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Abstract V

Abstract

Metastasigemains a major problem for tumor therajry.endometrial and ovarian cancer
metastasiand worse survivawas found to be associated watavated EDI3 (GPCPD1; GDES5;
GDPD6 expression irprimary tumors EDI3 is a glycerophosphodiesterase which cleaves
glycerophosphocholing&5PQ to form choline and glycere3-phosphate (G3P) ansltherefore
considered one of the key proteins involved in choline metabolism. Altered chnatabolism

is a recognized metabolic hallmark of cancer and was reported in breast, ovarian, and prostate
cancers. Previolys in vitro studiesrevealedthat silencing EDI3 transiently wariousbreast
cancer celllines resulted in altered choline metaisoh and impaired cellular migration,
attachment, and spreadirgecent workshowed that EDI3 expression is particuldnigh in

the very specific ERHER2+ breast cancer subtype, and that silencing EDI3 transiently led to
reduced viabilityin these cells However, stable constitutive EDI3 knockdowled to
compensation of metabolite levelger time which wasaccompanied bgloss of the migration
phenotype. Therefore, ithe presentvork a doxycycline (Dox) inducible EDI3 knockdown
systemwas established ilciferaseexpressindcR-HER2+breast cancer cella/hich reduces
compensatory effects and allows to investigate EDI3 in tumor growth and metizstagis

To create cell lines in which EDI3 is inducibly silencgdble luciferaseexpressingdiCC1954

ard SkBr3 cell lines werdirst generated and subsequerglaluatedn vitro andin vivo for
their luminescence signal intenséydability to formtumors. HCC1954 _Luc cells were chosen
for subsequent transduction with lentiviral particles, which resuitetiree different Dox
inducible EDI3 knockdown cell lines containing independent ERt§eting shRNA oligas
Dox treatment led to a time and dose dependent decrease in EDI3 RNA and protein expression.
Mass spectrometry analyses revealeditithicedEDI3 knockdown also led to dose dependent
alterations in endogenous choline metabolites and phospholipid |Efatgvariousin vitro
assaysit could be showrhat EDI3 knockdowrresuled in significant reduction in colony
formation and proliferationprocesses which are relevant in the formation of metastasis.
Furthermore, EDI3 silencing rendered cells more susceptible towards anoikis. Hdh@wer,

inducedEDI3 knockdown had only little effect on adhesion and no effect on migration.

To i nvest iolgitureor ggdwvih andl metastasis/ivo, differenttumormodels were
establishedn immunodeficient miceThe subcutaneous tumor model showedsigmificant
effect on primary tumor growth. However, in a mouse modelplrntoneal metastasis,

luminescene imaging revealed lower signals indicative of less metastasis formation in the
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EDI3 knockdown condition. Furthermore, it could be shown that silencing &&dassociated

with reduced tumor burden, less ascites fluid and longer survival time.

Altogether this thesis providegor the first timein vivoevidence that supporésrole for EDI3
in metastasis formationwhich further emphasizes the importancé choline and

glycerophospholipid metabolism in this process.
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Zusammenfassung

Die Bildung von Metastasenstelt ein grol3es Problenin der Tumortherapiedar. Bei
Endometrium (Gebarmutte) und Ovarialkarzinomen Kierstockkrebys wurde festgestellt,
dassMetastasierungowieschlechtee Uberlebenschancanit einer erhohten EDI3 (GPCPD1;
GDE5; GDPD6)EXxpression in  Primartumoren assoziiert sind EDI3 st eine
Glycerophosphodiesterase, die Glycerophosphocholin (GPC) zu Cholin und GBgerol
phosphat (G3P) spaltet und daher als eines der Schlisselproteine im Cholinstoffwechsel gilt.
Ein veranderter Cholinstviechsel ist ein anerkanntes Kennzeichen von Kaédoankungen
und wurdebereitsbeiMamma (Brust), Ovarial und ProstatearzinomerfestgestelltFriihere

in vitro-Studien zeigten, dassin transienter EDI3-Knockdown in verschiedenen
Brustkrebszelinien zu einem veranderten Cholinstoffwechsel und eBesintrachtigung der
Zellmigration,-adhé&siorund -ausbreitung fuhrtdn neuererArbeitenkonntegezeigtwerden
dass die EDIEXxpressiorspeziellbei demER-HER2+BrustkrebsSubtyperhdhtist und dass
ein transientelEDI3-Knockdownzu einer verringerten LebensfahigkiitZellendieses Typs
fuhrte. Ein stabiler konstitutiver EDEKnockdownfiihrte jedoch im Laufe der Zeitu einer
Kompensation der Metabolitenspiegel, was mit einem Verlust des Migratiommppsin
einhergingDaher wurde imer vorliegendeArbeit ein Doxycyclin (Doxjinduzierbares EDR
KnockdownSystem in Luciferasexprimierenden ERIER2+Brustkrebszellen etabliert,
welches kompensatorische Effekte reduzieund es ermdglicht,EDI3s Funktion in

Tumorwachstum und Metastasierung/ivo zu untersuchen.

Um Zelllinien mit induzierbarem ED#&nockdown zu generieremyurden zunachststabile
Luciferaseexprimierende HCC1954und SkBr3Zelllinien hergestellt, diam Anschlussin
vitro und in vivo auf ihre Lumineszenz undhre Fahigkeit Tumore zu bildenuntersucht
wurden Fir die anschlieBende Transduktion mit lentiviralen Partiketrden dann die
HCC1954 LueZellen verwendet Insgesamt wurderdrei verschiedene Dexduzierbare
EDI3-KnockdownZelllinien generiert welche unabhéangige EDKargetingshRNA-Oligos
enthielten. Die DoxBehandlungdieser Zelllinienfihrte zu einer zeitund dosisabhéngigen
Abnahme der EDIRNA- und Proteinexpression. Massenspektrometrische Analysen ergaben,
dassdie Indukton desEDI3-Knockdowrs ebenfallszu dosisabhangigen Veranderungen der
endogenen Cholinmetaboliten und Phospholipidspiegel fihrte. Durch verschiadetre-
Assays konnte gezeigt werdedass die Verringerung der EDHExpressionin einer
signifikantenReduktion der Koloniebildung undellproliferationresultierte welches Prozesse

sind die fur dieMetastasierungelevant sindDariiber hinaus machtéer EDI3-Knockdown
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die Zellen anfalliger fur AnoikisAllerdings hatte der Doxnduzierte EDI3Knockdown nur

geringerEinflussauf die Adhasion und keine Wirkung auf die Migrataer Zellen

Um EDI3s Funktionin Tumorwachstum und Metastasieruingvivo zu untersuchenwvurden
verschiedeng&@umomodellein immundefizienten Mauseztabliert Dabei zeigte die Redukn

der EDI3Expression keine signifikante Wirkung auf das Wachstum von subkutanen
Primartumorenin einemModell fir Peritonealmetastasemngabdie Lumineszenzbildgebung
jedoch niedrigere Signaléei induziertem EDIXnockdown, wasauf a@ne geringere
Metastasierunchindeutet Darliber hinaus konnia diesem Modelgezeigt werden, daske
Reduktion der EDIEXxpressionmit einergeringerenTumorlast, weniger Aszitéisissigkeit

und einer langeren Uberlebenszesoziiervar.

Insgesamt liefert diese Dissation zum ersten MaHinweise ausn vivo-Experimentendie
eine Rollefur EDI3 bei der Metastasenbildung unterstitzen, wiaslerumdie Bedeutung des

Cholin- und Glycerophospholipitfletabolismus in diesem Prozess weiter unterstreicht.
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1 Introduction

1.1 Breast canceri a heterogenous disease

Breast cancer is by far the most common catygeramong womenvith around69,000 new
cases diagnosed in Germasgch year Although avances in therapy have significantly
improved the chances stirvival,in Germanymore than 18,000 womaettie from breast cancer
per yeai(Robert Koch Institut, 2020}t is a highly heterogenous disease and prognosis as well
as treatment optres strongly depend on the stage at diagnosis and the molsaidgpeof the
tumor (Blows et al., 2010; Hennigs et al., 2016; Howlader et al., 2Bajed on the analysis
of estrogen receptor (ER), progesterone receptor @Pehuman epidermal growth factor
receptor 2 (HER®eu) status, as well abe expression of theroliferation markerKi-67,
which can be determindzy immunohistochemistry (IHCQr gene expression profiling, breast
cancer tumors can be classifiatb different molecular subtypé&oldhirsch et al., 2011; Perou
et al., 2000)In Figurel.1 the four mainntrinsic subtypetuminal A, luminal B, HER2positive
(HER2+)andbasallike with their specifichormone and HERZ2receptorstatusare presented

and correlateavith their prognostic outcome.

Worse Better
prognosis prognosis

Intrinsic subtypes

Luminal B

Luminal A
HER2 over-

expression

Molecular subtypes

ER- PR- HER2- ER- PR-HER2+ [ER+|PR+]HER2+ [ER+|PR+] HER2-

Figure 1.1: Breast cancer subtypes and their prognostic outcomgdapted fronDai et al., 215).

The different subtypes of breast cancer originate fdistinct cell types of themammary
epithelium, which consiss of an inner layer of luminal epithelial and an outer layer of
myoepithelial cells in direct contact with the basement membj@ristea & Polyak, 2018)
Luminal tumors categorized as luminal A and Bevelop from epithelial cells that line the
ducts and glands and are the most common subtypes, with lunmeali&ing more often than
luminal B(Blows et al., 2010; Fallahpour et al., 201Bdth subtypes are positive for ER or PR

expression but differ in their HER2 receptor status. Luminal A tudmrt express theER2
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receptor, while luminal B tumorsay bepositive for HER2 receptor expréss (Cheang et al.,
2009; Vallejos etl., 2010) The prognosis for luminal tumors is generally good, although the
prognosis for the luminal B subtype, which has a higher expression of proliferative genes, is

significantly worse thathatfor luminal A tumorgDai et al., 2015; Sgrlie et al., 2003)

TheHERZ2-positive subtype is characterized by high expression of HER2 anthmon set of
HER2-regulatd geneswhile the majority of these tumors is negative for PRER@Skibinski
& Kuperwasser, 2015HER2expressing tumors can bargeted directly by therapyith antk
HER2 monoclonal antibody, trastuzumais dual tyrosine kinase inhibitptapatinib,which
interruptsthe HER2/Meu and epidermal growth factor receptor (EGFR) pathwayga &
Abraham, 2007; Tai et al., 201()jowever, mosHER?2 overexpressingumorsacquire or
possess intrinsic mechanisms of resistance that allow escape from HER2 inhibitbteads
to relapse and poor prognogi®exer & Arteaga, 2012 herefore, this subtype woulnefit
from improvements irtherapy and by using additionahrgets in combined strategi¢s
improve clinical outcome in the futu(Pai et al., 2015)

The expression profile of the basal subtype resembles that of basal epithelial cells, wh
includeslacking or low expression &R, PRand HERtriple negative)and high expression

of basal markers and proliferation related gdifegou et al., 2000hese aggressive tumors

tend to grow rapidly and are associated with lower survival and high risk of rétap¥en et

al., 2012) Due to their triple negative receptstatus, basal tumors do not respond to
conventional targeted breast cancer therapies, which leaves chemotherapy the only option for
treatmeniBrenton et al.2005)

1.2 Choline metabolism

Choline is an essential nutrient thalys a central role in many physiological pathways
including neurotransmitter synthesis, metilgybup metabolismmand lipid transport.As a
precursor for several types of phospholipidsis required for maintaining the structural
integrity and signaling function of cellular membrafiéenry & Manore, 2008)n most tissues
up to 95% of choline is synthesized to phosphatidyloko(PtdCho), thanost abundant
phospholipid in the cell membraii&ibellini & Smith, 2010; van der Veen et al., 201The

de novdiiosynthesis of PtdCHwappens viate CDRcholine pathway, also called the Kennedy
pathway(Kennedy & Weiss1956) which consists of threenzymatic stepggurel.2).
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Figure 1.2: PtdCho de novobiosynthesis via the Kennedy pathwayCholine kinase (CK) phosphorylates
choline to phosphocholirendCTP:phosphocholine cytidylyltransferase (CCT) converts phosphocholine to CDP
choline CDP-choline and DAG are condensed by GEtivline:DAG cholinephosphotransferase (CPT) to form
phosphatidylcholine (PtdCho)ATP, adenosineriphosphate; ADP, adenosine diphosphate; C@Ridine
triphosphate CDP, cytidine diphospha¢; PPi, pyrophosphate; DAG, diacylglycerol; CMRytidine
monaghosphate

Choline is also present in the extracellular environnfrembh where it can be transportéuto

the cell via one of the three classes of choline transportdre highaffinity transporter
(CHT1), the intermediataffinity transporters (CTL family) and the leaffinity organic cation
transporters (OCT familyOnce inside the celit is rapidly phosphorylated via choline kinase
(CK) in anadenosine triphosphatATP)-dependent reaction forming phosphocholine (PCho)
(Traiffort et al., 2013)CK is encoded by two distinct gen€3HKA and CHKB), that express
choline kinases alpha and betaspectively. In a second step, the cytiebnériphosphate
(CTP):phospocholine cytidwltransferase (CCT) uses PCho and CTP to form cytiflifie
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diphosphocholine (CD#holine), which is the ratdetermining reaction in this pathway. The
final step is catalyzed by the integral membrane protein -Cliziine:1,2diacylglycerol
cholinephosphotransferase (CPT), which transfers PCho fromd¢@Dlhe to diacylglycerol
(DAG) to form PtdChoFor the synthesis gfhosphatidylethanolamine (REhe second most
abundant phospholipid in cellular membranes, @halogousCDP-ethanolamingoahway is
used, which involvesthanolamine instead of choline (Van der Veen et al., 2017; Gibellini and
Smith, 2010).

