB/Sp-C-
ntTA/tet-O-c-MYC) was performed as descriBedBriefly, mice were anesthetized with

ketamine/rompun and subsequently received an njpction of an aqueous solution of the
substrate D-luciferin (125 mg/kg). The animals wdren placed in a light-tight chamber and
imaged with a CCCD camera. Images were acquiredi@@fter luciferin administration. Signal

intensity was quantified as the sum of all detegibdton counts within the region of interest

after subtraction of background luminescence, uiegArgus100 Low Light Imaging System.

Imaging of GFP expression

Bioluminescence imaging of GFP expression in livemals was performed weekly. For

imaging and quantification of GFP intensity a Mae$&X imaging system built equipped with a
GFP-Filter Set (445 - 490 nm excitation filter &t nm longpass emission filter) was used.

Quantitative measurements were performed usinlylestro Software 2.10.0.

3.3. Statistical Analysis

Statistical analyses of data sets were performadyube Graphpad Prism version 4.0 software.

For all tests, statistical significance was consdeo be at P<0.005.
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The correlation between methylation and expresprofiles of A549 and A549 J5-1 cells was
calculated by Tobias Muller at the Department asiBfiormatics of the University of Wirzburg

using bioinformatic tools.
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4. Results

4.1. MYC expression in NSCLC tumor cells inducedl ¢gpe change and metastasis
formation

It was previously reported that the combinatiorc-dflYCandC-RAFtransgenes in type Il cells
is sufficient to rapidly induce metastasis to liaed lymph nodes. The combination of these two
transgenes also causes appearance of a phenotyijib rom cuboidal to Alveolar Papillary
Columnar Epithelial cells (APECs) in NSCLC tumoFairthermore, cells with this phenotype
have shown that they develop tumors which grow map&ly, and are also predominate in liver

metastasfs

In this work, a triple transgenic mouse model wseduto test the appearance and reversibility of
this switch. The transgenic mice (Sp-C-C-RAF BxBGptTA/tetO-c-MYC) express
constitutively C-RAF BxB and conditionally c-MYCnder the control of an inducible promoter.
The promoter used in this system contains a tettmeyresponsive element (Tet-O), which can
be bound by the reverse tetracycline-controllechsitaption activator protein (rtTA) in the
presence of doxycycline, inducing the transcriptidrc-MYC®. This mouse model expresses
rtTA under the control of a tissue-specific prommpt®p-C. Therefore, these mice express the
oncogenic c-MYC tissue-specifically by doxycyclifeeding. The DOX treatment of the triple
transgenic mice rapidly induced appearance of co&ungells in their lung tumors (Fig. 4.1.A).
As these animals express luciferase under thealaftthe Tet-O promoter, the animals fed with
DOX food were imaged after 1 week of treatmentwshg that MYC expression was induced
(Fig. 4.1.B). Following this period, DOX food wastkdrawn for 4 weeks, and the animals were

imaged again at this time point.
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Figure 4.1. Conditional MYC expression in type Il meumocytes expressing C-RAF BxB.

(A) HE staining of lung tumor sections from indueil{Sp-C-C-RAF BxB/Sp-C-rtTA/tetO-c-MYC) compoundaa
shows the kinetics of columnar cell appearanbeday, W: week, M: month. Right hand panel imagnification of
the yellow box. Scale bar 1Q@n. (B) Luciferase imaging of inducible mice — SpBERAF BxB/Sp-C-rtTA/tetO-c-
MYC. Six weeks old compound mice were imagedifiovivo luciferase expression following one week On DOX/4
weeks Off DOX schedule demonstrating inducibil§E staining of a lung tumor section of the On/OfOR
mouse. Inset highlights persistent papillary tum@d. (C) Regression experiment in triple transgenimails (Tet-
0-Cc-MYC/Sp-C-rtTA/Sp-C-C-RAF BxB). A group of 4 anals fed with doxycycline for 4 weeks showed an
increase of tumors with columnar cells, when coragawxith the control. On the other hand, when theydycline
feeding was removed for 4 weeks after 4 weeks didigtion, a highly significant decrease in the nundfeumors

with columnar cells was observed. The number diroolar tumors in the lung of the animals where tiweydycline
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was withdrawn for 10 weeks also decreased dralstiCetiese data shows that the withdrawal of MY Cegerting
the switch from cuboidal to columnar tumor cells: weeks.

This result shows the reversibility 0fMYC transgene expression. Histological analysis of the
imaged lung tumor showed persistence of columnés gethe center of one remaining tumor
that otherwise displays a cuboidal phenotype (Eit).Bf. Extension of the observation period
after DOX removal to 10 weeks demonstrated elinmmabf columnar cells in tumors of all

mice analyzed (Fig. 4.1.C). These data suggeshack from oncogene withdrawal” —effét

The addition of c-MYC to oncogenic C-RAF in thesgnaals showed the development of liver
macrometastasis after 7 months of MYC inductiog.(Bi2.), in contrast to single transgenic
animals Sp-C-C-RAF BxB, which although were unifbrumor positive at 2 weeks of &ge

were not able to develop metastasis.
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' | I Al am A - B " Sirvge u \L‘ E/BA.
Sp-C-C-RAF BxB / Sp-C-rtTA / tetO-c-MYC tetO-C-RAF BxB / Sp-C-rtTA / Sp-C-c-MYC
11 months old — 7 months induced with DOX 14 months old — 12 months induced with DOX

Figure 4.2. Macroscopic inspection of organs fromsC-C-RAF BxB/Sp-C-rtTA/tetO-c-
MYC animals after DOX induction.

(A) Primary tumor in lung. (B) Metastatic tumorsliver.

Another mouse model which constitutively expressellYC under the control of Sp-C

promoter, and conditionally expresses C-RAF BxB amnthe control of the TetO promoter,
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following the same principle of the model descriladdve, was inspected for the development of
metastasis in the liver. After 12 months of C-RAkBBInduction combined with constitutive c-

MYC expression showed the development of highlynptmced macrometastasis (Fig. 4.2)

4.2. MYC induces GATA4 expression in NSCLC

GATAG6-WNT pathway is required for epithelial stemellc development and airway
regeneratioff. In turn, GATA4 is involved in maintenance of adintestiné>. It was shown by
our group a GATAG6 to GATA4 switch in Sp-C-c-MYC ar@p-C-C-RAF-BxB/Sp-C-c-MYC
lung tumors and liver metastases. In the presemk wos shown that the expression of the
transgene promoter, Sp-C, is collocated in a fwactf cells with GATA4-expression (Fig.
4.3.A). Interestingly, a high percentage of GATAgk{tive cells lost promoter activity of the Sp-
C promoter and therefore the expression of c-MYfis Buggests that MYC induces GATA4
expression, but this expression is maintained af@ar the loss of c-MYC, by an epigenetic,
self-perpetuating mechanism. The ability of MYdriduce GATA4 was tested vitro using the
cell line A549 J5-1, which highly expresses chickeRlYC?. Real-Time PCR was performed
for analysis of mMRNA levels from the parental dele, A549 and the MYC expressing cells,
A549 J5-1 (Fig. 4.3.B). The levels of GATA4 mRNAdhits target mucinZ? were measured,
and it was possible to confirm that MYC is induciexpression of functional GATA# vitro

(Figs. 4.3.C and 4.3.D).

A fusion of MYC with an estrogen receptor (ER), ethidepends on the presence of tamoxifen
(OHT) to go into the nucleus, was introduced in 8%4lls (Fig. 4.4.A) and the transfected cells

were selected with puromycin.
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Figure 4.3. MYC induces GATA4 expression and its t@et mucin2.

(A) Staining of mouse lung tumor sections for S@ GATA4 shows mutually exclusive expression page
between them. Lung tumor serial sections were athfior Sp-C and GATA4 (left and middle panel). GATA
high/Sp-C negative- and GATA4 low/Sp-C positive tumegions were encircled with red and green dasihed,
respectively. The most right panel shows double imafluorescence staining of a mouse lung tumoricgedor
Sp-C and GATAA4. Note that the majority of GATA4 fine tumor cells (red) are negative for Sp-C (gredapi
(blue) shows nuclei. Scale bar = 50 um. (Collabonatvith Fatih Ceteci and Simone Hausmann). (B)ckén v-
MYC mRNA levels were measured in the cell line A5¥31. Results show the absence of chicken v-MY@én
parental cell line A549 in contrast to the high mgsion observed in A549 J5-1 cells. (C) MYC shaiity to
induce GATA4 expressioin vitro. (D) The target of GATA4 in the intestine, mucirig, upregulated in MYC
expressing A549 cells, demonstrating the functibpaf GATA4. All the values represent SD of the ane
Statistical differences between groups as indicated

The newly prepared cells were seeded in soft aggretform anchorage independent assay.

MYC expression was induced with 100 nMolar of OHT 4 weeks and at this time point the
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Figure 4.4. Inducible expression of human c-MYC irA549 cells.

(A) Establishment of a MYC-inducible NSCL cell lin& MYC-ER fusion was inserted in the puromyciniséasnt
plasmid pBabe, in the ECORI site A549 cells were transfected with the resultingsphid. Cells carrying the
plasmid were selected with puromycin. (B) Pictufesn the colonies formed by A549 and A549 EV (Empty
Vector) in the presence of OHT (controls), and AR¥91 and A549 MYC-ER in the presence of OHT, a8er

weeks in soft agar. Magnification 20x. (C) Quawtfion of the colonies formed by the different gdihes
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(conditions as indicated). A549 MYC-ER cells shanvthe presence of OHT, comparable ability to faohonies
to the A549 J-51 cells, indicating the inductionasfchorage independent growth ability by MYC. Aletvalues
represent SD of the mean. Statistical differenasvéen groups as indicated. (D) mRNA levels of hurivgYC,
GATA4 and mucin2 in induced and not induced A549 GAER cells over time. GATA4 and its target mucin2 a
upregulated after 3 weeks of MYC induction in ABMYC-ER cells, although MYC upregulation is detectesi
early as 1 week after induction.All the values esgint SD of the mean. Statistical differences batwgroups as

indicated; ns — non significant.

number of colonies formed was counted. A549 andmhiced A549 MYC-ER cells were used
as control. A549 MYC-ER showed a significant highmrmber of colonies formed when
compared with the controls. Moreover, the new lvedl after OHT-induction, showed the same

ability to form colonies anchorage independentlyhascell line A549 J5-1 (Figs. 4.4.B-C).

The expression of MYC induced by tamoxifen was raess by Real-Time PCR (Fig. 4.4.D).
These cells showed a significant overexpressioM¥C after 1 week of induction with 100
nMolar of OHT. Moreover, we could show GATA4 and em2 mMRNA upregulation after 3
weeks of MYC induction, although MYC induction ocswas early as 1 week after tamoxifen
addition (Fig. 4.4.D). This suggests that the epejie changes aBATA4 promoter level take

effect at this time point.

4.3. GATA4 knock-down in MYC expressing NSCLC cellthibits the metastatic
potential induced by MYC

A549 J5-1 cells show the ability to develop metsistavhen transplanted in Rag-/- nfic€o test
the role of GATA4 in this gained feature, a shRNAdmated knockdown of GATA4 was
performed in A549 J5-1 cells. The cells were irgdovith a shRNA-producing virus (sh26) and

Real-Time PCR analysis for the expression of theT&A and its-target genenucin2 was
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performed (Fig. 4.5.Ain parallel with an anchorage independent growHawpsn soft agar (Fig.
4.5.B). The mRNA levels of GATA4 and mucin2 wergrsficantly increased in A549 J5-1
cells, when compared with the parental cell lined@5After sh-RNA mediated knockdown,
GATA4 and its target mucin2 mRNA levels decreasgdiicantly in A549 J5-1 cells. These

cells were seeded in soft agar and the numberlohias was counted after 3 weeks (Fig. 4.5.C).
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Figure 4.5. GATA4 knockdown in A549 J5-1 cells.