Choline and choline metabolites can be restorettiéyontrolled breakdown of PtdCho, which
at the same time leads to theneration of everal phospholipids thdtinction asimportant
signalingmolecules and are described in more detathiapterl.3.2

1.3 Glycerophospholipid metabolism

Phospholipids consist of a polar head group that is linkéad longchain fatty acyl moieties

and form the phospholipid bilayer th#gfines the permeability barrier of cells and organelles
(Dowhan, 1997)Mammalian cell membranes contain different classes of phospholipids, of
which the most abundant is PtdCho. Other important membrane constituents indiide P
phosphatidylseringPS), and sphingomyelin (SM). Besides phospholipids the mammalian cell
membranes also contain other ligidach agholesterobnd glycosphingolipidévance, 2015)

The lipid composition defines the biology of the membrane, as phospholipids simultaneously
serve assecond messenger molecules, receptors for the recruitment of protethe to
membrane, chaperones to aidprotein folding, and direct modulators of protein function
(McMaster, 2018)

1.3.1 Structural membrane glycerophospholipids

Phospblipids that are derivates of glycerol are called glycerophospholipids. Depending on
their polar headgroup, different classes of glycerophospholipids exish asPtdChq
phosphatidylethanolamine (PE)phosphatidic acid (PA), phosphatidylserine (PS)
phaosphatidylglycerol (PGandphosphatidylinositol (PIjHuang & Freter, 2015)The general
structure of glycerophospholipids as well as the main polar headgroypeseated ifrigure

1.3A. The fatty acid composition of glycerophospholipids differs between celstgpd tissues
(MacDonald & Sprecher, 1991; Wood & Harlow, 1969; Yamashita et al., 1B8#y acids

vary in chain length, level of unsaturation (doubtend number) and double bond position
(Figure 1.3B). Furthermore, thalifferent combinations of the two fatty acids create the

chemical diversity of glycerophospholipifidarayama & Riezman, 2018)
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Figure 1.3: Glycerophospholipid structure. A) Fatty acids (blue) are linked to the glycerol backbaed) @t the
sn1 and sk2 positims while the phosphate headgrogpegn is linked at the si3 position. Different variations
of polar headgroups (brown) are present&pFatty acidsvary in chain length, level of unsaturation and the
position of double bonds, illustrated as (XX:Y-Zlj where XX represents the number of carbon atontbe
chain Y denoteghe number of double bonds andihdicatesthe position of the first double bond from the omega
end(modified fromHarayama & Riezman, 2018

De novosynthesis of glycerophospholipids by the Kennedy pathaaydéscribed in chapter
1.2) results in formation of phospholipids with saturad@d monounsaturated fatty acyl groups
(Murphy & Folco, 2019) In order to establish diversity and asymmetry each of these
phospholipid classes can be remodeled in theafled Lands cycle, which consists of two
enzymatic reactiongrdicatedin blue in Figure 1.4). First, fhospholipase A (PLAjemoves

the fatty acyl group from the shposition which results in thermation oflysophospholipid.

Subsequently, another fatty acyl group is covalently bound to th2 pasition by
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lysophospholipid acyltransferases (LPLAT&to et al., 2012; Murphy & Folco,029)
Remodeling of fatty acid composition was reported tabsociated with alterations in cell
biology (Harayama & Riezman, 2018; Simons & Toomre, 2000)

1.3.2 Signaling lipids

Glycerophospholipids are not only importdiotr the structure and function of biological
membranes but as serve asprecursors of lipid mediators, such as DAG, PA and
lysophosphatidic acid_PA), that regulate multiple signaling pathwaysdresen et al., 2002;
Momoi et al., 2020; Moolenaar et al., 2004; Turban & Hajduch, 200Hg metabolism of
glycerophospholipids, including the production of signaling lipslpresented ifrigurel.4.

1.3.2.1 DAG

DAG is produced from glycerophospholipids such as PtdCho either directly by phospholipase
C (PLC)or byphospholipase DRLD)-mediated hydrolyzation followed by dephosphorylation

of the generated PA by phosphatidate phosphatase (PAP) or lipid phosphate phosphatases
(LPPg (Carrasco & Mérida, 2007; Dey et al., 2020; Han & Carman, 20t8¢ts as a second
messenger signaling lipid, which leads to activation of protein &i@a@KC) which is in turn
important for various signaling pathways, including cell proliferation and adh@Saeaman

& Lee, 2004; Turban & Hajduch, 2011)mpaired productin or consumption of DAG have
strong effects on cell growth and are associated with c§@eerasco & Mérida, 2007PAG

can be metabolized into triacylglycerdAG) by diacylglycerol acyltransferases AIGATS)

linking it to thede novdormation of lipid droplet¢Coleman & Lee, 2004; Sonkar et al., 2019)

1.3.2.2 PA

Phosphorylation of DAG byliacylglycerol kinases (RGKSs) results in the production of PA,
anotherlipid second messengénat affectscellular processes such asgration adhesion,
survival, proliferation, andmembraneremodeling(Bruntz et al., 2014; Carrasco & Mérida,
2007; Chae et al., 2008; Momoi et al02P). Another important reaction that produces PA is
the already mentioned hydrolysis gli/cerophospholipids lik€tdCho by PLD which results
in the release of the head groups, e.g. choline. It has been shown thagrBéts with various
proteins(Bruntz et al., 2014 )Previous studies indicate that PA plays a critical rotegulating
the activity of some members of Ras superfamily of small guanosine triphosphatases
(GTPases), such as Ras, Rac andbyrimodulating membrane localization aadtivity of
regulatory proteinas well as by directly bindingmall GTPases tihemembrandY. Zhang &
Du, 2009) Furthermore, it was shown that PAimvolvedin regulating the mTORnediated

signals thapromote cancer cell survivéfoster, 2009; CY. Yang & Frohman, 2012)
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Figure 1.4: Schematic illustration showing the metabolism of glycerophospholipids Overview of the
glycerophospholipid metabolic pathways focusinglonLands cycle for remodeling of the structural meméra

lipids (blue) and the major signaling lipids (orange). LPS, lysophosphatidylserine; LPSAT, lysophosphatidylserine
acyltransferase; PLA, phospholipase A; PS, phosphatidylserine; PSD, phosphatidylserine decarboxylase; PE,
phosphatidylethanolamine; LPEAT, lysophosphatidylethanolamine acyltransferase; LPE,
lysophosphatidylethanolamine; PEMT, phosphatidylethanolamine -mettyltransferase; PtdCho,
phosphatidylcholine; LPCAT, lysophosphatidylcholine acyltransferase; LPC, lysophosphatidylclirilide;
phospholipae B; GPC, glycerophosphocholine; EDI3, endometrial differential 3; G3P, gly8gubbsphate;

PLD, phospholipase D; GPAM, glycerBiphosphate acyltransferase; LPA, lysophosphatidic acid; LPAAT,
lysophosphatidic acid acyltransferases; PA, phosphatidic BAGK, diacylglycerol kinase; PLPP, phospholipid
phosphatase; PAP, phosphatidate phosphatase; DAG, diacylglycerol; DAGAT, diacylglycerol acyltransferase;
TAG, triacylglycerol; CDPDAG, cytidine diphosphate diacylglycerol; CDS, CidRcylglycerol synthasePIS,
phosphatidylinositol synthase; Pl, phosphatidylinositol; LPIAT, lysophosphatidylinositol acyltransferase; LPI,
lysophosphatidylinositol; PGPS, phosphatidylglycerol phosphate synthase; PGP, phosphatidylglycerol phosphate;
PGPP, phosphatidylglycerol  hpsphate phosphatase; PG, phosphatidylglycerol; LPGAT,
lysophosphatidylglycerol acytransferase; LPG, lysophosphatidylglycerol; ATX, autotaxin; LPAR,
lysophosphatidic acid receptor.

1.3.2.3 LPA
Deacylation of PA byLA results inthe formation of LPA,anothenmportantsignaling lipid

(Pagés et al., 2001)LPA canalso be converted back to PA blysophosphatidic acid
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acyltransferases (LPAA)KYung et al., 2014; Zhukovsky et al., 2019he main route for
LPA production is viahe hydrolyzation ofglycerophospholipidssuch as PtdCho by PLAs,
which results in the formation oftheir corresponding lysophospholipids such as
lysophosphatidylchale (LPC). LPC can subsequently be converted to LPA by
lysophospholipase D (lysoPLD) activippikawa et al., 2015; Stack & Fishman, 2012; Yung
et al., 2014)Alternatively, LPC can be converted by YA activity to GPCwhich can be
hydrolyzed by the glycerophosphodiesteragmdometrial differential3 (EDI3) to form
glycerol3-phosphate@3P). Subsequent acylation of G3P produces I(B&nkar et al., 2019;
Stewart et al., 2012)

Most studiesthus far havdocused a the role of extracellular LPA, which is produced by the
secreted exoenzyme  autotaxin (AXT), also called ectmucleotide
pyrophosphatase/phosphodiestera4&NPR2) (Law et al., 2019; Nakamura et al., 2007)
Extracellular LPA can bind and signal throwgk LPA-associated G proteicoupled receptors
(GPMRs), lysophosphatidic acid receptftPAR) 1i 6 and other GPCR&uch as P2Y10 and
GRP87)(Choi et al., 2010; Geraldo et &021; Knowlden & Georas, 2014) was shown that
LPA induces several cellular responsssch asproliferation, migration, and cytoskeletal
reorganizatior{(Geraldo et al., 202Moolenaar et al., 2004).PA treatment of various cancer
cell lines was found to stimulate the expression and release of angiogenic fa@tdtfisano

& Hla, 2019) Furthermore, by expressing eith®F X or LPARs in themammary epithelium
of transgenic miceliu and colleagues demonstrated thatAfiX-LPAR axisplays a causal

role inbreast tumorigenesigvasion and metastagisS. Liu et al., 2009)

Intracellular LPA on the other hand has been barely investigated. However, Marchan and
colleagues could show thiaansfection of a breasancer cell line withl.8:1-LPA resulted in a
40-fold increase of intracellular LPA levels and had a positive effect on migratloese
findings providedstrong evidence that intracellular LPAasoan important factor in cellular
migration(Marchan et al., 2017Whetherthere is an exchange between the intracellular and

extracellular LPA pools is still unknown.

1.4 Metabolism in malignant transformation

Changes to the metaloohe that occur during cellular transformation and tumorigenesis are a
recognized hall mark of cancganahan & Weinberg, 2011; Schulze & Harris, 20AXered
choline metabolism, characterized by elevated leveBGiio and total choline (tChojNas
found to be associated witbncogenesis and tumagrogressionin various cancer types,
including breast cancefGlunde et al., 2015; Mori et al.,, 2016; Sonkar et ap19)



Introduction 9

Furthermore, high PCho levels haleen associated with worse prognosis and decreased
survival in breastarcinomagGlunde et al., 2011 hanges in tCho and PCho can be detected
norrinvasively in patients bynagnetic resonance spectroscopy (MRS) or positron emission
tomography (PET)and ae bothhelpful took for diagnosis,prognosis,and monitoring of
treatment responsefGlunde et al.,, 2011)In breastcancer elevated P8@o levels are
acconpanied by a decrease in GR&hich results in alecreased GPC/PG ratio compared

with normal tissu¢Aboagye & Bhujwalla, 1999)

One of themost weltestablished molecular causts the observed alterations in choline
metabolism is theslevation of choline uptake by a@lmne transportergEliyahu et al., 2007,
Katz-Brull & Degani, 1996) Furthermore, several enzymes involved in choline metabolism
have been identified to lmverexpressed and/or actigd in cancecells and thereby contribute

to the observed changes in metabolites. Among these are QBIKAde et al., 2005; Ramirez
de Molina et al., 2002Wwhich phosphorylates choline to form PCho, Pi(Badiya et al., 2014;
Noh et al.,, 2000that produces PA and choline Iiye hydrolysis of PtdCho, and EDI3
(GPCPD1; GDE5; GDPD6)

1.5 Glycerophosphodesterase EDI3

EDI3, also known as glycerophosphocholine phosphodiesteras€GPACPD1) is a
glycerophosphodiesterase that hydrolyses GPC to produce chodr@3P Figurel.5) andis
therefore considered a key eney linking phospholipianetabolismwith choline metabolism
(Stewart et al., 2012)

HsC

2 Ny
i /_( e N\ o
N\ HyC

N Choline
J \OH EDI3

+
o OH
o g
HeC  CHy , O/ \ou OH

Glycerophosphocholine Glycerol-3-phosphate

Figure 1.5: Reaction mechanism catalyzed by the glycerophosphodiesterase EDI3Hydrolysis of
glycerophosphocholine (GPC) resuiih choline assubstrate for the Kennedy pathway and glyc&8rphosphate
for glycerophospholipid synthesis.

It is a membeiof the mammalian glycerophosphodiesterase phosphodiesteraseRGE)E
family, of which sofar seven members (GDEZ) have been ehtified (Ohshima et al., 2015)

Among theseEDI3 is the only one that does not contain a transmembrane membrase but
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localized to the cytoplasm instead. Besides ERISp anther member of the family, GDE2,
produces choline and G3P via GPC hydrolysis in the Kennedy patMeay of the work on

GDE2 has focused on its role in motor neuron differentiation and regulagmolarity in the

kidney(Okazaki et al., 2010; Yanaka, 2007)

EDI3 was intially identified in a screen comparing nometastasizing and metastasizing
endometrial carcinomas, where EDI3 was found to be highly expressed in metastasizing
primary tumors. Furthermore, it could be shown that high EDI3 expression was associated with
worse prognosis in endometrial and ovarian car(@&ewart et al., 2012)Subsequent
phenotypicstudiesthat were conducted in different cancer cell lines after altering EDI3
expression revealed that EDI3 positively influences cell migration, adhesion, and spreading,
processes that are important in cancer and metastasis formation. Further analyses shafgested
EDI3 expression isssociatd with PKCa signalingpathwayand integrinbl (Lesjak et al.,

2014; Stevart et al., 2012)However, the exact mechanism how EDi8luencesthese

processes remained unknown.