(A) Real-Time PCR analysis of A549 J5-1 cells fokTA4 and its target genmucin2after GATA4 knock-down.
Results show a significant upregulation of GATA4anucin2 in A549 J5-1 cells. shRNA 26 efficientbduced
the expression of the GATA4 and its target gemecin2in A549 J5-1 cells. All the values represent SDiraf

61



4. Results

mean. Statistical differences between groups dsdtetl. (B) Pictures from the colonies formed by185A549 J5-
1 and A549 J-51 shGATA4 26 cells after 3 weeksoiit agar. Magnification 20x. (C) Quantification thfe colonies
formed in soft agar by A549 J5-1 cells after GATARdockdown. A549 J5-1 cells show a highly significan
reduction in the number of colonies formed aftdedtion with the shRNA26-expressing virus. All thalues

represent SD of the mean. Statistical differenegs/den groups as indicated; ns — non significant.

This assay showed that the knockdown of GATA4 id@35-1 cells revert their ability to grow
anchorage independently, an ability which has bhedaced by MYC. These data suggest that
the expression of GATA4 is necessary for the indacbf anchorage independent growth by c-

MYC.

4.4. MYC induces changes BATA4 promoter activity

To gain more insight regarding the expression off&A induced by MYC in NSCLC, a vector
containing the firefly luciferase gene under thatool of GATA4promoter was transfected into
NSCLC cells, A549 and A549 J5-1. The expressiomcferase enabled the measurement of the
activity of the GATA4 promoter by luminescence assessments. Using thenge DNA from
HelLa cells as a template, a PCR reaction was peeusing specific primers (GATA4_P_455
_fwd and GATA4_P_rev, listed in the Material senjioA 455 bp fragment upstream of the
transcription start site dBATA4was amplified (Fig. 4.6.A) and cloned into the [@3kector,
which already contains firefly luciferase (Fig. 8% Therefore, A549 (control) and A549 J5-1
cells were transfected with this vector carrying ¢ene of luciferase under the controG#HTA4
promoter 455. Caco-2 cells were transfected wighstime vectors and used as a positive control,
as they normally express GATA4 After incubation allowing the expression of theiferase
controlled by theGATA4 promoter, a luciferase assay was performed by sSabaKress, and

luminescence was measured. Thereby the promotertyatas recorded in A549, A549 J5-1
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and Caco-2 cells for different time points makinmaukinetic assay. The measured luminescence
was normalized against the respective cell numbértlae control. As control, each cell line was

transfected with the pGL3 control vector containingjferase under control of a SV40 promoter.

553 GGCTTCG GTC TCTACGCTCTGAT TTTAGGA GGCAGTCTGGGTGTC TTGAACCTC CAAGGAATCC GGGGCTGGG AGGATCCCCACT ACCC CTGCCGA
AP-1 GC-box
-454 GAACTAGCATC CAGCC GGGCACCCCGG [GTGA CCC fGTGCCCCACABBAT CGAGAGTTGAGC CCAAGAGGTCACCTTCTTCTCTACTGGCECCGCA

-354 CGCCCGCCGCTGCGGGATGAGGACCACAGGAAGGGGGGGCGGGGARESAAAGGGAACTCATTAATAAAGCTGACCCTGGGCACCACAGCGAACCCAT
-254 CGACCTC CGGCT GGGTTGCGGGT GATTCCCCGCTCCCTGGCG GTAGTTGGGCATTTTCCGCGGAGACCCCAGAGCCTGGACTTTGCCTGCTGGGAG
GC-box E-box

-153 CTTTCCGCACAG TCCCGCAGCCTGCGCC CAGCGGAGGTGTAGCCGERCGCGC ACCCCCGCY CCGCCETYGCAC GPIGACTCC CACA GGCCAG TCA&C

-54 CCCT AGGGCCGAGTT GCTGGGCCGGGG ACCCGAGCCGCGA GCTG GE&BAGGAGGCGGCCGGCGCAGGGGCCGCGAGAGGCTTCGTCGCCGCTGCAGC

B C
3 -
GATA4_PROM_455
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Figure 4.6.GATA4 promoter activity.

(A) Nucleotide sequence of the 5’-upstream regibthe humanGATA4gene (modified frofff). Nucleotides are
numbered from the transcriptional start site (‘eaftarrow). The potential binding sites for trafsioon factors are

boxed according to the consensus sequence: AP-ACTGC/A)A, E-box: CANNTG and GC-box: GGGCGG or
CCGCCC. Overlapping GC-box is underlined. (B) MatifPGL3 luciferase reporter vector: luciferaseegender
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the control ofGATA4promoter. This plasmid holds a promoter sequeritie 465 bp upstream of the transcription
start of GATA4 Additional description: Luciferase, cDNA encoditfte modified firefly luciferase; Anfp gene
conferring ampicillin resistance . coli; f1 ori, origin of replication derived from filaemtous phage; ori, origin of
replication inE. coli. Arrows within Luciferase and the Afigene indicate the direction of transcription; dmew

in the f1 ori indicates the direction of ssDNA sitlasynthesis. (CISATA4 promoter activity in MYC expressing
cells. In a kinetic assay the activity of t8&ATA4promoter controlling firefly luciferase was measdirat different
time points in A549, A549 J5-1 and Caco-2 cellstiity of GATA4promoter 455 was higher in A549 J5-1 cells,
when compared to A549 cells. This difference waseobed from 24 h on, but significantly, it was atvsel just at

56 hours. All the values represent SD of the m8gatistical differences between groups as indicated

The activity of theGATA4promoter 455 was higher in A549 J5-1 cells thathencontrol cells
A549 (Fig. 4.6.C). Measurements of luminescencthénfirst 10.5 h after transfection showed
low luciferase expression in both cell lines, andsequently, no difference GBATA4promoter
455 activities. However, 24 h post- transfectioa #éxpression of luciferase increased, showing
at this time point a major difference between aiitig of the promoter in the two cell lines,
although still not significant. At the time poinB %hours, the activity oGATA4 promoter was
significantly higher in A549 J5-1 cells, when comgzh with the control cell line. Therefore,

these data suggests GATA4 upregulation by diractstriptional interaction with MYC.

4.5. MYC inducesGATA4 promoter demethylation in c-MYC/KRas-mutant typell
pneumocytes

As the GATA4 promoter resides in a large CpG island, the hygssh that DNA methylation
plays a role in GATA4 regulation was tested. ThAshim Breiling performed 454-bisulfite-
sequencing of a 389 bp long CpG-rich region, witichtains the promoter region of tGATA4
gene (Fig. 4.7), on GATA4-positive and —negativgioas of a Sp-C-c-MYC/KRas-mutant lung

tumor and on a GATA4-positive liver metastasis (Big.A).
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GATA4gene and CpG islands
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Figure 4.7. CpG Islands present at the GATAg¢romoter.

CpG-islands in the th&ATA4gene were identified by the UCSC Genome bro¥fis&elow, a fragment of the
promoter region containing the transcription ssite is shown in the deaminated status (all CamatCG contect
are transformed to T). CpG-sites in the CpG-islarelindicated in yellow. The primer sequences tisedisulfite

sequencing are highlighted in green.

The overall methylation of the examined region wlad change, but looking closer, a significant
lower methylation could be seen for the CpG-sit8sl& and most significantly 19-22 in the
GATA4-positive tumor and metastasis material (Rg8.B and Table 4.1), indicating a

significant hypomethylation of these regions in G¥fFexpressing tissue.

4.6. MYC induce$sATA4 promoter demethylation in human NSCLC cells

To test whether ectopic MYC expression is suffitiBminduce demethylation of th@ATA4
promoter in a human NSCLC cell line, Achim Breilipgrformed bisulfate sequencing of the
same region analyzed above, but in A549 and A549 délls. Also in A459 cells th&ATA4
promoter region was strongly methylated, which does change significantly upon MYC

expression (83% and 85%, respectively).
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Figure 4.8. Methylation pattern of GATA4 promoter in a GATA4 negative and positive

region and corresponding liver metastasis.

(A) In vivo material used for 454-sequencing. Lung and livaraffin sections of Sp-C-c-MYC/KRas-mutant
animals were stained for GATA4. The DNA from GATAdsitive and —negative regions (indicated withytakow
circles) was isolated. (B-D) 454-sequencing of @@EG-rich region near th&ATA4 promoter (for exact primer
location see Fig. 4.7). DNA was isolated from luagor regions stained negatively and positivelyG#TA4 and
from GATA4-positive liver metastasis, respectiveBequencing results are shown as heatmaps in velicih row
represents one sequence read. Individual red bogEsate methylated and green boxes indicate urytegd CpG
dinucleotides. Sequencing gaps are shown in wBip&s showing the highest degree of change betwéihfibm
GATA4-positive and —negative tumor tissue are boxEoe overall methylation of the region is 76% fayth
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GATA4-positive and —negative lung tumors and 73%tl@ liver metastasis. A significant decrease athylation
of the CpGs 13-22 (boxed) was observed in GATAditpestissue. For statistical tests see Table #tie DNA

used for the 454-sequencing was isolated from GA$t¥hed paraffin-sections as illustrated in A.

CpG GATA4 neg. GATA4 pos. 'GATA4 pos.. p-values
lung tumor lung tumor liver metastasis
13 91% 35% 69% 0.00000/ 0.00006
14 7% 49% 12% 0.00002 / 0.00090
15 63% 56% 57% 0.38834/0.47138
16 79% 55% 58% 0.00017/0.00073
17 79% 51% 27% 0.00002 / 0.00090
18 90% 68% 61% 0.00008 / 0.00090
19 56% 52% 40% 0.58037/0.02354
20 3% 5% 0% 0.23474/0.11188
21 31% 21% 67% 0.03541/0.00000
22 90% 36% 51% 0.00000/ 0.00000
* p<0.05 for both GATA4 positive samples, DMC

Table 4.1 - Statistical significance of methylationpercentage differences atGATA4
promoter of GATA4 positive and negative lung tumors and GATA4 positive liver
metastasis tissues.

The table shows the percentage of methylation gmage of remaining cytosines after bisulfite casiom) for the
CpG dinucleotides 13 to 22 shown in Fig. 4.8 in theee tumor types. The last column shows the peslas
determined using Fisher's exact test comparing eathe GATA4 positive sample set (second and thotlimn)
with the GATA4 negative set (first column). Rowsthvip-values below 0.05, indicating a statisticgns#icant
difference between GATA4 negative and GATA4 positsample sets and therefore differently methyl&p®s

(DMCs), are marked by an asterisk.

Nevertheless, also in these cell lines, a sigmticdange in methylation was observed at CpG-

sites 19-22 from 60% in the A549 cells to 23% ia &b49 J5-1 cells (Fig. 4.9.A).

67



4. Results

83% overall methylation

85% overall methylation

0000000000 o000000OCOCGOES
20000000000 0000000000
0000000000 o00000O0OCOOO
0000000000 0000000000
0e00000000O 0000O0OOOOS
_®000000000 occccccccce
“e000000000 0000000OCOCES
0000000000 o00000O0OCOGOS
0000000000 o00000OOOOO
0000000000 o000000OOOO
900000000 0000000000
9000000000 0000000000
0000000000 o00000O0OCOOS
0000000000 0000000000
ee0e0ceee000| [e00000COCOOO
|coeceecoceolziee00000000
RQl@eocoooeocoool®looooooooo0o0
0000000000 |[00O0COOOGEGOO®
00000 OC00E [00cc6c6060OO
XXX R X X X IR X XX XXk
0000000000 |s|000C00000000
Yeoeoooeeoe|lC|lceceeeeeee
©0000000000| [00000COGOC OGS
000000000 [D@®0OOOOOOC®
0000000000 o0CGGGOGOGOO
0000000000 0000000 OGOO
Se00Ceeeeeee eeecccecee
0000000000 0000000 OOS
0000C00000O O000OGOGOGOOOO
0000000000 0000O0OGOGOGOES
0000000000 o00000O0OGOOS
WeOO00000000 0000000000
0000000000 o0000OOGOOOES
0000000000 o00000OGOGOOES
0000000000 o00000O0OOOO
0000000000 0000000000
65V 67SY

23%

67%

A549

19 21 |23 25 27 29 31 33

9 11 (13 15 17
8 10 12| 14 16 18| 20 22| 24 26 28 30 32

6

13 5 7
4

2

19 21 |23 25 27 29 31

[\
3]
o
™
©
Y
©
~
<
~
N
N
o
«
©

~

-

©
-

3

<

o

~

Y]
ﬂl
o
-

o

©

49%

59%

Figure 4.9. Site-specific demethylation of CpG dintieotides in the promoter region of

GATA4 upon MYC expression in A549 cells.

(A) Bisulfite sequencing of th&ATA4promoter in A549 and A549 J5-1 cells (for exactyai location see Fig. 4.7

and Fig. 4.10.A). Open circles = unmethylated Cpfteg circles = methylated CpGs. Each row représe single

clone. No significant change in the overall methigla status of the CpG-rich region near GB&TA4promoter was

observed, but the CpGs 19-22 were differentiallghylated. (B) 454-sequencing of the same regioim 48" (for

exact primer location see Fig. 4.7). Sequencinglt®sire shown as heatmaps in which each row repte®ne

sequence read. Individual red boxes indicate matégland green boxes indicate unmethylated Cp&idiotides.
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Sequencing gaps are shown in white. There is mifgignt change in the overall methylation-statfishe region,
but significant demethylation of the CpGs 19-22t (b®x) was observed. Note that the most pronourmteshge in
the degree of methylation is seen in CpG 22. Fadissical analysis see Table 4.2,

This was basically confirmed using 454-bisulfitepgencing, which was also performed by
Achim Breiling. As shown in Fig. 4.9.B, the overaiethylation was 72% and 71%, in A549 and
A549 J5-1 cells, respectively, whereas the metlolabf the CpG-sites 19-22 significantly

changed from 49% in the A549 cells to 37% in th&l@35-1 cells (Figs. 4.9.B, Table 4.2).

CpG A549 A549 J5-1 p-values CpG
19 72% 51% 0.00111 19
20 16% 5% 0.00738 20
21 39% 32% 0.30010 21
22 70% 59% 0.03170 22
* p<0.05, DMC

Table 4.2 — Statistical significance of methylatiompercentage changes aBATA4 promoter

upon MYC expression in A549 cells.
The table shows the percentage of methylation gmage of remaining cytosines after bisulfite casiom) for the
CpG dinucleotides 19 to 22 shown in Fig. 4.9 in 8%hd A549 J5-1 cells. The last column shows thelpes as

determined using Fisher's exact test comparing santtples.

4.7. Epigenetic landscape of tHeéATA4 promoter changes upon MYC expression

To complement the analysis of epigenetic modifarai in the GATA4 promoter, histone

modifications in the same region were mapped byroatin immunoprecipitation (ChIP) with
the collaboration of Achim Breiling. Locations oh{P primer pairs are shown in Fig. 4.10.A.

Chromatin was prepared from A549 control and MYQoressing A549 J5-1 cells and
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precipitated with antibodies against histone H3adhyglated at lysine 9 (H3K9me2), histone H3
trimethylated at lysine 9 (H3K9me3), histone H3 dihylated at lysine 4 (H3K4me2), histone

H3 trimethylated at lysine 4 (H3K4me3) and histbétgetrimethylated at lysine 27 (H3K27me3).

gagaaagggaactcattaataaagctgaccctgggcaccacagcgaacccaatcgacctcegg 14 . A549
ctgggttgcgggtgattcccegetccctggeggtagecacttgggecattttccgeggagaceee 12 D A549 J5-1
agagcctggactttgcctgctgggggagettteegecacagtecccgecagectgegeccagegga ‘
13 14 15 16 17 18 10
ggtgtagc€ggggcCgCgcaccccCgcccCgccecttgcaCgtgactcccacaggecagt [
19 20 21 5 8
cagCgccctagggcCgagttgctgggecCggggaccCgagccgecgagectggggacTTGGAG o %
c
= 6
GCGGCCGGCGCAGGGGCCGCGAGAGGCTTCGTCGCCGCTGCAGCTCCGGGGGCTCCCAGGGGA o\o
GCGTGCGCGGAACCTCCAGGCCCAGCAGgtagggcttttttcttcectttetttgectecttee 4
cgcggteccccaaactcggagettceteegectttgettgtectggaggtagagaggtagectag 2

Figure 4.10. Chromatin immunoprecipitation (IP) andysis of the GATA4 promoter region
in control (A549) and MYC expressing cells (J5-1).

(A) Genomic promoter region @ATA4 The first exon is indicated with capital letteBgquences corresponding to
the primer pair used for bisulfite sequencing aghlighted in yellow. CpG dinucleotiodes 13-22 ahown in bold.
The primer sequences used for ChIP analysis amrshobold and italics. (B) IP was repeated atti¢hsee times
with chromatin from biological replicates using iaeta specific for H3K9me2, H3K9me3, H3K4me2, H3keBn
and H3K27me3. Immunoprecipitated DNA was analyzgd®bal-Time PCR and a primer specific for tBATA4

promoter region was used (shown in A). Enrichmangésshown as percentage of the total input.

As shown in Fig. 4.10.B, corresponding to the giromethylation on the DNA level in A459
control cells, were found mainly repressive histanarks in theGATA4 promoter region
(H3K9me3 and H3K27me3), most prominently trimetkigla of lysine 27 of histone H3, which
would indicate repression by Polycomb Group (Gc®tgins. In contrast, in the MYC
expressing line J5-1 the levels of repressive markdow, whereas both active marks on H3K4

are enriched, indicating ongoing transcriptiontret GATA4 promoter. These results suggest a
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significant change in the epigenetic landscapenefGATA4 promoter upon MYC expression:
DNA-hypomethylation of a region encompassing CpG<22 (Figs. 4.8.B-D and 4.9.B), which

is accompanied by an epigenetic switch from repress active histone marks (Fig. 4.10.B).

4.8. MYC leads to changes in protein occupancyte GATA4 promoter region

In order to find out which proteins might interaath the GATA4promoter in A549 control and
MYC expressing A549 J5-1 cells, in particular ietl are specific binding sites in the region
covered by CpGs 13-22, a fragment of @&TA4promoter region corresponding to the segment
amplified by the bisulfite primers was analyzedhatite Matlnspector softwdfe This revealed
the presence of consensus binding sites for the N¥g&bciated zinc finger protein - MAZ,
which usually are shared by the SP1 transcriptamtof, a MYC-related E-box, a Y-box and
consensus sequences for the general transcrigaiarfTFIID between CpGs 15 and 22 (Fig.

4.11.A).

To validate these potential binding sites and tbageinsight into the protein presence at the
GATA4 promoter in control and MYC expressing cells, ActBreiling performed ChIP using
antibodies against chicken v-MYC (chk-MYC), GATAGATAG6, MAZ, the three major DNA
methyltransferases (DNMT1, DNMT3a and DNMT3b), Emtex of Zeste 2 (EZH2) and the
large subunit of the RNA-polymerase Il (POL Il) addromatin prepared from A549 control
cells and the J5-1 cell line. In the repressed ¢A549 control), strong binding of MAZ and
EZH2 to theGATA4promoter was found, which was paralleled by thes@nee of DNMT1 (Fig.

4.11.B).
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taataaagctgaccctgggcaccacagcgaacccaatcgacctceggetgggttgegggtga

ttccecegetcectggeggtagecacttgggeattttecgeggagacceccagagectggacttt
13

gcctgetgggggagetttecegecacagtcccgecagectgegeccageggaggtgtageCggg
14 15 16 17 18 19
gcCgcCgcaccccCgcccCgccettgeaCgtgactcccacaggegcagtcagCdgccctag
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Figure 4.11. Protein presence in th&ATA4 promoter.

(A) Consensus binding sites in the region covere@pGs 13-22 oGATA4promoter. The region directly upstream
of the GATA transcription start site was analyzed franscription factor binding sites using the Msapector
softwaré®. The first exon is indicated with capital lettePotential binding sites for MAZ and TFIID, an Bxp@
Y-box and CpGs 13-22 are indicated. (B) ChIP assamitoring occupancy of th6 ATA4promoter by candidate
proteins chicken v-MYC (chk-MYC), GATA4, GATA6, MAZhe three major DNA methyltransferases (DNMTL1,
DNMT3a and DNMT3b), , Enhancer of Zeste 2 (EZH2)l &ime large subunit of the RNA-polymerase Il (POL |
Binding of chicken v-MYC and GATA4 to th@ ATA4 promoter was significantly higher in the MYC exgsimg
A549 J5-1 cells than in the parental A549 cells.cbmtrast, binding of MAZ to th&sATA4 promoter was
significantly higher in the parental A549 cells wheompared to the A549 J5-1. Enrichments are shasvn

percentage of the total input.

In A549 J5-1, MAZ and EZH2 binding is greatly redd¢ whereas chk-MYC (the protein
expressed in this cell line) and GATA4 itself amurid enriched on th&ATA4 promoter.

DNMT1 levels do not change, which goes in line witie observation that the overall
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methylation of the region does not change in MYQresgsing cells. GATA6, as GATA4
antagonist, could not be found interacting neitimecontrol nor in J5-1 cells. In line with the
observed activation of teATA4promoter in J5-1 cells, an increased interactioRQL Il with

the promoter was observed (Fig. 4.11.B).

4.9. MAZ displacement in A549 cells leads to GATé&xXpression

MAZ has been described as a recruiter of DNRITAs it was observed in the ChIP assay that
MAZ is displaced from th&ATA4promoter after MYC expression in A549 cells, tlypdthesis
that the displacement of MAZ can prevdetnovamethylation ofGATA4promoter in a new cell
cycle, and therefore permit GATA4 expression wastyated. Thus, a shRNA-mediated

knockdown of MAZ in the A549 cells was performed.