Mass spectrometric analysis revealed that transiently silencing EDI3 in different cancer cell
lines resulted in an increase in endogenous GPC accomdpbyia decrease in choline and
PCho levels, thereby correcting the low GPC/PCho ratiiserved in various tumors and
transformed cellsFurthermore, it was shown that EDI3 knockdown led to a decrease in the
major membrane phospholipid PtdChs well asn the signaling lipids PA and LP&tewart

et al., 2012) Interestingly, PtdCho synthesis via the Kennedthway is required for the
formation of cellular membrane during tumor growth and PA and LPA are involved in different
cellular processes, including migration, aace both known to be involved in cellular
transformation and various cancer tygEester, 2009; McMaster, 201Blills & Moolenaar,

2003) PA and LPA can be produced by several pathwas/déscribed in more detail in chapter
1.3.9, for example byheacy |l ati on of EDI 36s product G3P t
be cowverted to PA by a second acylation stepvds alsasshown that the enzyme responsible

for acylation of G3Pglycerol3-phosphate acyltransfera@PAM), as well as its product LPA
are important f or (MabHaeba. 201@3)l e i n mi grati on

As illustrated inFigure 1.6, via its downstream metabolit&DI3 is linked to various cellular
pathways, such as thgroduction of struiral and signaling phospholipids, triglyceride
synthesis, the G3P shuttle, glycolysis, and the methylation (iMeechan et al., 2017)
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Figure 1.6: A role for EDI3 as a key enzyme linking different metabolic pathwaysVia its downstream
metabolites EDI3 is linked to various cellular pathways, such as choline metabolism, methylation cycle, synthesis
of signaling and structat phospholipids, glycerophospholipid remodeling, triglyceride synthesis, G3P shuttle,
glycolysis, and gluconeogenesis. GPC, glycerophosphocholine; EDI3, endometrial differential 3; CK, choline
kinase; PCho, phosphocholine; CCT, CTP:phosphocholine cftidyigferase; CDieholine, cytidine
diphosphatecholine; CPT, CDRholine:DAG cholinephosphotransferase; PtdCho, phosphatidylcholine; PLC,
phospholipase C; DAG, diacylglycerol; DAGAT, DAG acyltransferase; DAGK, DAG kinase; TAG,
triacylglycerol; PLA, phospblipase A; PA, phosphatidic acid; PAP, phosphatidate phosphatase; LPA,
lysophosphatidic acid; LPAAT, lysophosphatidic acid acyltransferase; G3P, ghgephasphate; GPAT, G3P
acyltransferase; G3PDH, G3P dehydrogenase; DHAP, dihydroxyacetone phosphate.

Due to its involvement in these different metabolic pathways and its association with several
cancer and metastasis related processes, EDI3 is considered a potential target for cancer
treatment. Consistently, aaent stuy could showthat EDI3levelsareegeciallyhigh in ER-

HER2+ breast cancetumors and cell linesand that altering HER2 expression, as well as
pharmacological inhibitiomf HER2 in these cells indicated that EDI3 is regulated by HER2
signaling Keller et al, in revision). Furthermore, inbition of EDI3 in these cells led to a
significant reduction in viability and tumor growth, suggestiigj3 as a potential therapeutic

target in tumors of thispecificmolecular subtypéKeller et al, in revision).
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1.6 Metastasis formation

Despiteearly detetion and advances in therapy that have significantly impridvedhances
of surviving breast cancemetastasis from primary tumor rema@msnajor cause of death
among patientglin et al., 2018; Robert Koch Institut, 202) fact, gproximately 2630% of
patients with early breast cancer eventually develop recurrent advanced or metsstasie d
and 90% of canceelated deathsan beattributed to metastasisao et al., 2021; Liang et al.,
2020)

To date, it is not fully understood when and how metastasis sjmgsttvo models are widely
acknowledgedThe linear progression model states that cells in the primary tumor undergo a
process of successive mutation and selection, andh@adevelopment of metastasis occurs
relatively late at a point when cancer cells have acquired the mutational changesfoeeded
survival and growth at distant sitéSraig et al., 2013; Navin & Hicks, 2010; Sims et al., 2006)
On the other hand,caording to the parallel progression model, tumor cailés suppasd to
acquire the necessary mutations very soon and metastases occur already at easly gtages

both primary tumor and metastases progress in paflsieiyen et al., 2009; Paget, 1989)

Formation of metastasis is a multistep process initiated byepitbelialto-mesenchymal
transiton (EMT) which ischaracterized by loss of epithelial characterisitsompanied by the
gain of mesenchymamarkers resulting in enhanced mobility and invasiveness of the cell
(Christofori, 2006; Thiery et al.,0®9) Importantsteps of metastasis formation are illustrated
in Figurel.7. They involve localnvasionof tumor cells into the adjacent tissu@ravasation

into the blood or lymphatic vesselurvival in thecirculatory systenas disseminated celtsy
resisting anoikisfollowed byextravasatiorat a secondary sit@herethey revert to epithelial

cell phenotype by a phenomenon called mesenchgpitielial transition (METand colonize

to proliferate into seawlary tumors(Liang et al., 2020, p. 20; Yeeravalli & Das, 2021)
Consequelty, importantqualitiestha cancer cells need for survival and growth at distant sites

involve resistance towards anoikis, clonogenicity, drelability toproliferate.
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Figure 1.7: Schematicillustration of the multiple steps required for metastasis formationCancer cells from

the primary tumor invade local tissue, disseminate into the blood stream followed by extravasation at a distant

secondary site and colonization of a distant organ (Saxena ando@ij2013).

1.6.1 Metastatic organatropism in breast cancer

The seed and soil hypothesis postul ates t
a site where the | ocal mi ¢Pagete 1089)Im most roases t
distant metastases affect morertiome site. The most common metastatic target sitésdast
cancer, in order ofrequency, have been describasibones (67.8%), liver (47.8%), lungs
(42.6%) and brain (15.2%). Additionallig a smaller extendnetastasis have been found in

several othr secondary sites, including the peritoneal cavity (7 @eétozzi et al., Q15).

Interestingly, different breast cancer subtypes show preferenceettain orgars. Luminal
breast cancegreferably spreads to the bafennecke et al., 201@While basallike tumorsare
reported to metastasize most often to the lungs and theg(buainet al., 2008; Wu et al., 2017)
TheE R1 / PIBR2+ subtype is most prone to develop metastasigin and live(Gong et
al.,, 2017; Wu et al., 201750 far, m such correlatiorhas been reportecegardingthe
prevalence operitoneal metastasik fact, for longtime peritoneal metastasis occurring from
breast cancer was rarely mentiomethe literature. Metastas in the peritoneal cavity usually

affect patients sufferinmtra-abdominal cancers originating from the gastrointestinal tract or

hat

(fAs
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the female reprodtive systemFlanagan et al., 2018 owever,a recenstudy conducted by
Flanagan and colleague=sealed that extrabdominal cancers account for approximately 10%

of diagnosed cases of pentmal metastaseBurthermore, they could show thmtmary breast

cancer is the most common exttadominal malignancyesponsible for thelevelopnent of
peritoneal metastasig0.8% of casgs(Flanagan et al., 2018Metastases in the peritoneal
cavity develop at late stages of breast cancer, usually several years after the first diagnosis, and
therefore later than most n@eritoneal metastas{glanagan et al., 2018; Tuthill et al., 2009)

They can lead tmalignant ascites, the pathological accumulation of excessive fluid within the

peritoneum

The prognosis for breast cancerigats differs remarkably dependent on the location of
metastasisBrain and peritoneal metastases are associated with extremely poor suhaval
ranges from2-25.3months and 0.227 months respectively, from the time of diagnosis
(Flanagan et al., 2018; Leone & Leone, 2015; Tuthill et al., 200@) five yearoverall survival

for patients affected by liver metastasss8.5% (Pentheroudakis et al., 2006pr lung
metastasid46.8%(Smid et al., 2008andfor bone metastas?.8%(Xiong et al., 2018)

1.7 Xenograft studies in mice

Althoughcell culture is a convenient model studya variety ofbiological processest does
not represent theicroenvironmendf atumorwhich consist®f a complex network ofarious
cell types,extracellular matrix (ECMand vasculaturegll of which arerelevant to study the
process of cancer growth and metastasis formation. To overconimttéon, human cancer
cell lines can be transplanted into immunodeficient maech asCD1 nude or NOD SCID
gamma (NSG)nice to generateell line-derived xenograffCDX) models CD1 nude mice
carry a genetic mutation in ti®xnlgene thatesults in théack of the thymus glan@. Zhang

et al., 2012) Consequently, these mice have a severely reduced numbeeth$ Tesulting in
an impaired immune systenvhich facilitates thgrowth of many hman cancer cell lines. The
lack of thymus is accompanied by a lackair, which makes it easier to identify and measure
tumors. NSG mice ar@mong the most immunodeficiemice described to datéShultz et al.,
2007) These mice carrywo different mutations namely the severe combined immune
deficiency (scidmutation in theDNA repair complex protei(Prkdg thatleads toB- and T
cell deficiency as well as #_2rg™" mutationin thelL 2 receptor common gamma chaivhich
prevents cytokine signaling through multiple receptord renders the mice NK cell deficient
(Shultz et al., 1995, 2008 contrast to CD1 nude mice, these micestilbhave hair
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CDX transplantation modekrewell-established toolfor investigating breast cancer attg
metastatic progress vivo as they allow validation of target genes of interest and facilitate
evaluation of a candidate awmtncer drug and therapeuti@ark et al., 2018; Rygaard &
Povisen, 1969)Depending on the site of injeon, different processes can be studied.
Generally, three different types of CBXodels can be distinguished: the subcutaneous,
metastatic and orthotopic CDX modPlark et al 2018) For the subcutaneous model, cells are
implanted subcutaneously into the flank of ntestudy primary tumor growti he metastatic
modek require injection of cells into the blood streanmd allow to study metastasis formation

at various sited-or the orthotopibreast cancenodel, cells are injected into the mammary fat
padwhich results in primary tumor growth, that is usually followed by formation of metastasis

at secondary sites

In the current work, the subcutaneous and two differenastatic CDXmodels were used as

illustrated inFigure1.8. both of whichareexplained in more detail in the following chapters.

subcutaneous
tumor

/
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/ tail vein
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metastasis \
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Cancer cells
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Figure 1.8: Schematicillustration of CDX-models established in this thesidnjection of cancer cells into
immunodeficient mice results in growth of tumor and metastasis in different microenvironments.

1.7.1 Subcutaneous CDX model

Subcutaneous injectiarf cancer cell lines into the flank ofice allowsfor the monitoing of

primary tumor growth, which can be measured diragting acaliper. This technique has been
successfully used to characterize different cell lines representing the common breast cancer
subtypeqHolliday & Speirs, 2011)However, not alcancer cell lines lead to the formation of
tumorsandliterature revealaparticular dearth of tumorigenic HER2+ lingfolen et al., 2017;

Holliday & Speirs, 2011)A downside othe subcutaneousnodel is that theumors develop in
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a peripheral sitéunder the skingand not in their natural tumor microenvironment, whichy
altertheir biologywhen compared to those grown initheatural environment-urthermore
subcutaneous tumors usually do not metastadzeZzhang et al., 2018)Therefae, other

models need to be applied to study metastasis formation.

1.7.2 In vivo models for metastasi®f blood-born cancer cells

In order to investigate metastasis in mice, cancer cells can be injected directly into the
circulation Thesecell seeding assayse also known asie x per i ment @&lkin&et ast ¢
Vlodavsky, 2001) Injection of cancer cells into the blood stream leads to the accumulation of

cells in the capillary beds of different orgaasid mimics the processf extravasation of

circulating tumor cells from blood vessels in target orgdrgereby the metastatic potential of
blood-borne cells is tested based on their ability to suriivend escape frote circulation,

proliferate, and establish tumors

Injection of cells into the lateralitarein of mice delivers the cells to the luridhis lung seeding
assaywas extensively performed to studsiple negative breast cancer cells, such as MDA
MB-231, which commonly metastasizes to the lu@gs et al., 2018; Sulaiman et al., 2019)
After two to eightwveeks, depending on the metastasmacdy of the cells, lungs can be excised
and stained with Bouinds s ol unbacroscopicdllyisibilma k e p u
(Elkin & Vlodavsky, 2001) Depending on the route of injectiometastasis of bloedorne
cancer cells to different gans can b&vestigatedFor instanceinjectingtumor cellsinto the
portal veinintroduces therdirectly into the murine liveiLiver metastasis can also be produced
by the injection of cellsinto the splenic veirintrasplenig, followed by the removalof the
spleen to avoid the formation of splenic tum@@oddard et al., 2016)njecting tumor cells

into the leftventricle (intracardiac) leads tbeir dissemination by the aortasultingin multi-
system metastaseand isa methodcommonly used to model bone and brain metastasis
(Balathasan et al., 2013; Campbell et al., 2082pther model for bone metastasistlie
injection of cellsinto theiliac artery (intrailiac) (Yu et al., 2016) and &perimental brain
metastasi€an alsdbe generatediia the intracarotid injection of tumor cell&C. Zhang et al.,
2017).

1.7.3 In vivo model for peritoneal metastasis

The peritoneum is a continuous membrane that lines the abdominal d4stgstases in the
peritoneum are mainly caused kgrimary ovarian cancer(46% of cases) and other
gastrointestinalor gynecologicalmalignanciesat advanced stage@lackburn & Stanton,

2014) However,extra-abdominal cancers account for approximately 10% of diagnosed cases
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of peritonealmetastasewith breast cancer (#6) accounng for the majority(Flanagan et al.,
2018)and sveral studies reported titae spreadf primary breast cancés the peritoneurns
associated with extremely poor progng8srtozzi et al., 2015; Caskey et al., 1991; Flanagan
et al., 2018; Tuthill et al., 2009)

In order to model peritoneal metastasis in maancer cells can be applied intraperitoneally
(i.p.). In a previous study, Clinchy andleagues compared the outcome of i.p. injecéiomong
several breast cancer cell lines. They reportedttieaHER2+HCC1954 celline resulted in
the most severe metastatic phenotype Wrdr and kidney infiltrationlarge plaguesf tumor
cells growingon the peritoneal wathind accumulation of malignaascitesfluid within 8i
15weeks(Clinchyet al., 2000)

1.8 Non-invasivein vivo imaging

Whole animal imaging is anptical molecular imaging technique that allows Horasive
detection of luminescence or fluorescence emitting markers in miCensequently
bioluminescence imaging can be usednonitor the growth ofluciferaseexpressing cancer

cells in miceover time.

In order todetect cells via luminescence imagiiegncer cells need to be genetically modified
by the introduction of luciferase reporter enzymes. Firkftyferaseis one of may such
luminescent proteins that was discovered in insects. It is the most frequently used and was
isolated from the common North American fireBhotinus pyrali{Close et al., 2010; Fraga,
2008) As illustrated inFigure 1.9A, the ezyme catalyzes the oxidation of-IDciferin to
oxyluciferin in the presence of ATRIg?* and oxygen thereby emitting a yelleyreen light
with a peak at 568m (Deluca, 1976)This rather long emission wavelength allows for highly
sensitive imaging with lovbackground in animal tissues as it is-ghifted compared to the
endogenouswtofluorescence of midg€lose et al., 2010; Lifante et al., 2020hus, firefly
luciferase positive cells can be detecdtedieeper tissues and in the organs of mice, e.g. after
intraperitoneal or intraorganellar injections. Another advantateedifefly luciferase reporter

is the quantitative correlation between signal strength and cell nurf@tlese et al., 2010;
Rettig et al., 2006)

In order to visualize the injected luciferasepressing carer cells in living mice, the substrate
D-luciferin needs to be administered to the animals Esgere 1.9B). Therefore, typically
150mg/kg body weightD-luciferin are applied systemically bintraperitoneal injetion.
Application of the correct dose is essential for reproducible results, anabritude of
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bioluminescence measuredvivois dependent othe applied amount of fuciferin (Burgos
et al., 2003)

A
D-luciferin Oxyluciferin
o
HO OH
Luciferase B N
HO .
/ ” L \©:/> </j/+ % light
V4 Mg N s
N S
+ ATP 4+ 0O, + AMP + CO, -+ PPi
B

Culture dish with
luciferase expressing Cell D-luciferin
cancer cells injection injection

Figure 1.9: Non-invasive imaging of luciferaseexpressing cells in miceA) Light producing reaction of firefly
luciferase enzyme transforminglDciferin into oxyluciferin. B) Schematic illustration of the exjpeental steps
required forin vivo imaging. Luciferasexpressing cells are injected into immunodeficient mice. Firefly
l uci feraseds s unpriortabiokminescencerinpagirgt ed 10

Another parameter that influencgignal intensitys the fiarmacokinetic of Bluciferin. After

i.p. injection, Dluciferin isabsobedfrom the peritoneum into the blogibllowed by systemic
distribution in the body and uptake into cells via membrane transporters, where it is oxidized
by luciferasgSim et al., 2011; Y. Zhang et al., 201Phis results in a peak luminescence signal
after approx. 1@nin. Therefore,in order to achieve sufficiensignal intensity and
reproducibility it is highly important to identifythe optimal timefor imagingpog injection
(Burgos et al., 2003; Rettig et al., 2006; Sim et al., 2011)

In contrast, fluoresceedmaging is independent of substrmatarmacokineticand allowdrue
reattime imaging.However,endogenous fluorophoras the mouse tissue emit light, which
results in autofluorescence of the imaged mouse. Furthermore, phytoestrogens that are
contained in common mouse diets can emit fluorescenegiich further increase

autofluorescence in ousetissue. To reduce this phenomenomnce are feda phytoestrogen
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low diet(Miksicek, 1993) Since moseéndogenous fluorophores emit in tilae to green range
of the electromagnetic spectruned-shifted reporterssuch as turbo red fluorescent protein
(tRFP) with excitationandemission maximat553nm and 574nm, respectivelycan be used

to avoid autofluorescendkifante et al., 2020)

For imaging, mice are anesthetizading isoflurane and placed in tHeght-tight imaging
chambepf a whole animal imaging system, such ad¥i8 Spectrunin Vivolmagng System
(PerkinElmer), where thphoton emissiorof the luminescence or fluorescence markers is
detected by chargecoupled device (CCD) cameaad matched with photographic image of

the subjectThis enables localization of cancer cells and quaatibn of metastasis in deep
tissues of mice, such as in the lung or in the peritoneal cavity, that cannot be measured using a
manualcaliper. Furthermore, it allows longitudinal monitoring of metastasis grawtlivo

without the need tgsacrificemice atdifferent time points, thereby reducing animal numbers

that are needed for the experiment.

1.9 Aim of the study

EDI3 was identifiedn a screen for potential markers of metastasendometrial canceand

was subsequently found to be associated with wasgnpsis in both endometrial and ovarian
cancer patients. Our research group could show that EDI3 functions as a
glycerophosphodiesterase that hydrolyses GPC to form choline and G3P, thereby representing
an important link between choline and glyceropho$pltbmetabolism. Previous experiments

in different cancer cell lines showed that transient siRNA mediated EDI3 knockdown resulted
in an increase in GPC accompanied by a decrease in choline antkRP&fdhereby correcting

the low GPC/PCho ratiobserve in various tumors and transformed celt®I13 knockdown

also led to a decrease in glycerophospholipids PA and LPA, vareboth known to be
involved in cellular transformation. Furthermore, transient EDI3 knockdown was shown to
result in a reduction afeveral cellular processes that play a role in metastasis formation, such

as migration, adhesion and spreading.

Metastasis formation is a complex process that involves interaction of the tumor with its
microenvironment and with the vascular system. Sinctel of EDI 36s characte
conductednvitro, t he maj or aim of this study was to
in tumor development and metastasisvivo. In order to detect cancer cells in mice and to
monitor metastasis grot noninvasive bioluminescence imaging should be applied.
Therefore, the first goal of this thesis was to generate stable luciferase expnession

different ERHER2+ breast cancer cell lindblCC1954 andSkBr3), which were recently
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shown to havespeally high EDI3 levels Based on their luminescence intensity &maor

growth ratehe more suitable cell line should be chosen for subsequent experiments.

Previous studies showed that a constitutive EDI3 knockdown, which could be used for long
termin vivo studies, led to a compensation of metabolite levels accompanied by loss of the
migration phenotype over time. Therefore, the second goal of this work was to establish a Dox
inducible EDI3 knockdown system in the generated lucifeeapeessing HCC1954.uc
breast cancer cells. This system alldargheinduction ofEDI3 knockdown only when needed,
thus preventing compensational effedtar this purpose, cells should be transduced with
lentiviral vectors containing different ShRNA oligos under the cordfoa Doxinducible
promotor to generate different ED18rgeting cell linesas well as no#targeting negative
control cells.These Doxinducible cell lines should subsequently be investigateditro
regarding the influence of EDI3 on choline and ghgpdospholipid metabolite levelas well

as onvariouscellular processes that are relevant for metastasis formation.

After in vitro characterization, the aim was to use the generated celtdiressablish different
cell line-derived xenograft modelsinmmunocompr omi sed mice in ord

in primary tumor growtlandin the process of metastasis formation.
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2 Materials and Methods

2.1 Materials

2.1.1 Technical equipment

Table2.1: Equipment

Equipment Company

ABI 7500 Fast Realime PCR System Applied Biosystems
Autoclave VX150 Systec

Autoclave 5075 ELV Tuttenauer
Autosampler MP Gerstel

Blot imager Vilber Fusion Fx7 Vilber Lourmat
Changing station ARIA Tecniplast
Compact portable balance C8® Ohaus

Cell counter Casy TT OMN! life science
Centrifuge 5415R Eppendorf
Centrifuge 400R Heraeus
Centrifuge Megafuge 1.0R Heraeus
Centrifuge MiniSpin Eppendorf
Centrifuge MiniSpin plus Eppendorf
Centrifuge 330K Sigma

Confocal microscope (LSM 830 Zeiss

CO2 incubator Binder

Digital caliper gauge CarlRoth
Electrophoresis unit MIlPROTEAN® BioRad

EVOS® FL Auto Imaging System Life Technologies
Fume hood Waldner

HPLC column: NUCLEOSHELL Bluebird MachereyNagel
RP 18 (125 x 3 mm, 2.7 pm)

HPLC Column: PerfectSil Target Sil 100 MZ-Analysentechnik
(125 x 3 mm, 3 um)

Ice flake machineAF 100 Scotsman
Isoflurane Vaporizer Northern Vaporisers
IVIS Spectrumin VivoImaging System PerkinElmer
Laminar flow hood HERAsafe Hereaus

Magnetic stirrer IRMAG RCT Ikamag



22 Materials and Methods
Micro scales EW, Kern
Microscope BX41 Olympus
MicroscopeBZ-X800 Keyence
Microscope eclipse TS 100 Nikon
MicroscopePrimo Vert Zeiss
Milli -Q® IQ Water Purification System Millipore
Mini Vortex Mixer Fisher Scientific
Mouse restraier Selfmade
Mul ti channel pi pet t Eppendorf

NanoDrop 2000
NMR-SpectrometeAvance |l

Phase contrast microscope eclipse TS10(
pH meter

Pipets (2, 10, 20, 100, 200, 1000, 5000 ul
Pipetting aid

Plate reader infinite M200 Pro

Power pack HC

Power pack P25T

Precision balance EW15M

Precision balance ME235P

QExactive mass spectrometer
Qtrap500 mass spectrometer

RAS-4 Rodent Anesthesia System
Rotating Wheel

Rocking Platform

Shaker KS 260 basic

Smart Flow IVC Air Handling Unit
Sonicator sonoplus mini

Surgical Instruments

Thermal cycler T3000

Thermomixer

Thermo shaker PHMT Graitio

Thermo shaker

TransBlot® SD SemiDry Transfer Cell®

Thermo Fisher Scientific
Bruker

Nikon

Schott Instruments
Eppendorf

Integra Bioscience
Tecan

BioRad

Biometra

Kern

Sartorius

Thermo Fisher Scientific
Sciex

PerkinElmer

VWR

VWR

IKA

Tecniplast
Bandelin

Fine Science dols
Biometra
Eppendorf

Keison

peglab

BioRad
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UFLC system
Vacuum pump
Vanquish Horizon UHPLC system

Vortex-Genie2

Shimadzu

Vacuubrand

Thermo FisheScientific
Bender & Hobein

Water bath GLF

2.1.2 Consumables

Table2.2: Consumables
Consumable Company
Biopsy punch PFM Medical
Blot Filter Paper, 7 x 8.4 cm Bio-Rad

CASY cups
Cell culture dishes (16m)

Cell culture flasks (T25, T75, T175)
Cell culture Insert
Cell culture multiwell plates

(6-, 12, 24, 96-well)

Cell scraper (25nm)

Cryogenic Vials

Culturelnseat 2 Well in pDish (35 mm)
Falcon tubes (15, 50 ml)
Filtertips (2.5 10,

Freezing container (Mr. Frosty)

Glass Pasteur Pipettes

MicroAmp® Opical Adhesive Film
MicroAmp® Optical 96Well Reaction Plate
Microplates 96-well, black

Microplates, 96-well, clear

Microplates, 96-well, white

Minisart® syringef i | t er s (0.
p-Slide 8 Well

NMR Inserts

Pestle and Microtube
Pipet tips (10, 20C

Omni Life Scienes
Sarstedt

Sarstedt

Falcon

Sarstedt

Sarstedt

Sargedt

Ibidi

Sarstedt

Sarstedt

Thermo Fisher Scientific
BRAND GmbH + Co
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Scientific
Greiner bicone

Nunc

Sartorius

Ibidi

Bruker

VWR

Sarstedt
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PVDF membrane

Qiashredder columns

Reaction tubes (0.5, 1.5, 2, 5 ml)
RNasefree Microfuge Tubes 1.5 mi
Serological pipettes (5, 10, 25, 50 ml)
Syringe @ ml, 10 ml, 30 ml, 50 ml)

Syringe needl@0G
Syringe needl@6G, DG

PerkinElmer

Qiagen

Sarstedt

Thermo Fisher Scientific
Sarstedt

B.Braun

B.Braun

BD bioscience

WhatmanPaper 3nm VWR

2.1.3 Chemicals

Table2.3: Chemicals
Chemical Company
Ammonium persulfate SigmaAldrich
Bovine serum ldumin Carl Roth
p-Coumaric acid SigmaAldrich
Crystal volet SigmaAldrich
Dimethyl sulfoxide SigmaAldrich
Doxycycline hyclate SigmaAldrich
Ethanol, absolute Carl Roth
L-Glutamine SigmaAldrich
Glycine Carl Roth
Hydrogen peroxide 30% Merck
Isoflurane CP-Pharma
D-Luciferin potassiumsalt PerkinElmer
Luminol SigmaAldrich
b-Mercaptoethanol Carl Roth
Methanol, HPLC grael Carl Roth
Methyl-tert-butyl ether Merck
Milk powder Carl Roth
Nonidet P40 substitute Roche

Polybrene

Poly(2hydroxyethyl methacrylate)

Ponceau S

Merckmillipore
SigmaAldrich
Carl Roth
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Potassium chloride Carl Roth
Potassium dihydrogen phosphaa Carl Roth
2-Propanol Carl Roth
SDS pellets Carl Roth
Sodium Chloride AppliChem
Sodium deoxycholate Carl Roth
Sodiumhydrogenphosphate SigmaAldrich
Tetramethylethylendiamine Carl Roth
Tris Carl Roth
Tris-HCI Carl Roth
TritonX-100 SigmaAldrich
Tween20 AppliChem

2.1.4 Commercial buffers, solutionsand media

Table2.4: Commercial bufferssolutionsand media

Buffer/solution/medium Company

Acrylamide (30% (v/v)) Carl Roth

Buffer concentrate A CarlRoth

Buffer concentrate K Carl Roth

CASY ton Omni Life Sciences

DMEM 4.5 g/l glucose PAN-Biotech

Diethylpyrocarbonate treated (DEPC) wat Thermo Fisher Scientific

Fetal Bovine Serum Gi bcoE Thermo Sci en
Fibronectin bovine plasma SigmaAldrich

Fluoroshield™ mounting medium SigmaAldrich
Geneticindisulfate(G418)solution Carl Roth

Loading buffer 4x BioRad

Matrigel® Matrix High Concentration Corning®

MEM Non-essential amino acidslsition Gi bcoE Thermo Sci en
Paraformaldehyde 4% Carl Roth

Phosphatasihibitor-Cocktail &I SigmaAldrich

Precision Plus Protein Dual Colostandard BioRad

Proteasdnhibitor-Cocktail SigmaAldrich

Puromycin Gi bcoE Ther mo Scien
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RnaseZapE Solution
RPMI 1640

Sera Plus FCS

Sodium Pyruvate Solution
Tetracyclinefree FCS

Tris/Glycine/SDS Buffef10x)

Trypsin 0.05% / EDTA 0.02% in PBS

Thermo Fisher Scientific
PAN Biotech

PAN Biotech
SigmaAldrich

PAN Biotech

BioRad

PAN Biotech

2.1.5 Prepared buffers and solutions

Table2.5: Prepared buffers and solution for gel electrophoresis and western blot

Buffer/solution

Composition

Anode luffer

APS solution

Blocking solution(BSA)

Blocking solution(milk)

Cathode bffer

Enhanced leemiluminescensolution(ECL)

Phosphate bufferedkne (PBS 10x)