For this, the cells were infected with a shRNA-prodg virus, containing the puromycin
resistance gene. The infection was considered ssitdesince the infected cells showed
resistance to puromycin. The newly prepared ceieeveéeeded in soft agar to test if the lack of
MAZ in A549 is able to induce anchorage independgoivth. After 3 weeks the number of
colonies was counted (Figs. 4.12.A and 4.12.B). Kineckdown of GATA4 mediated by the
shRNA 345 producing virus was able to induce amap@rindependent growth ability in A549
cells in a significant manner. This result suggdesist the knockdown of MAZ might be
sufficient to transform A549 cells from a non-mesdis to metastatic phenotype. Moreover, and
as postulated above, A549 cells where MAZ has leeckdown showed an upregulation of
GATA4 and its target mucin2 (Figs. 4.12.C and 49)2 Altogether, these data suggest that
MAZ might be involved in the regulation of GATA4 gression by an epigenetic mechanism,
which is started by MYC.
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Figure 4.12. MAZ knockdown in A549 cells leads to &TA4 upregulation and increases the

ability of the cells to grow anchorage independengl

(A) Anchorage independent growth ability of A549lseafter knockdown of MAZ. Pictures from the coles
formed by A549 and A549 shMAZ 345 cells after 3 e soft agar. Magnification 20x. (B) Quantifiwat of the
colonies formed by the A549 cells after infectiothwshRNA-producing virus MAZ 345. The soft agasag plate
with the A549 shMAZ 345 cells shows a highly siggaht increase in the number of colonies formedenvh
compared with the parental cell line, A549. All tedues represent SD of the mean. Statistical rdiffees between
groups as indicated. (C)(D) GATA4 and mucin2 mRNAdls were measured by Real-Time PCR in A549 and
A549 shMAZ 345 cells. The results show a significacrease in both GATA4 and mucin2 mRNA levelsMAZ
knocked-down cells, compared with the parentalloed, A549. All the values represent SD of the mestatistical

differences between groups as indicated.

4.10. Histone deacetylase inhibition in MYC expregs cells does not lead to an
increase of GATA4 activity

Beside its role recruiting DNMTs, MAZ has also bedescribed to recruit HDAGY If
repression of GATA4 via MAZ recruited HDACs is inmpant, histone deacetylase inhibition
can lead to GATA4 activation, simulating the diggment of MAZ from th&sATA4promoter.
To answer this question, A549 cells were treateth WD ng of trichostatin A (TSA), which
inhibits HDACs activity, from 24 hours to 4 weeksdamRNA levels of mucin2 were measured

for each sample (Fig. 4.13). Against the expeatati@xpression of the GATA4 target, mucin2
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was reduced upon TSA treatment. As TSA treatmeetf many other genes, there might be
many explanations for this result, like for examplee activation of some MYC or GATA4
repressor. Nevertheless, this data suggests thaQdDare not involved in the epigenetic

changes induced by MAZ displacement frGATA4promoter.
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Figure 4.13. Inhibition of HDACs activity does notlead to GATA4 activation.

Mucin2 mRNA levels were measured in A549 cells lBaRTime PCR, before and after treatment with TEhe
results show mucin2 mRNA levels from 24 hours ug teeeks of TSA treatment. The GATA4 target genecin2
is downregulated as early as 24 hours after TSdtrirent, and this behavior is maintained over tiAlethe values

represent SD of the mean. Statistical differenet®/den groups as indicated; ns — non-significant.

4.11. Methylation profile of A549 cells changes upMYC expression

The hints given from the experiments above aboigesgtic changes occurring &ATA4
promoter after MYC induction arouse the interesiudlihe whole genome methylation changes.
Therefore, analysis of the whole genome methyladtatus upon MYC expression in A549 cells
was performed by Achim Breiling using Infinium HunMethylation27 bead chip technology

(Mlumina). Data from this experiment displayed anscatter plot (Fig. 4.14.A), shows a wide
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distribution of the points representing CpG islangkich means that many genes changed their
methylation status in A549 J5-1 cells, when comgbavéh the control cell line A549. For this
purpose, interesting are the points which scatteryafrom the midline. Those genes show the
strongest changes in their methylation status af&fC induction. This shows that the
methylation profile of A549 cells changes upon M¥&pression, supporting the hypothesis of

an epigenetic mechanism induced by MYC.

4.12. Epigenetic changes induced by MYC in A549<galter the expression profile
Microarray analyses of A549 and A549 J5-1 cellsenheen performed by Ellen Leich. The
experiment was carried out using RNA isolated fid649 and A549 J5-1 cells. The correlation
of the expression and methylation profile beford after MYC expression in A549 cells was
analyzed by Tobias Mduller from the Department obiBformatics using statistic tools (Figs.
4.14.B and 4.14.C). The correlation analysis pageto disclose the effect of methylation
changes in the expression status of the whole gendntorrelation could be found, although
there are more genes downregulated and strongéwylaetd upon MYC introduction in A549
cells, than genes that were demethylated and ulateguin the same cells. From these
mathematical analyses, a set of few genes in wichethylation was correlated with protein
upregulation, were picked for further analyses (&ab3). The upregulation of this set of genes
in MYC expressing A549 cells was confirmed indivadly, by measurement of their mRNA
levels (Fig. 4.15). All the genes tested in thiperxment showed to be upregulated in A549 J5-1
cells when compared to the parental cell line A5#Bese genes are therefore interesting
candidates to be involved in the induction of mietids potential of A549 J5-1 cells, induced by

MYC.
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Figure 4.14. MYC induces alteration in the overalmethylation and expression profiles.

(A) Correlation between methylation levels in A5d8d A549 J5-1 DNA. Each spot represents a singld.Jjne

blue line crosses all the spots in the graph wheeaatio of methylation did not change upon MY @mssion. (B-

C) Correlation between overall methylation and ezpion changes upon MYC expression in A549 celle T

overall analysis shows that there are many genesm@gulated and stronger methylated upon MYC intotidn in

A549 cells, while there are only a few genes thatdemethylated and upregulated.
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. Difference
Difference (% Met
Gene Expression  Expression = (Exp A549 — % Met % Met A549 — %
A549 A549 J5-1 Exp A549 A549 A549 J5-1
35-1) Met A549
J5-1)
LAMC2 -2.05 -1.72 0.33 79.72 2.28 77.43
HKDC1 -2.76 -1.13 -1.63 38.86 2.44 36.42
KCNAB2_1 -3.15 -2.56 0.59 58.56 0.82 57.74
SLC6A15 -0.87 2.09 -2.96 14.13 2.77 11.36

Table 4.3. Values of methylation and expression fagelected genes.

The table shows the absolute values of expressioA549 and A549 J5-1 cells of the genes listed. oilie
differences of expression (A549 - A549 J5-1) arewshin the 4th column. The values of methylatiorboth cell
lines are showed in the 5th and 6th column, asreepéage; in the last column, the absolute diffeeebetween

methylation percentages is displayed (A549 — A54)J3/et (methylation), Exp (expression).
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Figure 4.15. A549 J5-1 cells show upregulation oi¢ indicated genes.
(A-E) The upregulation of a set of genes in whieimethylation is correlated with protein upregulatio A549 J5-
1 cells was confirmed by Real-Time PCR analysebth#d values represent SD of the mean. Statistidfdrences

between groups as indicated.
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4.13. Overexpression of GATA4 in A549 cells chandksir anchorage independent
growth ability

To further test the functional role of GATA4 in NSLa new cell line overexpressing GATA4
was prepared. For this, the coding sequence of h@Ad Adwas subcloned into the EcoRI site
of the retroviral vector pEGZ by using the oligolaatides GATA4_FWD and GATA4_REV
listed in the Materials section. This vector inamgies in addition the EGFP and zeocin-
resistance gene. After infection of A549 cells witte construct pEGZ/GATA4, positively
infected cells were selected with zeocin. Followselection, pools of 10 infected cells were
seeded in 96 well-plates, and tested for GATA4 BGFP expression. The infected cells pool
showing higher levels of GATA4 mRNA was the numbb#&r and was consequently expanded to
use in further experiments (Figs. 4.16.A and 4.).6TBis new cell line (from now called A549
GATA4-11) was afterwards tested by immunocytochémisising an antibody specific for
human GATA4. As shown in Fig. 4.16.C, A549 GATA4-tells show GATA4 and GFP

expression. Moreover, GATA4 showed to be localirethe nucleus.

As shown in Fig. 4.16.D, A549 GATA4-11 cells haveliierent morphology compared to the
parental cell line A549, when grown in adherentwa and show a tendency to detach from the
surface. The cell proliferation rate of A549 GATA4-and A549 cells in adherent culture was
measured by MTT assay (Fig. 4.17.A). This assaywsbothat GATA4 is not altering the
proliferation rate of A549 cells, when grown in adént culture. The ability to grow anchorage
independently of GATA4 expressing and non-expresitd9 cells was compared in a soft agar
assay. Although there is no difference betweenfpration rate of the two cell lines in adherent
culture, when grown in soft agar, the size and remab colonies formed by A549 GATA4-11

cells was significantly higher when compared to %9 cells (Figs. 4.17.B-C). These results
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show that the expression of GATA4 in the human NSCIell line A549 highly significantly

increases the ability for anchorage independemir.o
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Figure 4.16. A549 cells infected with pEGZ/GATA4 vetor show GATA4 and EGFP

expression.

(A-B) Relative mRNA levels of GATA4 and EGFP in A®4ells infected with the plasmid pEGZ/GATA4
measured by Real-Time PCR. Numbers 10/11/12 refdifferent pools of 10 cells seeded in a 96 welite after
infection and selection with appropriate antibiofitie best candidate pool was number 11, showiaghtghest
level of GATA4 mRNA levels. This pool also showedlhEGFP expression. (C) Immunocytochemistry foman
GATA4 in A549 and A549 GATA4-11 cells. GATA4 expséan was detected in the nucleus of the latess.cell
GFP expression was also detected in these celfhitescence microscopy. Red (Cy5) colored ceks GATA4
positive; Green cells are GFP positive; Scale barS0 um. (D) Phase microscopic observation of GATA4
expressing A549 cells. After introduction of hum@ATA4 in A549 cells, the cells change their morgigyt and
tend to detach. Scale bar = 1.60.
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Figure 4.17. Characterization of A549 GATA4-11 cedl.

(A) Proliferation rate of A549 cells does not changon GATA4 expression in adherent culture. Reddifion was
assessed by MTT assay. All the values representofSIhe mean. Statistical differences between groaps
indicated. ns: Not significant. (B) Growing in sefjar resulted in an increase of number and sizelofiies in the
case of A549 GATA4-11 cells. Magnification 20x. (e number of colonies formed in soft agar bydék line
A549 GATA4-11 was significantly higher when compiite the parental cell line A549. All the valuepnesent
SD of the mean. Statistical differences betweengsas indicated. (D) Images from a time-lapse eecgiof A549
and A549 GATA4-11 cells migrating to heal a wouA849 cells show the healing of the wound at 48 Bputile
A549 GATA4-11 were not able to heal the same sizednd in that time frame. The latest cells shoveeréase in

their migration potential, when compared with tlzegmtal cell line; ns — non-significant.

4.14. GATA4 expressing A549 cells show a decreagbeir migration ability
Because active migration of tumor cells is a preiste for tumor-cell invasion and metastasis
a wound healing assay was performed to access itjration potential of GATA4 expressing

A549 cells. The migration behavior of these cefid af the control A549 was monitored during
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48 hours (Fig. 4.17.D). Unexpectedly, this experitr&ghowed healing of the wound at 48 hours
in the case of A549 cells, while the GATA4 expragsi549 cells did not heal the wound in this

time frame, suggesting a reduced migration poteotiaA549 GATA4 — 11 cells.