RIPA buffer

10% (v/v) Buffer concentrate A
20% (v/v) Methanol
in ultrapure water

10% (w/v) Ammonium persulfate
in ultrapure water

5% (w/v) BSA
in Ix TBS-T

5% (w/v) Milk powder
in IXTBS-T

10% (v/v) Buffer concentrate K
20% (v/v) Methanol
in ultrapure water

2.5mM Luminol
0.2mM p-Coumaricacid
in 0.1 MTris

27 mM KCI

18 MM KHPOy
100mM NaHPOy
1.37M NacCl

in ultrapure water

50 mM TrisHCI (pH 7.5)
150 mM NacCl
1% NR40
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SDS solution

Separation bffer

Stackingbuffer

Stripping buffer

Tris buffered aline (TBS 10x)

TBST

0.5% Sodiundeoxycholate

0.5% SDS

1% ProteaséPhosphatasénhibitor-
Cocktail

10%(w/v) SDS
in ultrapure water

3 M Tris
in ultrapure water
pH 8.8

0.47 M Tris
in ultrapure water
pH 68

0.2 M Glycine
0.1%(w/v) SDS
1% (v/v) Tween20
in ultrapure water
pH 2.2

0.5 M Tris

1.5 M NacCl

in ultrapure water
pH 7.4

10% (v/v) TBS (10x)
0.1% (v/v) Tween20

Table2.6: Prepared buffers and solutis forcell assays

Buffer/solution Composition
1% BSA Blocking solutiorior adhesion 1% (w/v) BSA
assay in 1Xx PBS

3% BSA Blocking solutioror proliferation
assay

Crystal violet fixation solution

Destaining solution for adhesion assay

3% (w/v) BSA
in 1x PBS

0.1% (wi/v) Crystal violet
20% (v/v) Ethanol

in ultrapure water

0.2%(w/v) Triton X-100
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Permeabilization solution for proliferation

assay

in H20

0.5% (w/v) Triton X-100
in 1x PBS

2.1.6 Commercial assays and kits

Table2.7 Commercial assays and kits

Kits

Company

BCA Protein assay
CellTiter-Blue® assay

Clicki TE Pl us
for Imaging

High-Capacity cDNA Reverse Transcriptic

Kit

EdU Cel

Lipofectamine 3000 ransfection Kit

ONE-GI| o E

Luci ferase

QuantiFast SYBR® Green PCR Kit

RNaseFreeDNase kit
RNeasy Mini Kit

Thermo Fisher Scientific
Promega

Invitrogen
Thermo Fisher Scientific

Il nvitrogenkE

. Promega

Qiagen
Qiagen
Qiagen

2.1.7 Celllines

Table2.8: Commercially available cell lines

Cell line

Information

HCC1954

MCF7_Luc

SkBr3

This epithelialbreast cancesell linewas derived from arimary
stage IIA, grade 3 invasive ductal carcinoma with no lymph r
metastasefom a61-yearold Asianwomanin 1995(Gazdar et

al., 1998)

The epithelialMCF7 cell line wasisolated from the pleure
effusion of a 69 year old Caucasian woman with metas
adenocarcinomaf the breasin 1970 (Soule et al., 1973)This
luciferaseexpressing cell line was purchased from AMSBIo.

This cell line wassolatedfrom the pleural effusion of a 43ar
old Caucasian female with malignant adenocarcinoma of

breastin 1970(Fogh et al., 1977)

Cell lines were purchased from ATG8merican Type Culture Collectigror DSMZ (German

Collection of Microorganisms and Cell Cultuyegnless stated differently
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Table2.9: Cell linegenerated as part of this thesis

Cell line

Information

HCC1954 Luc

HCC1954_Luc ShEDI3

HCC1954_Luc shNEG

SkBr3_Luc

Stably luciferaseexpressing HCC1954 cell line that wa
generated by transfection with thegmidpGL4.51

Luciferase positive HCC1954 cell limath doxycycline inducible
EDI3 silencing and RFP expression. It was created by transdt
of HCC1954 Luc cells with SMARTvectofM Inducible
Lentiviral ShRNA

Luciferase positive HCC1954 cell line with doxycycline induci
expression of scrambled shRNA and RFP. The cell line
generated by transduction of HCC1954 Luc cells v
SMARTvectof™ Inducible Nontargeting shRNAControl.

This stable lucieraseexpressingSkBr3 cell linewas created b
transfection with the pGL4.51 plasmid.

All cell lines were authenticated by the Leibniz institute DSMZ.

2.1.8 Cell culture medium and additives

Table2.10: Cell culure medium and additives

Cell line Medium Company
HCC1954 500 ml RPMI 1640 PAN Biotech
+ Fetal Bovine Serum (10%) Gi bcoE Ther mi
+ Sodium Pyruvate (1%) SigmaAldrich
HCC1954 Luc 500 ml RPMI 1640 PAN Biotech
+ Fetal Bovine Serum (10%) Gi bcoE Ther mi
+ Sodium Pyruvatel@o) SigmaAldrich
+ G418 (20Qug/ml) Carl Roth
HCC1954_Luc shEDI3/ 500 ml RPMI 1640 PAN Biotech
HCC1954 Luc shNEG + Tetracyclinefree FCS10%) PAN Biotech
+ Sodium Pyruvate (1%) SigmaAldrich
+ G418 (20Qug/ml) Carl Roth
+ Puromycin (0.5 pg/ml) Gi bcoE Ther mi

SkBr3

SkBr3_Luc

500 ml DMEM 4.5 g/l glucose PAN Biotech
+ Fetal Bovine Serum (10%) Gi bcoE Ther mi

500 ml DMEM 4.5 g/l glucose PAN Biotech
+ Fetal Bovine Serum (10%) Gibc 0o E Ther mo
+ G418 (400ug/ml) Carl Roth
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2.1.9 Lentiviral vectors

Table2.11: Lentiviral vectors

Target Promotor Fluorescence Source Clone ID Target Sequence

EDI3 #1 CMV tRFP V3IHSMCR_8692503 CCAGAAGATGTAG
GGTTTA

EDI3 #2 CMV tRFP V3IHSMCR 10362897 GGAGTTAATGGTC
TAATTT

EDI3#3 CMV tRFP V3IHSMCR_5777679 GGTACAGCTTGTC
TCTTAT

EDI3#4  CMV tRFP V3IHSMCR_7594956 ATGTGGGATGGTA
ACTTAT

EDI3#5 CMV tRFP V3IHSMCR_6267993 CGAGGTGCAGGA
AACTCTA

EDI3#6  CMV tRFP V3IHSMCR 10219786 AGTGCAGGCATTC
ACAGCC

Scrambled CMV tRFP VSC6585

(control)

GAPDH CMV tRFP VSH6557

(control)

All lentiviral vectors were purchased from Dharmacon.

2.1.10 Plasm

ids

Table2.12: Plasmids

Plasmid

Company

pGL4.51Juc2CMV/Ne0]
pCMV6 [Neo] (empty vector)

Promega
ORIGENEAMSBIo

2.1.11 Laboratory mice

Table2.13: Mice

Mouse Full nomenclature Gender Age at arival Company
CD-1® Nude Crl:CD1-Foxn1™ female  5weeks Charles River
NSG® (NOD NOD.CgPrkdce female  5weeks Charles River

SCID gamma)  I12rg™mWijSzJ
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Table2.14: Mouse feed

Feed Company
Nude mouse diet fortifiedy-irradiated(25 kGy) Ssniff
Rat/Mousedietlow phytoestrogeno-irradiated(25 kGy) Ssniff
Rat/Mouse dielow phytoestrogemwvith doxycycline(625 / 720 mg/kpy  Ssniff
o-irradiated(25 kGy), green dye
2.1.12 Antibodies
Table2.15: Primary antibodies
Antibody Host Cat#/Company
an t Hactirb Mouse A5316 SigmaAldrich
anti EDI3 Mouse Custom madeClone
3B8G3, AMS Bio
anti RFP Rabbit R10367 Invitrogen
Table2.16: Secondary antibodies
Antibody Host Cat#/Company
arti mouse HPR linked Horse #7076, Cell Signaling
anti rabbitHPR linked Goat #7074, Cell Signaling

2.1.10QuantiTect Primer Assays

Target gene Species Primer ID Company

EDI3 Human QT00066598 Qiagen

ACTB Human QT00095431 Qiagen

18S Human QT00199367 Qiagen
2.2 Methods

2.2.1 Cultivation of cell lines

All cell lines were maintained under sterile conditions in a humidified incubator ‘&@@ and

5% CQ. All working steps were conducted in a laminar flow cabinet using only sterile

materials and solutions. The cedlsre cultured using the media and supplements listéahle

2.10 and cell medium was renewed every two to three days. Once the cells read@¥d 80

confluency, they were sutultured to guarantee constant growkherefore, the medium was

removed from the tissue flask and the adherent agire carefully rinsed with 1RBS.
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TrypsinfEDTA (0.05%/0.02% in PBS) was added, and cells were incubated®@tf87 5min
to facilitate detachment of the cel&ubsequentlycells were resuspended in fresh medium and

tranderred into new culture flasks.

Before cells were seeded into plates for experiments, theydeérehed as described above.
After resuspension in fresh media, the celpgmsion was transferred into a tu#me cells were
pelletedfor 5min at 800x g. The medium waaspiratedo remove residual trypsiihe cell
pellet was then resuspended in fresh media and the cells were counted with th@ Ta&8lY

counter.

2.2.2 Freezing and thawing of cell lines

For storagen liquid nitrogen adherent cellgith a confluency of approx. 70%eredetached

as described abovéfter resuspension in fresh full medtae cell number was determined
using the CASY TT cell counter. Cells were pelleted fanib at 800x g and the sugrnatant

was removed. The pellet was resuspended in an appropriate volume of medium containing 5%
DMSO to avoid ice crystal formatio@neml aliquots comprising-2 million cells were filled

into cryo vials and placed in a freezing container, whichfWiasl with 2-propanol andtored

at -80 °C overnight Thesecontaines provide a consistent cooling rate, which improves cryo
preservation. Afterwards, the cells were placed thtogaseous phase of the liquid nitrogen

tank for longterm storage.

For thawng, the cryovial was placed in a water bath oP@7When the cell suspension was
just defrosted the cells were pelleted fanih at800x g. The DMSO containing media was
aspirated and the cell pellet was resuspended i antibiotic free medium. Theell
suspension was then transferred into a prepared T25 flask containing anathef #esh
antibiotic free medidf needed, antibiotic containing medium was added to the celisa®#r
thawing. To conduct experiments, cells were at leastcaitbred twice after thawing from

liquid nitrogen storage.

2.2.3 Antibiotic kill -curve

Mammalian cell sensitivity to antibiotics varies from one cell type to another. In order to
generate stable cell lindy plasmid transfection or lentiviral transductignis important to
determine the minimum concentration of antibiotic required to kill-tnensfected or non
transduced cellsThe pGL4.51 plasmid used in this thesis to create luciferageessing cells
(2.2.4 contains a neomycin riegance gene and can be selected foigégeticindisulfate
(G418), while the lentiviral vectors used for inducible gene silencihg.§ contain a

puromycin resistance and can then be selected for using puromycin.
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For the aribiotic kill-curve, cells were plated at a density of 9xdélls per well in 0.5nl full
medium in 24well plates to reach a confluency of approx. 70% on the next day. Increasing
concentrations of antibiotic were prepared by diluting stock concentratibri® mg/ml
puromycin as well as 5&g/ml G418 in cell culture mediunTéble2.17). Twent-four hours

after plating, confluency was confirmed, and cells were rinsed witPBE before increasing
amounts of the antibiotic were addedduplicate wells. On subsequent days, the cells were
examined for signs of visual toxicity using light microscopy. The antibiotic containing media
was replaced every two to three days. If needed, cells wereu#tubed into new plates once a
confluencyof 90% was reached. To do so, cells were rinsed withBX followed by treatment

with trypsin/EDTA at 37C for 5min. Cells were resuspended in 300 antibiotic containing
media, 15Qul of the cell suspension was transferred into a new well and aa@itB50ul
antibiotic containing media was added. The lowest antibiotic concentration at which all of the
cells were dead after one week of treatment was determined and used for antibiotic selection

after transfection or transduction experiments.

Table2.17: Concentrations of selection antibiotics tested

Antibiotic Tested concentrations [pug/ml]
Puromycin 0,05/1,2,3,4,5,6,7,8,9, 10
Geneticindisulfate (G418) 0, 50, 100, 200, 300, 400, 500, 60007800, 900, 100(

2.2.4 Plasmid DNA transfection via Lipofectamine 3000

To generate luciferasexpressing cellshe breast cancer cell lines HCC135# SkBrawere
transfected with the firefly luciferase gerec) encoding plasmid pGL4.51[luc2/CMV/Neo]
(Promega) as well as with tiEEMV6 [Neo] empty vector control.

The day before transfectiptells were plated in 500 medium into 24well cell culture dishes

at a density which resulted approx.70% confluency orthe day oftransfection(Table2.18).

24 h after platingthe cells were transfectedith plasmid DNAusingthe Lipofectamine 3000
Transfection Kitl nvi t r@agemrEdi ng t o t he mdaortrdnsfectiorur er s 6
in a 24well cell culture vessel, in a firsthe 0.5ul Lipofectamine 3000 reagent was added to

25 pl OptiMEM medium. In a second tub&)0ng DNA as well as il P3000™ reagent were

added to another 38 OptiMEM. Then, the contents of both tubes were combined and mixed

well by vortexng. This mixture wasthenincubated for 1%nin at room temperature allow

the DNA-Lipofectamine complexet® form. Afterwards, 5Qul of the prepared solution was

added to the cells and the cell culture plate was swirled gently to ensure homogeneous
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distribution of thecomplexes to the entire weklfter 7 h the transfection mealivas replaced
by regular cell culture meaiand72 h laterthe media was replaced by fresfedia containing
the antibiotic gneticin disulfad (G418)ata concentratioiTable2.18) thatwaspredetermined
to successfullyselect for transfected celés described i2.2.3 After expansion of the cells
luciferase expression was confirmed by luciferase asa@y7 and single cell cloning was
performed with HCC1954 Luand SkBr3_Lucells 2.2.6. Luciferase positive clones were

frozen and stored in liquid nitrogeR.2.2).

Table2.18: Lipofectamine 3000 transfection conditions

Cell culture vessel Cell line Cell number seeded G418 [ug/ml]
24-well HCC1954 9.3x1d 200
24-well SkBr3 9.3x10 400

2.2.5 Inducible inhibition of gene expression via RNA interferace

RNA interference (RNAI) is &iologicalcellularresponse to doublstranded RNA that results

in degradation of messengerRNA (mMRNA) and can be used to inhibit the expression of target
genes(Fire et al, 1998) By genomic integration o$hort hairpin RNA $hRNA) which is
subsequentlyranscribedas short hairpin precurso®{0 nt),andprocessed into active 2t

RNAs, continuous cell lines with heritable gene silencing can be constriiRaeldison et al.,

2002)

To generate stable cell lines with inducibiéhibition of geneexpression, in this thesis
SMARTvector™ lentiviral particles containinginducible genetargeting shRNA oligos

(Dharmacon) weresed(Figure2.1).

mCMV .
PGK SMARTchoice
hEF1a promoters

mEF1a

PuroR #2:% Tet-On 3G g\')'/:{=¢ 3' SIN LTR

TRE3G

or ~N
SMARTvector
universal scaffold

Figure 2.1: Elements of the SMARTvector inducible lentiviral sShRNA vector. In the presence dbox, the
TRE3G promoter is bound and activated by the constitutively express&dT&B transactivator proteimhich
results in the expression of fluorescence marker and shBNAIR5,5'l ong t er mi nal repeat ;

sequence; RRE, reverse response element; TRE3G, inducible promoter with tetracycline response elements; tGFP

or tRFP,TurboGFP oiTurboRFP; SMARTVvector universal scaffold, scaffold in which gemgeting sequence is
embedded; Pufp puromycin resistant gene; 2A, seléaving peptide; TeDn 3G, encodes doxycyclifregulated
transactivator protein; WPRE, woodchuck hepatitis f@stscriptional regulatory elemer®;SIN LTR, 3' self
inactivating long terminal repeéharmacon, 2014)

e



Materials and Methods 35

Theselentiviral vectosbecomeantegrated ito thegenomeof the host cells angeneexpression

is controlled bya TetOn 3G tetracyclinenducible systen{Loew et al., 2010; Zhou et al.,
2006) Consequently shRNA mediated gene inhibition as well as the expression of the
fluorescence markdrurbdRFP(tRFP)is only activated upon induction witatracycline or its

analogdoxycycline(Dox).

2.2.5.1 Transduction of cellswith lentiviral particles

In this thesis, lentiviral vectors encoding six different sShRNA oligos binding specifically to
differentexonsof the EDI3 gene were used penerateHCC1954 Luc ell lineswith stable

Dox inducible reduction of EDI3 expression. Additionallynontargeting scrambled shRNA

control as well as a GARDtargeting positive control were used.

For the generation and cultivation of the inducible cell lirsmeda wereprepared with
tetracyclinefree FCSto prevent unintended inductio@n the day before tradsdion 7.510°
cellswere seeded into 9&ell cell culture plateso ensure that cells were approximately 50%
confluent on the day of transduction with the pg&tcTwenty-four hourslater, the cells were
transduceat amultiplicity of infection(MOI) of boththreeandfive. For this purposédentiviral
particles were diluted iserumfree medum without supplements according to thieal titer
provided by the mnufacturerso generate the transduction medifterwards, he media was
aspiratedfrom the cellsand replaced by25ul of transduction media per well.o prevent
evaporation of the small media volume in the wel& surrounding wells were filled with
200l mediumeach andhe cell culture plates were wrapped in clingfilm beftivey were
placed ino the incubator.Sixteen hoursafter tranduction, 100ul tetracyclinefree serum
containing supplemented full media was added to the ddlbsnext daymedia was replaced
by selection mediurnontainingd.5 pug/ml puromycinrwhichwaspredetermined to be sufficient
for selection of stable integrants as describéti2r@ Theremainingcells were expanded until
an adequate cell mberwasachieved tdreeze andtorethe cell lineq2.2.2. Puromycinwas
removed from the media once selection was complete after two v&elcessful induction by
Dox (2.2.5.9 was confirmed byxgpression of the fluorescence marker tRFP using fluorescence
microscopy Downregulation of EDI3 expression wdsterminedusing quantitative redlme
polymerase chain reactionR@-PCR)andwestern blottingas described i2.2.15and2.2.16

respectively

2.2.5.2 Dox-induction of shRNA mediated inhibition of gene gpression
To induce thdranscription of ShRNA in theeansducedHCC1954 Luccell lines, cells were

seededn full mediain either cell culturelasks or welplatesat a densitywhich resulted in
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approx. 90% confluency aftan induction time of 72 (Table2.19). The cells werglacedin
the incubator to fully attach overnightduction medium waeshly prepared by diting a
stock solution of 1@ng/ml Dox in full media to reach theéesired concentrationd not stated
otherwise, or cellular assays@ncentratiorf either0.01 or 0.1ug/ml Dox was usedTwenty
four hoursafter plating, nedia wasaspiratedandcells were treatedavith Dox. Every 48h the

induction medium was replaced by freshly prep@ed-containing medium.

Table2.19: Induction conditions for shRNA mediated inhibition of EDI3 expression

Cell line Cell culture Cell Medium Dox Induction
vessel number [ml] [mg/mil] time [h]
1
HCC1954. Luc T175 L, T175 25 0.01/0.1 72
shEDI3 /
ShNEG 6-well 3x10 2 0.01/0.1 72
ShGAPDH 24-well ox10* 1 0.01/0.1 72

2.2.6 Single cell cloning

To generate single cell cleacontaining a homogeneous genetic backgrduom transfected
or transduced cell culturesvo differentdilution cloning approadswereperformed.For the
first approachthe heterogenous cells were serially diluted in their required full niredianl
tubes Fromeachdilution, 200ul aliquotsper wellweretransferrednto two rows ofa 96well
plate,resulting in replicates df00, 10and1 seedectells per well Alternative, in thesecond
approach, the heterogenous cell culture was dilat@@0 cdls/ml in a 15cm cell culture dish.

For both approaches, cell growth was monitored. Once single colonies became thisible,
were rinsed witHlx PBS to removeinattachedells fresh media waaddedand clones were
picked using a 200l pipette tip.In detail, the pipette tip was exhausted and placed on top of
the colony, sealing &s much as possibfeom the surrounding medidahen, ly filling upthe
pipette tipcarefully with 200ul, an undertowwas created, that suekl cells from the colony
into thetip. These cells were then transferred into a nevw8b plate. Growing cells were
expandeduntil enough cells were achievéal confirm luciferas€2.2.7) or tRFP expression.
The shRNA mediated downregulation of EDI3 exprassias determined by quantitative real
time polymerase chain reactionR@PCR) and western blottings described i2.2.15and

2.2.16 respectivelyPositive clones were frozen and stored in liquitbgen(2.2.2.
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2.2.7 Luciferase assay

TheONE-Gl o E Luci f er asRromégs)svasyused tp sonfenmthe(expression of
firefly luciferase in HCC1954 Luc and SkBr3_Luc cedifter transfecion with pGL4.51
plasmid. This assayutilizes the luciferin analog5’-fluoroluciferin. Oxidation of 5'-

fluoroluciferin by firefly luciferase results in the emission of luminescence.

On the day prior to the assay1D’ cellsin 100ul medium were seedgquer wellinto a white
96-well microtiterplate.After the cells fully attached overnightQOpl of ONE-Glo™ Reagent
was added per well. Cells wepeotected from light anthcubated at room temperature for
3 min. The uminescencaignal wassubsequentlyneasuredn a plate reader (Infinite MZ0

Pro, Tecan).

2.2.8 Cell assays

2.2.8.1 Wound closureassay
A wound closure assay was appliedstudyhow migration is affectetly inducibly silencing
EDI3 expression in HCC1954 Luc cellthe assay is based on determining the rate at which

cells repopulate an artifed gap that was created in a confluent cell monolayer.

For this purpose, shRNA mediated EDd8wnregulation was induced invéell plates as
described irR.2.5.2 After 72h of indudion, cells were washed with BBS and detadd by
treatment with trypsin/EDTA for fnin at 37°C. Cells werghenpelleted aB00x g for 5min
and resuspended in full media containing the appropBate concentration to sustain the
knockdown. The cell number was determined using the CASY TT aceliterafter which
7x1C cells in 70ul were addedper well into the 2 well silicone insertg(Ibidi) that were
previouslyplaced in the wells of-@vell plates. After 24, the cells were fully attachezhdthe
culture insed wereremoved using sterile tweeers leaving a clean gap between the two cell
monolayersThe cells werg¢henrinsedoncewith 1x PBS to remove any floating celiefore

2 ml medium was added pervéell. Directly upon removal of the inseras well ason the
following days,four photosper wellwere takerat the same position each day until ¢ag@in

the nar-induced controkells was almost fully closed The size of the gaps was determined
using the fAwound heal i n.dgrhetavemde@erorritagetohwountd ma g e
closure wa calculated from all four positions photographed and compared tortkacuzed

control cells.
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2.2.8.2 Adhesionassay
To evaluate the effect of EDI3 downregulation ogll adhesiongcells were replated on
fibronectincoated wellsand thenumberof attached cell was determinedt different time

points

Forthefibronectincoatinga 20 € g/ ml s ol u t20andb0 pheese aquederp ar e d
well to rows AE of 96well plates The plates were shaken gently until the well surface was
completely coverednd keptat 4°C overnight On the next dayexcessive fibronectin solution

was removed from the wells and plates were Ugftoveredo dry under the sterile hood for
approx. 15min. Subsequentlyl00 ul sterileblocking solution (% BSA in 1xPBS)was added

per well to rows AH and the plate was kept again &Clovernightimmedately before cells

were seeded, theells were washed once with PBS.

EDI3 downregulation in HCC1954 Luc cells was induced in T175 flasks as described in
2.2.5.2 After 72h of induction,cells were detached using Trypsin/EA, resuspended in
suspension mediunsérum free regular medignand transferred into 1l tubes To end
trypsinization, 0.5ug/ml trypsin inhibitor was added, and cells were incubated fonihCat

room temperature while gently inverting the tube a fieves. Cells wer@elletedfor 5 min at

800x g at roomtemperatureresuspended in fresh suspension media, and rotatechfat 1

37 °C in the incubator using the MacsMix rotator at full speed. After rotation, cell number was
determined usinthe CASY TT cell counter an@®x10* cells in 100ul suspension medium were
re-plated into five fibronectistoated wells each, as well as into three B#$dcked control
wells. The cells weréhenincubated at 37°C for different time points ranging fronmiif to

1 h. After incubation, nomadherent cells were removedwsgshing the plate once with B8S.

The adherent cells were stained and fixed with a crystal violet solution foir2@t room
temperatureExcessive staining solution was removed by rinsing the platéuttgreith tap

water and the plates were left open to dry overnight at tearperaturePhotos of thetained

cells were taken with ghasecontrast microscopesing a 10x objectiveTo quantify the
adhered cells, theyere destainedith 0.2% Triton %100 for 20min on an orbital shaker at
room temperaturand absorption was measured at B0n a plate reader (Infinite M200 Pro,
Tecan).

2.2.8.3 Viability assay
To determine the viability of HCC1954 Luc shEDI3 cells aReix induction of the shRNA
mediated EDIXnockdown, the CellTiteBlue® viability assay (Promega) was applidtis

assay uses the blue dye resazurin which is reduced by viable cells to the fluorescent dye
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resorufin. Consequentlythe generated fluorescence signal is proportional to the number of

living cells in the sample

HCC1954 Luc shEDI3 and HCC1954 Luc shNEG cells were seeded at an appropriate density
into T175 cell culture flasks. After one day of attachmehg cellswere induced with
concentrations dd, 0.01 and 0.jug/ml Dox (2.2.5.3. After 72 h of induction, cells were rinsed
with 1x PBS and detached by trypsin/EDTA treatment fanib at 37°C. Cells wereelleted
at 800x g for 5min andresuspended in full media containitige corresponding amounts of
Dox. The @Il number was determined using the CASY TT celinterand5x10° cellsper well
werere-platedinto a 96well plate.After 96 h, the mediumwas replaced by a 1:5 dilution of
CellTiter-Blue® reagent in medium. The plate was incubated foh4ihil the blue color
changed into pink100ul of the cell supernatant was transferred intmiarotiter plate with
black walls and transparent, flat bottom§he fluorescent signal was measurat
57%/584%m nm in a plate reader (Infinite M200 Pro, Tecan).

2.2.8.4 Anoikis assay

Anoikis is a form of apoptosis that isiggeredin adherentells when they detach from the
surrounding extracellular matrix (ECMFFrisch & Francis, 1994; Meredith et al., 1998p
determineif cells with reduced EDI3 expression are more susceptibviards anoikiscells
were incubatedon plates coated witpoly(2-hydroxyethyl methacrylaje(poly-HEMA), a

polymer that prevents cell adhesion

For that purpose, a peaEMA solution of 10mg/ml was prepared in 95% ethanol by shaking
vigorougy at 37°C overnight.After sterile filtration using a 0.@m filter, 6-well plates were
coated with 75Ql poly-HEMA solution per well and plates were left without lid under the
sterile hood to dry overnigh®lates weravashed three timesith 1x PBSbefore plating cells.

EDI3 downregulation in HCC1954 Luc cells was induced in T175 flasks as described in
2.2.5.2 After 72h of Dox treatment onemillion cellsin 2 ml were replateger well of the
poly-HEMA coated6-well plates Theplateswere placed in the incubator for B4Afterwards,

100ul CellTiter-Blue® reagent was added per well. The pleds incubated for another #tin

until the blue color of the meinduced control wells changed into pink. 1@0of the cell
supernatant was transferred intorracrotiter plate with black walls and transparent, flat
bottoms.The fluorescent signal was meesd at579%/584mnm in a plate reader (Infinite
M200 Pro, Tecan).
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2.2.8.5 Colony formation assay

To evaluate the effect @ox-induced EDI3 downregulation ohé ability of the cells to form
colonies out of a single cela colony formation assay was perform&terefore, shRNA
expression was inducedth Doxin HCC1954 Luc shEDI3 and control cells (ShNEG]175
flasks as described 12.5.2 After 72h of Dox treatment, 50@ells in 2.5ml corresponding
Dox-containing mediger wdl were replated into -6vell plates and placed in the incubafor

14 days Afterwards the media was aspirated, cells were washed witPB& and subsequently
stained for 20nin with 500pl crystal violet solution per welExcess staining was removed by
washing the wells thrice with tab watdfter drying, pictures of each well were taken. The

software ImageJ was used to determine the number and size of colonies.