4.15. GATA4 expression in A549 cells leads to aecatied tumor growthn vivo

If the expression of GATA4 induced by MYC is suifnt to induce metastasis, the
transplantation of a GATA4 expressing NSCLC cealeli- A549 - in immunodeficient mice
should lead to metastasis. To test this possipifitp x 16 A549/GFP and A549 GATA4-11
cells were subcutaneously implanted in nude miegpectively. Accelerated tumor growth was
observed in the A549 GATAA4-11 transplanted animaien compared to the animals injected
with the control cells (Fig. 4.18.A). Taking advagé of GFP expression in the transplanted
cells, tumor growth could also be monitored by GleéBrescence measurements, which showed
much higher GFP fluorescence in tumors from A549T@A-11 cells indicating again
accelerated tumor growth induced by GATA4 (Figd88B and 4.18.C). Among the differences
between the two groups, it was still noticeablet thinors from GATA4 group presented in
general a reddish color as blood vessels couleébe with necked eye, which was not observed
in the control group (Fig. 4.19.A). Moreover, 12 ofi 15 tumors from the GATA4 group started
to bleed very early (27 days after transplantafiomhich suggests increased tumor
vascularization. Due to fast tumor growth (reachimg allowed 2 cm tumor size very quickly)
and premature tumor bleeding, the animals tranggdawith A549 GATA4-11 cells had to be
sacrificed 27 to 38 days after transplantation .(Mdl9.B). Whole body imaging of cells

expressing GFP was done weekly (Fig. 4.18.C).
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Figure 4.18. Xenograft assay of tumor (NSCLC tumorsA549 cell derived) growth after
GATA4 addition.

The tumor cells were injected subcutaneously inenmite. (A) Tumor diameters were measured twicewsaks
and are indicated as the mean + SD. (B) Tumor Giidtdscence was measured once per week using thstida
Software 2.10.0. (C) Whole body imaging of NSCLUcexpressing GFP (upper panels) and GFP in aafdit

GATA4 (lower panels) growing in nude mice over time

No GFP expression was observed in organs or lyngames) adjacent to the primary tumors,
neither in the GATA4 or control group, indicating rdevelopment of metastasis. After
sacrification, the organs extracted were imaged petri dish and no GFP expression could be

observed except in the primary tumors (Fig. 4.19.C)
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Figure 4.19. GATA4 induces fast NSCLC tumor growthin nude mice.

(A) Differences in tumor size and vascularizaticgtvbeen mice injected with A549/GFP and A549 GATAA4-1
cells, 28 days after implantation. (B) Kaplan-Meserrvival curves for nude mice implanted with AS3BP and
A549 GATAA4-11 cells. Data plotted as percent ofeals surviving in each group. (C) Organs imagingN&ICLC
cells expressing GFP (left panel) and GFP in aoldito GATA4 (right panel). Primary tumors in green.

4.16. A549 cells show downregulation of angiogefactors upon GATA4 expression
Angiogenesis is a process necessary for a tumobemme metastafft Therefore, the
expression of a set of genes known as angiogemitorfa was evaluated in the GATA4

expressing A549 cells, and corresponding pareethlice (Fig. 4.20).

None of these genes, usually upregulated duringstegtis development, showed upregulation in

the A549 GATA4-11 cell line in comparison with A54@lls. Differently, all the tested genes
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showed downregulation in GATA4 expressing cellsg(FE.20), which goes in line with the

results from the wound healing assay.
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Figure 4.20. A549 cells show downregulation of anggenic factors upon GATA4 expression
(A-E) Relative mRNA levels of angiogenic factorsE@F A, HIF1 A, NFKB1, TGF beta and ANG1 in A549 and
A549 GATA4-11 cells measured by Real-Time PCR.tAdl genes show downregulation upon GATA4 expression

All the values represent SD of the mean. Statistifgerences between groups as indicated.

4.17. A549 cells show downregulation of pluripotestem cells markers, but not of
CD30

Based on the theory that tumor cells progressiaetyuire stem cell properties as a consequence

of oncogene-induced plasticiy and that MYC is involved in the induction of dlustent stem
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cell®, the question whether GATA4 has the same effectN8CLC cells was addressed.
Therefore, mRNA levels of commonly used pluripotst@m cell markers (BMP4, HNF4A and
CD30Y%™""?were measured in GATA4 expressing A549 cells (Bigl). The pluripotent stem
cell markers BMP4 and HNF4A showed downregulatiparuGATA4 expression in A549 cells,
in contrast to the marker CD30, which showed upegmn in the same cells, comparing with

the control A549. Thus, these data do not exclhde GATA4 can induce dedifferentiation in

A549 cells.
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Figure 4.21. A549 cells show downregulation of pliysotent stem cell markers upon

GATAA4 expression, but not of CD30.

Relative mRNA levels of pluripotent stem cell maskkeBMP4, HNF4A and CD30 in A549 and A549 GATA4-11
cells measured by Real-Time PCR. (A-B) BMP4 and HINEhow downregulation upon GATA4 expression. (C)
In contrast, CD30 is upregulated in GATA4 expregginlls, when compared to the parental cell ling4® All the

values represent SD of the mean. Statistical diffees between groups as indicated.
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5. Discussion

5.1. MYC induces a phenotypic and lineage switciNSCLC

In this work, an epigenetic switch induced by MYG& NSCLC is reported. The results
demonstrate that MYC induces epigenetic alteratadrtheGATA4promoter level leading to its
upregulation. Such alterations include site-specdemethylation and acquisition of active
histone modification marks i®@ATA4promoter. Importantly, a novel epigenetic mechanis/
which MYC activates GATA4 leading to a metastatleepotype in NSCLC is proposed and

novel potential targets for the development of-amttastatic therapy are suggested.

It was previously reported that constitutive expras of C-RAF under the control of the Sp-C
promoter, or C-RAF BxB - an N-terminal deleted fowh C-RAF that lacks RAS-binding
domain -, gives rise to thousands of well diffeiatetd adenomas, poorly vascularized, that do
not progress to metastasis in mifcén contrast, inducible or constitutive expressibmuclear c-
MYC was shown to be sufficient to induce early nomeetastasis in RAF-driven-NSCLC mice,
by suppressing apoptosis. Moreover, c-MYC is ableanvert a non-metastatic NSCLC cell line
A549, into metastasizing cellsA second reported consequence of cooperationeleet-RAF
and c-MYC is the rapid induction of a new AlveoRapillary Epithelial Cell type, APEC, which
affects a large fraction of cells. The original pbtype of these cells is a cuboidal type. A higher
proliferation index in primary lung tumors was shoor the APEC cells and they are the
predominant cell type found in the correspondintidsmetastasfs In the present work, this
phenotypic switch was shown and could be reverfest a-MYC withdrawalin vivo, by the
disappearance of APECs, which suggest a “shock froobgene withdrawal” — effét(Fig.

4.1). In spite of the cuboidal to columnar phenaypwitch has been observed in all mice
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overexpressing the two oncogenes in type Il celtdy a fraction of them proceeds to develop
metastasfs Therefore the requirement of additional eventstie metastasis switch has to be
considered. A comparable phenotypic switch fromoodddl to columnar cells has been observed
by Rapp et al. upon deletion of p53 in Sp-C-C-RA#BRBransgenic micg. c-MYC upregulation

can be the reason for the switch previously reporsgnce p53 transcriptionally represses c-

MYC"3,

In addition to the phenotypic switch, a lineagetsiwiwas previously observed in the tumors
from animals expressing c-MYC in type Il cells. GA, which is exclusively expressed in the
lung during its development or in the intestineadlt micé** was found in the tumors of

single Sp-C-c-MYC or compound mice, but not in #n&p-C-C-RAF animals. In contrast,

GATAG, a transcription factor involved in airwaygeneration and normally expressed in the
lung®*, was found in single Sp-C-C-RAF transgenic anin@id in the case of tumor tissues
from c-MYC single and compound transgenic micegave place to GATA4 expression. This
mutually exclusive expression of GATA6/GATA4 is eqbed for a lineage switch process. The
same lineage switch was reported in tumor tissumetfstasis with origin in lung tumors from

animals expressing c-MYC in type Il céllsuggesting that the switch occurred in the prymar

tumor is important for the development of metastasiuced by c-MYC.

In the present work, it was observed the loss ef ttansgenic promoter Sp-C in a high
percentage of GATA4 positive cells of the primawnbrs from Sp-C-c-MYC, showing that
GATA4 expression is kept after loss of c-MYC, thgbuthe loss of its promoter (Fig. 4.3.A).
These observations show that MYC induces a lineagiéch, where GATA4 expression is
induced and that GATA4 expression is afterwardepahdent of MYC expression, suggesting a

self-sustaining mechanism for this GATA transcoptfactor. Moreover, this switch may drive

88



5. Discussion

NSCLC progression to metast&SiSSATA4 transcription factor is activated by phospHation
by ERK and protein kinase A in gonodal cElisAfter a first activation by MYC, a similar
mechanism might be involved in the subsequent GA&a#vation in NSCLC reported in this

work.

5.2. MYC drives GATA4 expression in human NSCLClsel

As observed in murine lung tumors, here is shovat Y C also induces the expression of the
transcription factor GATA4 in the metastatic calld A549 J5-1 and in the MYC inducible cell
line A549 MYC-ERIn vitro (Figs. 4.3.C and 4.4.D). In addition to GATA4 uguétion, the
inducible cell line shows increased ability to gramchorage independent in soft agar after MYC
expression, mimicking metastatic behavior of A581Jcells (Figs. 4.4.B-C). GATA4 is
normally expressed in the intestine, and has muaini®s functional targ&t®> The upregulation

of mucin2 in MYC expressing cells proved the fuontlity of GATA4 induced by MYC in
NSCLC (Figs. 4.3.D and 4.4.D). In fa@ATA4is a lineage selector gene, and its upregulation
might suggest a dedifferentiation of the cells &s$ of organ identity which goes in line with
the theory that the metastastic process is a redaiidn of ontoger’y. Moreover, a controlled
addition of MYC to A549 cells showed that the upratjon of GATA4 induced by MYC starts
3 weeks after ectopic MYC expression although MY{@egulation is detected as early as 1
week after induction. This suggests that a muépstmechanism might be involved in the

changes induced by this oncogene (Fig. 4.4.D).

Here, the involvement of GATA4 in the metastatitidador induced by MYC could be shown,
since A549 J5-1 cells lacking GATA4 expression skdw decreased ability to form colonies in

soft agar comparing with the GATA4 expressing AS891 cells (Fig. 4.5). The ability of A549
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J5-1 cells to grow in the absence of anchoragerixaired step for the cells to metastaSize
and the lack of GATA4 seems to revert, at leastigdhy, this metastatic behavior which has
been induced by MYC. It was earlier reported thAIT&4 promotes the expression of the anti-
apoptotic factor Bcl2 and cyclin B2 In fact, altered expression of GATA4 has beematated
with a broad range of tumors emerging from gastesital tract, lungs, ovaries and brain. The
forced expression of GATA4 in colorectal cancell teks was previously reported to increase
their proliferation and migration capacitffésAnother study showed that elevated GATA4 levels

are associated with poor prognosis in ovarian deseucell tumor§.