2.2.8.6 Proliferation assay

To investigate if EDI3 knockdown affects proliferatiothe Click-i T EPlus EdU Cell
Proliferation Kit for Imaging(Invitrogen) was usedWith this kit, DNA synthesiscan be
measured in two steps-irst, cells are labeled with Ed{ ® t h y2adgldikyuridine) a
nucleoside analog of thymidirteatis incorporated into DNA ding active DNA synthesis
Then,labeled proliferating cells can be detected usind\igxa Fluor® dye This process is
based ora coppercatalyzedclick reactionresulting in a covalent bonbetween aralkyne
provided by EdUand apicolyl azide provided by the Alexa Fluor 488 dy€Salic & Mitchison,
2008)

EDI3 downregulation in HCC1954 Luc cellsas induced in @vell plates as described in
2.2.5.2 After 72h of Dox treatment, cefl were plated into 8vell chambers (lbidi)n 300pl
correspondinddox-containing media per wedind placed in the incubataccording to theell

numbersand incubation timésted inTable2.20.

Table2.20: Experimental conditions for proliferation assay

Experimental approach Cell number plated Incubation time until EdU tr eatment
Subconfluent cell layer 1500 24 h

Colony formation 150 7d

Once the incubation time was oviealf of the media per well was removed (318Pand 150ul
fresh medium containing0 uM EdU was added, resulting in a final concentration oful0
EdU. The cells werglaced back ito the incubatoffor 2 h. Then, the media was completely
aspirated, and cells were fixed with 4% PFA fomii& at room temperature. The fixative was
removed, and cells were washed twice with 3% BSANPBS for 5min each.After the
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washing steps, cells wepermeabilizedvith of 0.5% Triton® %100 in1x PBSfor 20 min at
room temperaturédgain, cells were washed twice with 3% BSA in PBS fonif eachClick-

iT® reaction cocktaijl containingAl e x a F | u o, w&s prépBedl asddgseribeid the
manuf act ur e r2804l weraadded per waelh The well plate was rocked briefly to
ensure even distributiofollowed by 30min incubation at room temperature protected from
light. After the click reaction, cells were washemce with 3% BSA in 1x PBS and
subsequently withx PBSonly for 5 min eachFor DNA stainingthe providedHoechst 33342
solution was diluted 1:2000 itx PBSand 200Qul were added per well. Cells were incubated
for 30min at room temperatuggotected fom light Afterwards, cells were washed twice with
1x PBS for 5min each and once with ultrapure® befae each well was mounted with one
drop each of Fluoroshoield histology mounting medittates were left protected from light
to dry. Fluorescence ¢ures were acquired using th8M 880confocal microscopéZeiss) or

the KeyenceBZ-X800 microscope.

2.2.9 Housing conditions of mice

Mice werepurchasedt an age of five weeksom Charles Riveand allowed to acclimatize
for one weekTheyhad access to watand feedad libitumand were kept in a 112 day/night
rhythmunder specific pathogeinee conditionsThe performed animal studies were approved
by the animal welfare authoritll mice were handled in accordance with the Principles of
Laboratory Carerad theguidelines stipulated by the Society of Laboratory Animal Science
(81-02.04.2020.A261, Gesellschaft fur Versuchstierkunde;S®LAS, Germany.

2.2.10 Doxycycline treatment of mice

In order to induce thEDI3-targeting or scrambleshRNA expression ilCC1%4_Luccells

that wereinjected into miceo producetumors or metastases, mice were treated k. In

the course of this workwo different application routes thaerereported taesult in successful
induction of induciblegene expression imousexenograft model were useqCawthorne et

al., 2007; Eger et al., 2004pox was administered to the mice either by a 6®j3kg Dox
containing diet (Ssniffad libitumor dissolved in drinking wateEreshDox containing water
(7.5 mgml Dox in combhation with 1% sucrose&yas prepared every three days and constantly

protected from light.

2.2.11 Cell line-derived xenograftmodels
Cell line-derived xenograft (CDX) models are based on the implantation of human tumor cells
into immunodeficient mice to avoid dtaersus host reaction of the mouse against the human

tumor tissueln this work,subcutaneous tumors were created to investmabée forEDI3 in



42 Materials and Methods

primary tumorgrowth, whereascell injection into the peritoneuror the tail veinprovided
information abat E D I 3nfBuence on metastasis formationtimre peritoeal cavityandthe

lungs respectively

2.2.11.1Preparation of cells

Cells were cultivated in T175 flasks resulting in a confluency of approx. 90% on the day of
injection. If required, EDI3 knockdown or sambled shRNA expressionas induced with
0.1ug/ml Dox 3-5 daysin advanceDirectly before injection, €lls were washed with 1RBS
followed by trypsinization for Bnin at 37°C. Cells were resuspended in full media amd
aliquot wagakento confirmEDI3 knockdown on both RNA and protein lev&herefore, Iml

of cell suspension was transferred iit&ml tubes and pelleted a800x g for 5min. The
supernatant waaspiratedand the cell pellet wassuspendedh 600ul RLT lysis buffer for

RNA analyss or 200ul RIPA lysis buffer containing 1:100 protease inhibitor and phosphatase
cocktail Il and llIfor protein analysid_ysates were vortexed and further processed as described
in 2.2.15.1and2.2.16.1.1 The cell number of the remaining cell suspension was determined
using the CASYTT cell counter and cells were pelleted by centrifugatid0atx g for 5 min.

The cell pellet was resuspended with the appropriateanodlx PBS anddr Matrigel to result

in the dilution necessary for the different routes of injection as described below.

2.2.11.2Subcutaneousnjection

Cells were cultivated and prepared as described.2n 1.1 The obtained cell plet was
resuspended in either 100% or 50% Matrigghtrigel was thawedvernighton ice and was
handledon the day of injectionly with precooled tubes and p@oledcut 1000l pipette
tips. For injection with 100% Matrigel, the appropriate amouaswadded directly to the cell
pellet. For injectionn 50% Matrigel (1:1 Matrigel/1#®BS), the cell pellet was resuspended in
ice cold1lx PBS before the same volume of Matrigel was added. The cell suspensinixeds
by carefully pipetting up and down asdbsequentlkept on i@. Directly before injection the
cell suspension wamixed againby flicking and inverting the tubeSyringeswere prepared
under sterile conditionsFive million HCC1954 Luc cells in 150ul were injected
subcutaneously into the fil& of six to eightweekold female CD1 ndeor NSGmice.Tumor
sizewasdetermined twice per week using a digital caliper and volume was calculatec by
W?)/2 (FaustineRocha et al., 2013)

To indwce expression of EDigargeting shRNAgells andmice were pretreated withox three
days in advanceFluorescence imaging was performed as describe?lAri3to confirm

successfuDox-induction based on the measured tRFA digna
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2.2.11.3Tail vein injection

Cells were cultivated and prepared as describéd2ril.1and subsequentlyesuspaded in
ice cold 1xPBS to obtain a dilution of 1@illion cells/ml. The cell suspension was kept on ice
until injection. Six- to eightweekold female CD1 nde mice were placed into mechanical
restraint devicevith the tail protruding to make it accessible for injectidhe tail was dipped
in warm water to obtain better visibility due to vasodilatiDirectly beforeinjection the cell
suspension was mixed liyvertng the tubeseveral timesThe tail was wipedvith antiseptic
solutionandonemillion HCC1954 Lucells withDox-induced EDI3 knockdown vs. untreated
control in 100l were injected into the lateral tail veiThe mice were removed from the
restrainer antheluminescence signal was measut@dnin, 6h and 24 after injection using
thelVIS Spectrumn Vivo Imager (PerkinElmeras described i2.2.13

2.2.11.4Intraperitoneal injection

All cells were cultivated anprepared as previously describ&d2(11.). The cell pellewas
resuspended in ice cold PBS resulting in a dilution of 1@illion cells/mland kept on ice.
Directly before injection the cell suspgon was mixed by inverting the tube several times and
syringes were preparegander sterile conditiongOne million HCC1954 Luc cellsn 100ul

1x PBSwere injectedntraperitoneally intcsix- to eightweekold female CD1 ndeand NSG
mice. To investigatéhe influence of EDI3 on metastasis formation, the expression of-EDI3
targeting and scrambled ntargeting sShRNA was induced in cells and mice three days before
injection. Dox was administeretb the mice in @ox containing diet as described 222.10
Luminescence signatasmeasurecekvery one to two weekssing the IVIS Spectrurin Vivo
Imager as described !12.13 Mice wereobservediaily, and their overall conditiowasscored

and tallied acoaling tothe conditions stipulated in the scoreshesich asveight loss, ascites
formation, abnormal behavior and unusual physical appear@nce terminal endpoints were

reached, mice wergacrificed,and autopsy was performed to analyze the spreacktafstases.

For the timedorgancollectionsix andeightweeks after intraperitoneal injection of the cells
mice were sacrificed aftdinal in vivoluminescence imaging was performatt organs were

collected and@nalyzedyy ex vivoimagingas describeth 2.2.14

2.2.12 Preparation of luciferin solution for in vivoimaging

D-luciferin is a molecule which can be foundiganisms that generate bioluminesceAde&?
dependent oxidation of luciferin by firefly luciferasazyme leadsotthe production of light.
Sinceluciferin can penetrate cell membraniéss suitable foiin vivoimaging of cells that have

been transformed to express luciferaseesh luciferin solution was prepared by dissolving
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appropriate amounts of -Iciferin padassium salt(PerkinElmer)in 1x PBS to obtain a
concentration of 15ng/ml. The solution wasterile filtrated using a O filter and protected
from light. To ensure stable luminescence signal, thetsol was used within twaveeks while

avoiding repeted freezing and thawing.

2.2.13 In vivo imaging

Prior to luminescence imagingOul/g body weight of luciferin solution were injected
intraperitoneally intaniceand allowed to distribute fdrO min. Three minutes before imaging,
mice wereplaced into a chamband anesthetizdaly inhalation of isoflurane in oxygelii2.5%
(v/v)) at a flow of 1/min. Afterwards the mouse was transferred into the IVIS Specttom
Vivo Imager (PerkinElmer) and orientatieddorsalview for imaging of subcutaneous tumors
located athe flank ofin ventralview for imaging of lungandperitoneal metastasifenminutes

after luciferin injection the luminescent signal was measured by a CCD camera.

To confirm theDox-induced expression of tRFP, the fluorescesigaal was measured at a
wavelengthof 620nm. No luciferin was administered prior to fluorescence imaging, as the

emission interferes with the tRFP channel.
All results were evaluated using thizing Image® 4.7.Xoftware

2.2.14 Ex vivoimaging

Organs were imaged to analy#iee distibution of metastasis six and eighteeks after
intraperitoneal injection of HCC1954 Luc cells comparing induced EDI3 knockdown t0 non
induced control cellsDirectly dter the lastin vivo imagingwas performed as described in
2.2.13 the micewere sacrificed by cervical dislocatiohscitesfluid, if present, was extracted
using a syringe with a 26 canulaMice werefixed in a dorsal position on a surgical table and
the abdominal cavity was opened longitudinaliver, diaphragm, kidneys, the complex of
stomachspleenand pancreass well as the two gonadal white adipose tissuereexcised
and washeth 1x PBSin a petri dishThe organs were placed oblack nonreflecting Lexan
foil, transferred intote IVIS Spectrunmager and luminescence was measured appraxir20
after the mice were injected with luciferiAfterwards macroscopically visible tumors were
counted,excised from the organs and their weight was determimedging results were
evaluaed using the.iving Image® 4.7.Xoftware
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2.2.15 Gene expression analysis

2.2.15.1RNA isolation from cell culture

For RNA isolation from cedl lines the RNeasy kit (Qiagenyas usedThereby either 30Qul
(24-well plate) or 60Qul (6-well plate) RLT lysis buffer weadded per well. Cells were scraped
and collected in 1.5l tubes.Cell lysates were vortexed for 3@c andstored at80 °C until
furtherisolation For RNA precipitationlysateswere thaved on ice onevolume70% ethanol
was added and mixed carefully pipetting. The samples were transferred to +gjin columns
and centrifuged for 38ec at9,000x g. The filtrate was discarded, and the columns were
washed once with 350 RW1 buffer. For DNase treatment the RN&3ee DNase Set
(Qiagen) was usedNasel was reconstructd by adding50ul RNase free water tthe
lyophilizedenzyme. Per RNA sample, a mixture offldNasel and 70ul RDD buffer were
premixed,added to the column and incubated fomiih at room temperatureofal RNA was
then washe@nd eluted in RNase freewagerc cor di ng t o the RMAYWuUf act
concentration was determined with a spectrophotometer (Nan@Dff)) and samples were
stored at80 °C.

2.2.15.2RNA isolation from tumor tissue

Snapfrozenpieces oftumor tissuewere tansferred into RNaskee 1.5ml tubes containing
600ul ice cold RLT lysis bufferDuring the whole procedurgybeswere kept ordry ice. Per
tube 6 pl b-mercaptoethanol was addadd pestles were used to manually grind theor
tissue. Once well groungtubes were vortexed for 3@c and lysates were added to Qiashredder
columrs. After centrifugation a,000x g for 30sec, RNA isolationfrom the filtratewas

performedusing the RNeasy kit and DNase treatment as descritid.ib.1

2.2.15.3cDNA synthesis

Prior to gene expression analysis duantitativereattime polymerase chain reactiogRT-
PCR) isolated RNA was converted intmmplementary DNAGDNA). For thispurposethe
high capacity cDNA reverse transcigt kit (Applied Biosystems) was usadcording to the
manuf act ur e rPebreactiors0®ng uZuyg RNMAnwere mixed witha master mix
containing theppropriate amounts of 10x FBuffer, 10x random primers, 25x dNTP mix and
reverse transcriptasBEPC water was used &uljust the total volume to 26). The conditions
for the subsequent PCR are listedlaible2.21. After reverse transcription, all samples were
dilutedwith DEPC wateto a final concentration of 1g/pl ard stored at20 °C.
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Table2.21: Conditions for reverse transcription polymerase chain reaction

Step Temperatur Time
Incubation 25°C 10min
Reverse transcription 37°C 120min
Inactivation 85°C 5min
Paue 4°C b

2.2.15.4Quantitative real-time polymerasechain reaction

Quantitative reatime polymerase chain reactionR@-PCR)is a sensitive technique to detect

and quantifyalterationsn gene expression of a target géHeguchi et al., 1993)in thiswork,

the non-specific fluorescent dye SYBBreen(QuantiFast SYBR® Green PCR KiDiagen

was usedo quantify the PCR products of gene specific oligonucleatidesSYBR green
intercalates into double stranded DNAe intensity of the fluorescent signaleasured after

each PCR cycles proportional to the amplified DNA concentratiohhe fluorescence is
illustrated as a function of time asd-calledCt values The lattedescribehe number of cycles
necessary until the measured fluorescent signal crosses a threshold and enters the exponential

phaseandare used for quantification.