5.3. MYC inducesGATA4 promoter demethylation

The GATA4 promoter activity of a 455 bp fragment 5’-upstretiva transcription start of the
humanGATA4gene was assessed, and results showed that MYf€sskpg A549 cells have a
higher activity ofGATA4promoter, when compared with MYC non-expressirgcA549 wild-
type (Fig. 4.6). This data suggests that MYC isugioto altetGATA4promoter activity, and is

in line with the evidence that MYC activates GATA¥so showed in this work. Indeed, it was
interesting to see what is happening at@#eT Adpromoter level, taking advantage of the recent

explosion of knowledge of how epigenetic events uate gene transcriptioh

Growing evidence now suggests that epigeneticaditers are at least as common as mutational
events in the development of car@&? Tumor-specific promoter hypermethylation is well
documentet. Epigenetic silencing is also known as a freqesent in NSCLC, i.e. of p16, H-
cadherin, death-associated-protein (DAP), kinag2APK1), 14-3-3 sigma and the candidate

tumor suppressor gene RASSE1Alowever, comparatively little is known about trwe of
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promoter hypomethylation in gene activation in @nespecially in NSCLC. In the present
work, it was shown that GATA4 upregulation in NSClsCaccompanied by demethylation of its
promoter upon MYC expression vitro andin vivo (Figs. 4.8 and 4.9). Interestingly, MYC did
not alter the overall methylation level @&ATA4 promoter, but it induced site-specific
demethylation. Hypomethylation was observed inGp6& islands 13-18 of th@eATA4promoter
from lung tumors and respective liver metastastsaeied from mice expressing ectopic MYC.
The same effect was observed in the CpG island221%lso in the promoter of MYC-
expressing A549 cells. Interestingly, the regiothefGATA4promoter between CpG islands 13
and 22 comprises the binding site for MYC — an BEXB&quence ’®— which was previously
shown to activate GATA4. E-BOX motif of the proxinf@ATA4promoter has been reported to
be a key regulatory element of GATA4 transcript resgionin vitro® and invive®.. Therefore,
hypomethylation of this specific region might begoéat importance for the metastasis-inducing
mechanism by MYC, especially because this effed al@served in metastatic tissue, as well as
in the primary tumor (Fig. 4.8). Y-BOX sequencailiso present in the referred regionGATA4
promoter. Y-BOX binding protein 1 regulates expi@ssof many important gen&sand has
been reported to be involved in the developmemhetastasis in patients with gastric and breast
cancef®. This protein might bind to the hypomethylated ioegof the GATA4 promoter

regulating its expression, or even acting as apaih metastasis development.

The occurrence of hypo or hypermethylation in camedls has been controversially discussed.
One of the first studies screening methylation leva human cancers reported substantial
hypomethylation in genes of cancer cells comparath wheir normal counterparts and

progressive hypomethylation in metast¥si©n the other hand, several studies report akterran

hypermethylation in various types of cancer, esibci silencing wild-type tumor
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suppressof$°1#® Hypermethylation ofSATA4in lung cancer have also been repoft&d In
fact, the data from the present work may seem sistant with these reports, but here, it was
observed hypomethylation dBATA4 in metastatic cells and tissues, while in the sedi
literature, methylation studies were mainly madtimary tumors or non-metastatic cell lines.
Therefore, as this study lacks the comparison dhytation levels of the primary tumors with
analogous normal tissue, no statement can be nwmdm®rtoborate previous findings about

hypermethylation in primary tumors.

Actually, a study about methylation GATAgenes in lung cancer using several lung cancer cel
lines revealedGATAA4 silencing by hypermethylation in most of the tdstells, including
A549%¢. Curiously, the only cells extracted from metaistaissue, H157 were unmethylated in

the GATA4promoter region analyz&d

In another report, analysis &ATA4 promoter methylation in ovarian cancer tissue¢ectdd
from patients, showed that a rapidly invasive amarcancer (High-Grade Serous Ovarian
Cancer) kepGATA4promoter unmethylated in all cases, while tumoosnf patients with other
type of ovarian cancers which are less invasivedawelop slower, showed hypermethylation of

GATA4promotef’.

Indeed, it is not surprising that in the presentlknibhas been shown an involvement of GATA4
upregulation by hypomethylation of its own promdtethe development of metastasis. The role
of MYC in the induction of such epigenetic changesikely, not only based on the data here
presented, but also because of the well known pefe of MYC to bind to promoter and CpG-

rich regioné’,
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5.4. MYC induces the enrichment of active histoneanks and changes protein
occupancy at th&sATA4 promoter

DNA methylation acts in cooperation with histon# maodifications and has the ability to alter
the chromatin condensation status. Patterns of éahts were shown to be altered in caficer
Histones are no longer considered to be simple ‘Efd&8kaging’ proteins; they are recognized
as dynamic regulators of gene activity that undergany post-translational chemical
modifications, such as acetylation, methylatiompggrhorylation, ubiquilation and sumoylatin
Acetylation and methylation of specific lysine dages in the tails of nucleosomal core histones,
in particular Histone 3, are known to have an ingoatr role in regulating chromatin structure
and therefore gene expres$iorin general, histone hypoacetylation and hypergiation are
characteristic of DNA sequences that are methylaretirepressed in normal c&fisAlterations

in DNA methylation and in histone modification patis potentially affect the structure and
integrity of the genome and change normal pattefrgene expression, which might be causal
factors in canc&. A signal that separates regions of transcriptlpnactive chromatin from
regions of transcriptionally inactive chromatin smseto be given by the specific methylation
markers in histone H3 Transcriptionally repressive chromatin has beefated with
methylation of lysine 27 (lys2?)and of lysine 9 (Lys9) in the histone 3 13ilin opposition to
methylation of lysine 4 (Lys4) on histone 3 taihiah characterizes the transcriptionally active
chromatin®. It was previously shown that several lysine ress including lysines 4, 9, 27, and
36 of Histone 3, are preferred sites of methylatiad that lysine methylation can occur ondhe

nitrogen atom as mono-, di-, or trimethylated fotms

In the present work, corresponding to the stronghyghation on theGATA4 promoter of A459

control, non-metastatic cells, were found mainlgressive histone marks H3K9me3, and most
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prominently trimethylation of lysine 27 of histor (Fig. 4.10). The enrichment of H3K27me3
at GATA4promoter of the non-metastatic cells A549 candatd repression by polycomb group
proteins (PcGY. Indeed, polycomb-repressive complex 2 (PRC2)riewn to repress gene
expression by trimethylating of Lys27 on histone, 8tablishing repressive epigenetic métks
PRC2 methylates H3K27 via its catalytic subunit rh&ncer of Zeste 2 (EZH2) - which
transfers a methyl group from S-adenosyl methioi®%&M) to Lysin 27 residue at H3% In
fact, in this work EZH2 was found to be enriche@G&T A4promoter of A549 wild-type cells, in
contrast to the low binding of the Enhancer dette@eGATA4 promoter of MYC-expressing
A549 cells (Fig. 4.11). GATA4 binds and recruitse tlranscriptional co-activator p300 to
specific chromatin loci, which acetylat@ATA4augmenting its transcriptional activity It was
recently shown thabATA4methylation by PRC2 impairs its acetylation by @2®d reduces its
recruitment of p300 to chromatin, resulting in reediGATA4transcriptional potenéy, These
facts support our findings that GATA4 expressioneigressed in A549 cells, and that this event

is accompanied by an enrichment of the PRC2 mdtbgltarget - H3K27 (Figs. 4.10 and 4.11).

In contrast to the enrichment of repressive historaeks at theaGATA4 promoter of wild-type
A549 cells, in the MYC expressing line J5-1 theelewof repressive marks are low, whereas both
active marks on H3K4 are enriched, indicating ongdiranscription at th&ATA4 promoter
(Fig. 4.10). It is widely assumed that the key 4lateting step in gene activation is the
recruitment of RNA polymerase Il (Pol II) to thereqpromote?. The recruitment of Pol Il was
previously reported to co-occur with the enrichmehthe active histone marks H3K4 di- and
trimethylated®. This effect could be seen in MYC-expressing ABdBs (Fig. 4.11). After MYC
expression, the occupancy of Pol Il at BATA4 promoter of A549 cells was significantly

elevated. Altogether, these data corroborate tpethgsis thaGATA4is transcriptionally active
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in MYC expressing cells. Moreover, the present daliggest a significant change in the
epigenetic landscape of tATA4promoter upon MYC expression: DNA hypomethylatadra
region encompassing CpG islands 13-22, which i®rapanied by an epigenetic switch from

repressive to active histone marks.

5.5. MYC induces changes in protein occupancyGATA4 promoter

Changes in protein occupancy levelsGHTA4 promoter in MYC-expressing A549 cells were
mentioned above. Briefly, the desenrichment of EZHBATA4 promoter of A549 J5-1 cells
suggests thaGATA4 transcription has been repressed by the PcG psoteiwild-type A549
cells, and the enrichment of Pol Il supports thel@we of active transcription @ATA4In
MY C-expressing A549 cells. Among other proteinggdsn this work, GATA4 markedly bound
to its own promoter upon MYC expression. On thesothand, the HDAC and DNMTSs recruiter
- MAZ®® - and the already mentioned EZH2 protein wereldissl fromGATA4 promoter in
MYC-expressing A549 cells (Fig. 4.11). MAZ displatent from the region which became
hypomethylated after MYC expression, suggests iteatole as HDAC and DNMTSs recruiter
might be a key event for the GATA4 repression befdly C expression, either by recruitment of
DNMTs and subsequent methylation of that promoégian, or by recruitment of HDACs,
deacetylating the histones and therefore maintgitiie nucleosomes in a transcriptionally silent
staté€’. The late hypothesis was excluded by inhibition HIDACs activity in A49 cells.
Trichostatin (TSA) treatment of A549 cells, a patiEmibitor of HDACs activity° did not result

in the activation of the hypermethylat&ATA4 gene (Fig. 4.13). Therefore, MAZ seems to
repress GATA4 expression in A549 cells by DNMTsruégment, while HDACs might not be

involved. MAZ displacement might prevemte novo methylation by absence of DNMT
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recruitment and therefore provoke promoter sitesifigehypomethylation. In this work, the
knock-down of MAZ in A549 cells led t&ATA4activation and overexpression of its functional
target, mucin2 (Figs. 4.12.C-D). Moreover, the sdhcking MAZ expression mimic the
behavior of MYC expressing A549 cells in soft agasponing MAZ as a key-player in MYC

induced metastasis ViaATA4activation (Figs. 4.12.A-B).

These findings suggest the scenario that GATA4&imlly kept repressed by MAZ, DNMT1 and
PcG containing complexes. Upon MYC expression, eME interacts with its binding site (E-
box) near thaGATA4 promoter which leads to DNA hypomethylation of tlegion containing
the MAZ binding site and the E-box and subsequeAZNMnd EZH2 displacement. Activated
transcription oilGATA4is then self-sustained by GATA4 interacting with @wn promoter (Fig.

5.1).

5.6. Epigenetic changes induced by MYC are genonidew

Candidate gene approaches are not sufficient tuaeathe amount of epigenetic alteration in a
cancer / metastasis genctheThis is just possible using a genome-wide apgrpachich
discloses methylation signatures and opens up rtozalment options that include epigenetic
therapeutic statagi&s Taking advantage of recent technological advanites possible to
obtain a better picture from the cancer transcni@@nd from genome-wide epigenetic changes
that occur in a cancer genom&. In this work, the whole-genome analysis of medtigh levels

in A549 and metastatic MYC expressing A549 celigeeted that MYC induced epigenetic
changes are not limited 8ATA4 yet they were observed in a wide range of genesng the

genome. Indeed, many genes showed differential yla¢itbn upon MYC ectopic expression in
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A549 cells (Fig. 4.14.A). This is not surprisingpé several studies have previously connected
MYC with reprogramming event®. The broad range of genes differentially methylatigon
ectopic MYC expression did not show only hypomedkigh but also hypermethylation of many

genes (Fig. 4.14.A).
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Figure 5.1. Locked switch model of self-perpetuatipg GATA4-expression induced by MYC.
(A) Under physiological conditions MAZ binds to ti&ATA4 promoter. Sitting on th&ATA4 promoter MAZ
recruits DNMTs, which in turn methylate the CpCesit(B) When MYC expression rises above a giveestiold,
MYC binds to theGATA4 promoter displacing MAZ. As a consequence DNMTe aot recruited to the DNA-
region anymore. (C) After replication CpG-sites amunmethylated due to the absence of DNMT-recreiitt. (D)
The expression of GATA4 is now maintained everhimdbsence of MYC by GATA4 binding to its own prdero
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Actually, hypermethylation at CpG islands is prevalin basically every human can®émwith

emphasis on tumor or metastasis suppressor gekesp16“<*?

in lung cancer, in which

methylation is accompanied with poor prognti&isConsistently, the results from the infinium-
chip in the present work show hypermethylation a8J“** tumor suppressor gene in the
metastatic MYC-expressing A549 cells (data not shjovndeed, hypermethylation exceeds

hypomethylation in canckrbut little is known about this phenomena distishing benign from

malignant tumors.

In this work, the number of aberrant hypermethylagenes prevailed over the number of genes
aberrantly hypomethylated in MYC expressing A549scelfhe number of genes aberrantly
hypermethylated (in this case considered as meatioylaof A549<20% and methylation of A549
J5-1>80%) reached the number of 49, while genebytaed more than 80% in A549 and less
than 20% in A549 J5-1 cells did not exceed 18. Drata a gene expression microarray analysis
of A549 and A549 J5-1 cells performed by Ellen beigas combined with the data from the
infinium-chip, and the correlation between the 2r#g was calculated by Tobias Miiller using
mathematical approaches. The combined data fronmyla¢ibn and expression showed that
there are much more genes in which downregulatisn correlated with promoter
hypermethylation (41 genes) than genes in whictegydation is correlated with promoter

hypomethylation (9 genes) (Figs. 4.14.B-C).

Among the 41 genes silenced in MYC expressing ¢sllpromoter hypermethylation, 11 were
previously described as tumor or metastasis supprgsand their downregulation was reported
to be involved in tumor progression or poor progsioshese known tumor suppressor genes,
such as PXDN in lymphocytic and myeloid leukelfiid®® FOXL2 in ovarian cancéP,

ADAMTS18 in esophageal, nasopharyngeal, gastritoreotal and pancreatic cancéfs?®’
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H19 in colorectal cancer and hepatocarcinBfigRBP4 in gastric, ovarian and esophageal
cancet® % pCDH9 in nephro and glioblastoia™** EPHAS in breast, colorectal, brain and
lung cancers**>® |GFBP3 in breast, prostate, endometrial, esoptamed Non-Small-Cell
Lung Cancers’11811912012L hAPK] in brain, renal, oral and Non-Small-Cell rig
cancer§?!#124125 pKK1 in meduloblastoma, myeloid leukemia, breastnal and lung
cancer®127128129134 54 SFRP1 in hepatocellular carcinoma, esophat®eabid, colorectal,

132,133,134,135,136

lung cancers and specifically NSCY were previously found to be

downregulated and in most of the cases, epigetigtiepressed by hypermethylation.

Interestingly, the association between reduced karger and metastasis risk and high Insulin-
like Growth Factor Binding Protein (IGFBP)-3 - thejor IGF carrier protein in the serlth-

in the plasma was reported years 'dgt° The re-expression of IGFBP-3 in NSCLC
significantly decreases the migration, invasion aredastatic potential of the tumons,vivo and

in vitro™®. Reportedly, antiproliferative and pro-apopto&BFBP-3 effectively blocksiPA- and
matrix metalloproteinase-2—stimulated invasion watlys reducing lung cancer cell
metastasis®. In general, the tumor-suppressive propertiesGdfBP-3 include sequestration of
the IGFsS*, senescence associafith and inhibition of cell adhesion to extracellul@atrix
component$’. Moreover, the cooperation between MYC overexpoesand IGFBP-3 deletion
was previously associated with greaisk of aggressive, metastatic prostate carnteBesides
IGFPB-3, some other tumor or metastasis suppresstasced by hypermethylation in the
present study piqued my interest for further disaus namely EPHA5, DAPK1, SFRP1 and

DKK1.

Consistently with the present data, the receptorsEphrin family ligands (EPH) have been

described as important players in oncogenesis aondrgssion of many types of cancer,
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including lung cancéf®. Ephrin/EPH signaling pathway networks with the tWaignaling
pathway during embryogenesis, tissue regeneraimh carcinogenesfs. This fact is of special
interest since Wnt pathway was recently implicatelling adenocarcinoma metastd$isnd its
aberrant activation often correlates with overesgian or amplification 0o€-MYC oncogen&®.
The EPH receptor tyrosine kinase family member EBHhays a critical role in the regulation
of carcinogenest$’. Recent studies showed that the silencing ofdbise by hypermethylation
is correlated with progression of breast cancemfeononinvasive to an invasive phenotype
and that the decrease of EPHAS levels in plasmanioé is associated with angiogenic fast
growing glioblastom&® which together with the results from the presemtrk suggest the

involvement of EPHADS silencing in progression totas¢asis.

Also the Death-associated protein (DAP) kinasepsitive mediator of apoptodf§ has been
described as a metastasis suppressor not onlpgncancer metastasis but also in mesothelioma,
clear cell renal cell carcinoma and neuroblastometasiasi$>**"122124 |n the later, the
molecular pathology was related with several gewgaaterations including amplification of the
N-MYC oncogef?. Aggressiveness of malignant tumors and poor gahviates have been
associated with the methylation of the promoterae@f the DAPK gene and the loss of DAPK
expressiolf®. Therefore, the epigenetic aberration found in phesent work for this gene

promoter seems to be supported by previously puddistudies.

Consistently with the present data, the downreguriabf the secreted frizzled-related protein 1
(SFRP1) gene by promoter hypermethylation supprgdsimor growth of lung cancer cells has
been described some years 35" SFRP1 hypermethylation was found to be associatéd
lymph node metastasis and progression from lunges¥f Hereupon, the interest for SFRP1
increased, especially after evidences for its asl@\Vnt antagonist. Interestingly, another Wnt
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antagonist — Dickkopf-related protein 1 (DKK1) -vealed in the present study to be
downregulated by promoter hypermethylation upoogictMYC expression in NSCLC celfd.
The poor prognosis associated to DKK1 downregutatioe to epigenetic changes has been
reported in several types of cancer, including loagcet®®*?"?8 The silencing of DKK1 was
found to coincide with polycomb-mediated repressionlung cancéf® Reportedly, the
metastatic suppression through DKK1 silencing ideki anti-apoptotic activity, proliferation

induction and inhibition of anchorage independentghin vitro'?%1%,

Unrestrained Wnt signaling is found in many tumarsd experimentally activated Wnt is
oncogenit®®. Moreover, the oncoprotein c-MYC, which is upregal by Wnt signaling
activity, participates in a positive feedback ladganonical Wnt signaling through repression of
Wnt antagonists DKK1 and SFRP1%. The downregulation of these 2 metastasis represso
SFRP1 and DKK1 - upon MYC expression in A549 célsconvincingly supported by the

revised literature.

As previously discussed, hypomethylated promoteetated with upregulation of the
corresponding gene occurred at lower frequency hilgpermethylation/downregulation events.
The upregulation of those genes in MYC-expressisgRAcells was individually validated by

MRNA levels measurement: HKDCIAMC2, KCNAB2 and SLC6A15 (Fig. 4.15).

HKDC1 is an hexokinase which catalyzes the conwarsi glucose to glucose-6- phosphate in
the glycolytic pathwalyf? and is frequently overexpressed in rapidly growimgors>3 This is
not surprising since the well known Warburg effdescribes the energy production in tumor
cells by a high rate of glycolysisegardless of the availability of oxygéh Consistently with

the present data, c-MYC overexpression was prelji@ssociated witlthe regulation of glucose
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metabolism by regulating glycolysis-associated gdite Lactate dehydrogenase-A (LDH-A),
GIuT1, hexokinase 2 (HK2), phosphofructokinase (PFd enolase 1 (ENO 5. This
suggests that MYC might regulate HKDC1, and indaceetabolic switch in NSCLC which

accompanied by progression to malignancy.

LAMC?2 is one of the 3 components of Laminin-5, asential component of the basement
membran&®. Diverse biological functions attributed to lanmininclude stimulation of cell
growth and differentiation, cell adhesion, and loation™’ and it has been implicated in a
number of stages in tumor invasion and metastisiddditionally to its roles in cell adhesion
and migration, laminin was described to mediaterattions of tumor cells with the immune
system and to have more subtile roles in contrlhmetastatic behavior being proposed as an
antimetastatic molecule suitable for ther&flyin the case of lung cancer, LAMC2, which was
upregulated / demethylated in the metastatic ¢e# A549 J5-1 in the present work, was
reported to accumulate around tumor clusters aisdetrent was suggested as being significant
for the spread and growth of malignant tumdtdVioreover, the upregulation of this gene due to
promoter demethylation was earlier associated migtastasis with origin in bladder and gastric
cancer¥®®! Altogether, previous reports and the present daiggest that the epigenetic
activation of LAMC2 by MYC might be important foné¢ acquired metastatic behavior of A549

J5-1 cells.

Finally, epigenetic changes induced by MYC haveiraportant effect in expression of both
metastasis-suppressing and metastasis-inducings,gattering the proteomic and epigenomic

landscape of the tumor cells in a manner whiclirengly supported by previous publications.
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5.7. GATA4 alone is not enough to induce angiogeises vitro

Along with few studies reporting overexpressionGATA4 in metastasis from other types of
cancer, the present work also shows the upregolaticGATA4 in metastatic NSCLC (Figs.
4.3.C and 4.4.D). GATA4 expression was previousgoaiated with aggressive behavior of
Ovarian Granulosa Cell Tumors aridfiltrating pancreatic cancefs®® In the latter, the
overexpression of GATA4 was even correlated wifheiquent methylatioft® like it was found

in the present work. Here, the GATA4 transcriptifactor showed to be involved in the
metastatic behavior induced by MYC since, as dsetisabove, the knockdown of GATA4 in
A549 J5-1 cells withdrew their acquired ability gwow anchorage independent (Fig. 4.5).
Although not altering proliferation rates in adhdreulture, the overexpression of GATA4 in
A549 cells led to an increased ability to grow amelge independently in soft agar when
compared with A549 wild type cells, mimicking thehavior of MYC expressing cells (Figs.
4.17.A-C). This supports the evidence that GATA#4egded to the metastatic behavior induced
by MYC in NSCLC. Moreover, the introduction of hum&ATA4 in A549 cells led to
morphological changes and conferred a tendencyetact from adherent plates (Fig. 4.16.D).
As expected, immunocytochemistry analysis of AS48T@&4-11 cells showed localization of

GATAA4 transcription factor in the nucleus (Fig. 8.@).

Unexpectedly, upon GATA4 expression, A549 cellsvatab a decrease in migration ability
while performing a wound-healing assay (Fig. 4.37.8 possible explanation for this is the
limitation of the assay itself. The ability of thegproach to simulate biological processes in
human tissues is limited, since it is known thghaiing pathways function optimally when cells
are spatially organized in three-dimensional tissieit are uncoupled and lost in rudimentary

monolayer culture systert?4 Indeed, three-dimensional migration assays werently reported
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to correlate better the wound healing and migratdrbreast cancer cells lines with their
metastatic capacity, in contrast to monolayer assafich correlated inversely the migration
capacity of the cancer cells with their metastatipacity®. Therefore, a tree-dimensional
migration assay might be necessary to give a bieseght about the migration ability of NSCLC
cells upon GATA4 expression, simulating more auticatly the conditionsn vivo like cell—cell

and cell-extracellular matrix contatts

Angiogenesis is the recruitment of new blood vessafuced by solid tumor growth and is an
essential component of the metastatic pathway. él'kessels are the principal path by which

tumor cells exit the primary tumor site and enker tirculation®”.

The best characterized angiogenic factor — VEGRhe& main driving force behind angiogenesis
and blood vessel formation by induction of protsasecretion, migration and proliferatf8nin
cancer patients, high levels of VEGF expressioncweely related with the development of
metastasi$® When a tumor grows beyond a certain size (us@afgn), the cells in the center of
the tumor have restricted access to nutrients arydem, leading to quiescence and hypoxia,
respectivel}?®. Hypoxia activates the expression of VEGF genethwiaHIF-1 response element

in its promotet”®.

Also the transcription factor NFKkB has been showrrapidly transduce hypoxic signals by
increasing its DNA binding activity to promoters séveral genes including genes encoding
cytokines implicated in angiogenesis like VEGF, ibdgoroblast growth factor (bFGF), and
tumor necrosis factor (TNEY. ANG-1, a member of angiopoietin family has alseetb
described as an important regulator of angiogerggsisrning the transition between quiescence

and angiogenic growth The lately pro-angiogenic factors are expectetbeoupregulated in
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metastatic cells. The assumption that GATA4 igvating step for metastasis induced by MYC
in NSCLC led to the interest about regulation afsth angiogenic factors in A549 GATA4-11
cells (Fig. 4. 20). Surprisingly, none of the mengd factors showed elevated levels of mMRNA
compared with the parental cell line A549. Thesailts are not so surprising after a closer look
at the tumor-induced angiogenesis mechanism. Agiomsd above, hypoxia is required for
VEGF production. Since the cells used in the pres@nk were growing in monolayer, hypoxic
conditions were absent and this might explain tlerent observations. Indeed, stromal
environment is absolutely needed to induce angiegisnand such environment is difficult to
reproducein vitro. Cancers are not autonomous neoplastic cells Isot iaclude fibroblasts,
immune cells, endothelial cells and specializedenelsymal cells. These different cell types in
the tumor stroma can be recruited by the maligoalis to produce angiogenic factors, support

tumor growth and facilitate metastatic disseminatio

Still in the context of angiogenesis, TGF-b hasnbeeported as a pro and anti-angiogenic
factor’®*"% In this work, mRNA levels of TGF-b were impairepon GATA4 expression in
A549 cells (Fig. 4.20.D). This could indicate arggaoesis progression by downregulation of this
anti-angiogenic factor, but considering the abseofcstromal environment within the cells
during the experiment, no statement can be madet asopro or anti-angiogenic properties in

A549 GATA4-11 cells.

To overcome the discussed experimental limitationgjvo analyses are required. Alternatively,
A549 GATA4-11 cells can be cocultured with normallmonary fibroblasts, given that the
crosstalk between the 2 cell types might be oftgreportance for the signaling between tumor

cells and normal neighboring fibroblasts
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5.8. GATA4 induces accelerated tumor growthvivo

The central question of the present work is whe@AiT A4 is able to induce metastasis from
NSCLCin vivo. To answer this question, A549 cells overexprgs&8ATA4 in addition to GFP
were transplanted in nude mice, and the appearm@neetastasis was screened weekly using a
laser-capture microscope to dissect GFP positiVis. CBhe time frame of the transplantation
experiment was 38 days, due to the fast growtheftdamors with origin in GATA4 expressing
A549 cells, and no metastasis could be seen byemmite or organs imaging (Figs. 4.18 and
4.19). This result does not exclude that GATA4 uffisient to induce metastasis, considering
that the time frame of the experiment was too sfwrthe development of tumors in adjacent
organs (animals had to be sacrificed as soon asuthers were bleeding or reached 2 cm of
diameter). In a previous work where Rag-/- miceemeansplanted with chk-MYC expressing
A549 cells, metastasis to liver and lung could bseoved at low frequency and it was suggested
that a higher metastasis frequency could be actii@vea longer time franfe To clarify if
GATAA4 is sufficient to induce metastasis from NSCu€ing the xenograft model presented in
this work, the primary tumor should be removed mally when bleeding starts or 2 cm are
reached, increasing the life time of the animals tuierefore increasing the chance of metastasis
development. Despite GATA4 failed to induce metsista vivo, the accelerated tumor growth
induced by A549 cells expressing this transcripfactor was clear and suggests a much more
aggressive phenotype (Figs. 4.18.A-B). In conttasthein vitro data, the accelerated tumor
growth induced by GATAA4 indicates that cell proldgon is increased and therefore dependent
on the presence of other cell types from the tustayma. The differences in the tumor sizes
from mice transplanted with A549 GATA4-11 or comtaells can also be attributed to the

recruitment of different cell types by the malighaells. In addition to neoplastic cells, also
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fibroblasts, immune cells, endothelial and spexgalimesenchymal cells might account to tumor
enlargement. Moreover, these cells can producevgagic factors to recruit blood ves$élghe
induction of angiogenesis vivo by GATA4 is suggested by the observation of bleedsels
with the necked eye in the tumors constituted ofTBA expressing cells, and the fact that 12

out of 15 tumors started to bleed before the aement of 2 cm of diameter (Fig. 4.19.A).

5.9. GATA4 might induce pluripotency in NSCLC cells

The reported lineage switch induced by MYC ledhe tuestion whether GATA4 expression
induces reprogramming to pluripotency, conferringhte cells an unlimited potential to grow
which is characteristic from cancer and metastaits. This hypothesis was tested in the present
work, by measuring the mRNA levels of 3 pluripotesteém cell markers in A549 cells upon
expression of GATA4, namely, BMP4, HNF4A and C¥30"> The current data showed
upregulation of the latter but not of the 2 formmarkers in A549 cells upon GATA4 expression
(Fig. 4.21). The upregulation of CD30 suggests BATA4 might induce pluripotency in
NSCLC. CD30 is a member of the tumor necrosis faacwceptor superfamily whose
upregulation was related to anaplastic large getphoma, Hodgkin lymphoma cells and human
transformed pluripotent stem céflsMoreover, it was shown that CD30 expression mesia
significant survival advantage to the pluripotetemns cells expressing’ft In addition, induced
pluripotency might be important for metastasis elismation, because of loss of organ-identity
of the cells, which makes possible that they pecéife in a different organ from its originThis
suggests that NSCLC cells overexpressing GATA4 mighrogram into pluripotency acquiring

a survival advantage to become metastatic.
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To conclude, in the present work it was possiblestiow that MYC induces a wide broad of
epigenetic changes in NSCLC conferring metastatiengial, and GATA4 was identified as a

potential target for anti-metastatic therapy, alifio further investigations are required to

validate it.
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7. Appendix

7.1. List of abbreviations

APEC - Alveolar Papillary Columnar Epithelial cells
BASCs — Bronchioalveolar stem cells
cDNA — complementary DNA

ChIP — Chromatin immunoprecipitation
CIAP — Calf Intestinal Alkaline Phosphatase
chk-MYC — Chicken v-MYC

cm — centimeter

DAB - 3,3'-Diaminobenzidine

DMSO - Dimethyl sulfoxide

DNA — Deoxyribonucleic acid

DNMTs — DNA methyltransferase

dNTP — Deoxynucleotide Triphosphates
DOX — Doxycycline

E. coli — Escherichia coli

ECM — Extracellular matrix

EGFP — Enhanced Green Fluorescent Protein
GFP — Green Fluorescent Protein

GG — Gallus gallus

g—gram

h — hour

HDACSs — Histone deacetylase

HE — Hematoxylin and Eosin
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hs —Homo sapiens
i.p. — intraperitoneal
kg — kilogram

kV — kilovolt

LB — Luria Bertani
min — minute

ml — milliliter

mM — millimolar

ms — millisecond
MTT — 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylt@zolium bromide
ng — nanogram

nm — nanometer

ns — nanosecond

NSCLC — Non-Small-Cell Lung Cancer
OD - Optical Density

OHT — 4-hydroxy-tamoxifen

P.A. — pro analysis

PBS — Phosphate buffered saline
PcG — Polycomb group complexes
PCR — Polymerase chain reaction
PFA — Paraformaldehyde

pM — picomolar

POL Il — RNA-polymerase Il

PRC — Polycomb-repressive complex

RNA — Ribonucleic acid
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rpm — Revolutions Per Minute
SD - Standard Deviation

sec — second

TSA — Trichostatin A

UV — Ultraviolet

w — week

V —volt

uF — microfarad

ug — microgram

ul — microliter

124



Curriculum Vitae

Personal Information

Name: Inés Sofia Cardoso e Castro

Date and place of birthday: ~ 24f April 1982 in Paredes, Portugal

Nationality: Portuguese

PhD Thesis

since 09/2008 PhD-thesis at the Institut fir Madsghe Strahlenkunde und

Zellforschung (first year) and later at the Depanin of
Microbiology, University of Wirzburg (Titel: “Epigestic switch
induced by MYC in Non-Small-Cell Lung Cancer”)

Professions

05/2007 — 08/2008 Quality, health and safety manag&TB, Lda, Vila do Conde,
Portugal (Sector: Civil Engineering)

06/2006 — 02/2007 Quality manager at Maia Ferreltda, Pacos de Ferreira,
Portugal (Sector: Furniture Industry)

Education

09/2001 - 11/2005 Diploma in Biology at the Univgr®f Minho, Braga, Portugal

03/2005 — 07/2005 Diploma thesis at the Departnoérffood Microbiology at The
Royal Veterinary and Agricultural University, Copagen,
Denmark under the supervision of Prof. Dr. Mogeakobsen
(Title: “Binding of ProbioticLactobacillusstrains and pathogens
(Escherichia coli to the porcine intestinal epithelium:
Investigation of a competitive interaction “)

09/1994 — 07/2000 High School of Paredes, Portugal

Publications

“Myc is a Metastasis Gene for No-Small-Cell Lung Cancer” Ulf R. Rapp, Christian Korn,
Fatih Ceteci, Christiaan Karreman, Katharina Luelieais, Valentina Serafin, Emanuele
Zanucco, Inés Castiend Tamara PotapenkeLoS ONE June 2009.

“MYC -induced epigenetic activation of GATA4 i1 lung adenocarcinome” Inés C. Castro,
Achim Breiling, Katharina Luetkenhaus, Fatih CeteSimone Hausmann, Sebastian Kress,
Frank Lyko, Thomas Rudel, Ulf R. Rapp. Accepted fablication in Molecular Cancer
Researchon 04/12/2012.

125