All gene expression measurements were performed with a 7500 TiReal PCR System
(Applied Biosystems) and all samples were measured at least in technical dupheates.
reaction, 50hg cDNA were mixed with 2x QuantiFast® SYBR Greeneagent andlOx
QuantiTect Prirar Assay The total reaction volume was adjuste@fqul with DEPC water.
For each primer assay a negative control using water instead of cDNA was indbéed.

standard conditions for the amplification #éistedin Table2.22.

Table2.22: Parameters foQuantiFast SYBR® Greegissag

Step Temperature Time Cycles
50°C 2min 1

Activation of DNA polymerase 95°C 5min 1

DNA Denaturation 94°C 10sec 40

Annealing and Elongation 60°C 30sec

The2®®%hethod(Livak & Schmittgen, 2001yvas used to calculate the gene expression levels
This methodfor relative quantification compares t# valuesof the gene of interest (GD
and of a housekeeping gene (HKG). Housekeeping geaassed as endogenous costrand

are characterized byheir stable expressiorthat is not affected by stress or modified
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experimental conditiondn this work,the expression cACTBor 18Swas ugdto normalize

the expressi on ed-Cthd)eFor@ralizetign@th e= pCtt v al ues
treatedsamples were compared towantreatecc o n't r o |  ClreeR@ Gtuntreate). Bp alast
step,2®®%Vas appliedo calculate theelativeexpressionValues >Jlindicate an upregulation

while values <1 indicate a downregulatioiithe GOI compared to the control

2.2.16 Protein analysis

2.2.16.1Protein extraction
In this work, poteins were extracted frommortissue, as well as from cell lineBherefore
tissue and cells were lysed with RIPA lysis buffer containing 1:100 protease inhibitor and

phosphatase cocktail Il and IAll protein samples were stored-80 °C.

2.2.16.1.7Protein extraction from cell culture

Cell culture well plates were placed on ice andlion@ was aspirateells were rinsed once
with 1x PBS. Depending on the size of the well, L0@4-well) or 200pl (6-well) RIPA buffer
were added. Cells were incubated fanih on ice, detached with a cell scraper and transferred
into precooled 1.5ml tubes.After vortexing followed by 30nin rotation at £C, cell lysates
were centrifuged for 2fin at 5,000x g and 4°C. The supernatanbntaining soluble proteins

was transferred into new tubes.

2.2.16.1.Protein extraction from tumor tissues

Pieces of tumarwere kept in 1.5l tubes on ice an800 ul RIPA buffewas addedThe tissue

was homogenized with a pestle and disrupted by sonification in a sonification bath for 3x
10sec. After rotation for b at 4°C, the homogenates were centrifuged fonfi at15,000x g

and 4°C. The sipernatant was transferred into new tubes

2.2.16.2Protein quantification

To determine the protein concentration of the lysateshicinchoninic acid (BCA) protein
assay (Thermo Fisher Scientific) was usedthis assayCu?* is redu@d to Cd by peptide
bonds under alkaline conditions as described byBthe=t reactionfollowed by colorimetric
detection of Ctiwith BCA. In detail, e Cu moleculeand two BCA molecules form a purple
chelate complex with an absorbance at B2hatis proportional to the protein concentration
(Smith et al., 1985)

A standard curvef bovine serum albumin (BSA), ranging frobre g / tm R mg/ml was
prepared from a ehg/ml stock solutionProtein lysate samples were diluted 1:5 with ultrapure
water.5 ul eachof standard and diluted samples were pipettedtriplicates intoa 96well
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plate Per well, 19511 BCA working reagent awsistingof 49 parts of solution A and ompart
of solution B were added. The plate was incubated &C3or 30min prior to measuring the
absorbance at 56#n in a plate reader (Infinite M200 Pro, Tecan). The protein concentration

was calculated based the BSA standard curve.

2.2.16.3Western Blot

2.2.16.3.1Sodium dodecyl sulfate polyacrylamide gel electrophoresis

For protein analysisoslium dodecyl sulfate polyacrylamide gel electrophoré€SBSPAGE)
was performed This technique allows to separate proteinty basedon differences in their

molecular weigh{Shapiro et al., 1967)

1.5mm thick 10% separationets were freshlycast using the MiiPROTEAN tetra
electrophoresis systn (BioRad) First, the separation gelvasprepared as described Tiable

2.23, mixed thoroughly andastbetween two glass plategthin a vertical frame. To avoid
oxidation and evaporation, each gel was covered with u606f 2-propanol. After
polymerization was complete, thepPopanol was carefully remogte The stacking gel was
preparecdaccording tdrable2.23 and cast on top of the separation gel. Combs, providing 10 or
15 loading wellswere added directly after casting. Gels werapped in damp paper towels

andstored at 4C for up to two weeks.

Table2.23: Gel preparation for SDBAGE

Components Per separation gel Per gacking gel
Ultrapure water 4ml 4.8ml

30% (v/v) Acrylamide solution 3.3ml 1mi

Separation buffer 2.5ml -

Stacking buffer - 825ul

10% (w/v)SDS 100pl 67.5ul

TEMED 4l 5l

10% (w/V)APS 100pl 100pl

For the gel electrophoresis equal amounts of protein &ach sample were mixed with 4x
Laemmli-buffer, denatured at 9%C for 5min and briefly centrifuged. The prepared gels were
placed in a chamber filled with 1Xris/Glycine/SDS Buffer and loaded withpul protein
standard Rrecision Plus Protein Dual Colo8tandard BioRad) as well as witthe denatured
protein sampleslnitially, a current of 2GnA/gel was applied, which was increased to

30 mA/gel once the samples reached the separation gel.
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2.2.16.3.Protein transfer on PVDF membrane

After the protein separation BDSPAGE, proteins were transferred ontgalyvinylidene
difluoride (PVDF) membrane for subsequent immunodetectieor this purpose, thérans

Blot® SD SemiDry Transfer Cell® (BieRad)was usedPer gel, iree sheets of extra thick

blot filter paper wee equilibrated in the anodiffer and one sheet in the cathode bufiidre

PVDF membraneavas briefly activated in methanol and then transferred into the anode buffer.
The @l was removed from the glass plates and equilibrated in cathode buffe
equlibration, the three blotting papers soaked with anode buffer were placed on the anode plate
of the transfer chamber. The activated membraag placed on top, followed by the gel and
the blotting paper soaked the cathode buffer. Afteeachlayer was faced, air bubbles were
carefully removed with a rollelhe chambewas closedvith the cathode plat@nd the protein
transfer was performed for 36in at 0.23A per gel(5 mA/cn?). Afterwards,the membrane

was briefly washed in ultrapure watefo confim successful protein transfer, the membrane
was stained foBO sec in Ponceau Bllowed by washing in ultrapure water to remove excess
staining. To completely destain the membrane prior to the following steps of protein detection
(2.2.16.3.3, the membrane was washedlinTBS-T.

2.2.16.3.3mmunodetection

To block unspecific binding of antibodigbe membrane was incubated in either 5% BSA or
5% milk powder dependingon the primary antibody, in IKBS-T for 2 h. Subseqantly, the
membrane was incubated wipecific primary antibodiegliluted in blocking solution,
overnightat 4°C and constantly shake@n the next day, the membrane was washed three
times with 1XTBS-T for 10min each followed by incubation withhe seondary horseradish
peroxidase (HRP) linked antibodiikewise diluted in blocking solutiorfor 2 h at room
temperaturelnformation about all antibodies used and their appropdidtigions inblocking
solution are listed inrable 2.24. After the membrane wasashed again three times with
1x TBS-T for 10min each, protein detection was performbgcchemiluminescence. Therefore,
the membrane was placed intembenhanced chemiluminescence solu(ig@L) to which3 pl
hydrogen peroxie was addedThe HRP conjugated to the secondary antibcatalyzeshe
oxidation of luminol, which leads to the emission of light at A8 The emitted light
illustrating the specific signal for the protein of interesas detected usintpe Blotimager
Vilber Fusion Fx7 (Vilber Luormat). If required, the probed antibodies were removed from the
membrane by incubation in stripping buffer fori@h at room temperaturéfterwards, the
membrane could be blocked again and used for the analysis of aaldpiaieins. For
densitometric analysis of the protein sign#ie software ImageJ was used.
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Table2.24: Parameters for antibody incubation (western blotting)

Primary antibody Secondary antibody Dilution Incubation

an t Hactirb anti mouse 1:15001:10000 in BSA ON 4 °C2h RT
anti EDI3 anti mouse 1:1000/1:9000 in milk ON 4 °C2h RT
anti RFP anti rabbit 1:10001:5000 in milk ON 4 °C2h RT

Abbreviations: ON, overnight; RToom temperature

2.2.17 Quantification of metabolites

2.2.17.1Metabolite extraction from cell culture

The aim of this experiment was to investigate if inducibly silencing EDI3 in HCC1954 Luc
cell s | eads t o changes i n intracell ul ar
glycerophosphocholine (@), its directproducts glycereB-phosphate (G3Rndcholing as

well as inrelated downstream metabolit&herefore, cells were plated invéell plates and
EDI3 knockdown was induced as describe@.i25.2 After 72h, wel plates were placed on

ice, medium wasispiratedand cels were washed with ice cold BBS thrice After the last
washing stepPBS was removednd cells were snafpozen by placing the well plates on a
thin layer of liquid nitrogen to ensure that mmihsm is stopped immediately. Ice cold
methanolspiked withinternalstandardsvas addedo the wells. Cells were scraped, collected

in 1.5ml tubes, and kept on ice. Once the collected cell debris settled at the bottom of the tube,
methanol supernatantas used to rinse the well a second time, to ensure collectitre of
maximum amount ofmetabolites. All extracts were stored-80 °C until further processing.
Choline metabolites were either measured dirg@I2.17.3 or after fractionation using the
SIMPLEX protocol 2.2.17.3. Replicate wells for all conditions were used to determine the
cell number per well. Therefore, media wamovedcells wererinsedonce withh 1xPBSand
subsequentlgetached by trypsin/EDTA treatment fonbn at 37°C. Cells were resuspended

in media and total cell number per well was determined using the EASeell counter.

2.2.17.2LC-MS analysis of cell culture extracts

The extracted metabolisamplesZ.2.171) were centrifuged at 21,160g for 3min at room
temperature before 234 of the supernatant was transferred to the vials used feMIBOMS
analysis.Internal standards were used to createbcatiion curves ranging fromE00nmol/l

for glycerophosphocholine and choline and frorl5@00nmol/I for phosphocholing pl per
sample wersubjected to LEMS/MS on aQTrap 550Qriple quad mass spectrometer (Sciex)
operated in positive mode, directtgupled to a UFLC system (ShimadzBglecteereaction

monitoringwas usedvith the parameters statadTable2.25. The samples wer@jected into
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a 150mm long 3mm [.D. Nucleoshell HILIC column with 2 @m particle diameterAll
samples werseparated isocraticallg 50% solvent B (solvent A: acetonitrile; solventd®%
methanol, 5nM ammonium formatejisinga flow rate of 50Qul/min within 10min. All data

wereinterpreted using the Skyline Daily softwgfedams et al., 2020)

Table2.25: Transition data for measurement of cholmetated metabolites

Analyte Ql mass[Da] Q3 mass [Da] Mode

choline 104.1 60.1 positive
do-choline 113.2 69.1 positive
phosphocholine 184.1 86.1 positive
do-phosphocholine 193.1 95.2 positive
glycerophophocholine 258.1 125.0; 104.1; 86.1  positive
do-glycerophosphocholine 267.2 113.2 positive

2.2.17.3LC-MS analysis offractionated cell culture extracts (SIMPLEX)

The extracted metabolite sample®.2(17.) were fractonated using thesimultaneous
metabolite protein,lipid extraction(SIMPLEX) protocol(Coman et al., 2016Briefly, samples
weresupplemented with 300 of cold methyitert-butyl-ester (MTBE) and incubated af@

for 1 h under agitation. 80l aqueous 0.1% ammonium formiate was added to induce phase
separation and samples were centrifuged #0DX g for 5min. The upper phag&action 1),
which contains most of the lipids, was collected, dried under nitrogen flow, and staied
reconstitutionat -20 °C. The lower phase was mixed with 320methanol and incubated for

2 h at-20 °C to achieve complete protein precipitatioliofiwed by centrifugation at 21,0609

for 5min. The supernatant (fraction 2), which contains choline metabolites as well as some
lipids, was transferred into a new tube and evaporated to drfgrasion 1 was solubilized in
40l 80% acetonitrile/20%methanol with ImM phosphoric acid while fraction 2 was
reconstituted using 4@ methanolBoth fractions were measured in both positive and negative

ion mode.

LC-MS/MS-analysis of theholinemetabolites from fraction 2 was performed on a QExactive
massspectrometer (Thermo) directly coupled to a Vanquish Horizon UHPLC system (Thermo).
From each samplé ul was injectednto a 125mm long, 3mm I.D. Nucleoshell Bluebird RP18
column with 2.7um particle diameter and separated using a binary gradieaesd\: 0.1%
formic acid; solvent B: 0.1% formic acid in acetonitrile) at a flow rate ofd@0in (0-1.5 min:

0% B; 1,52.5min: 0-80% B; 2.54.0min: 80% B; 47 min: 0% B).The mass spectrometer was
operated in positive modesingthe parameters presesttin Table2.25.
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LC-MS/MS-analysis of the lipids contained in both fractions was accomplished on a QTrap
5500 mass spectrometer (Sciex) operating in (scheduled)-id coupled to a LC20 UFLC
system (Shimadzu). Therefore pll per sample was injected into a 1281 long, 3mm
PerfectSil Target 100 Sil column withBn particle diameter. Samples were separated
isocratically using 70% solvent A (acetonitrile) and 30% solvent B (50% metharm¥] 5
ammonium formiate, 0.1% formic acigjthin 10 min. The settings used fdipid measurement

are listed inTable2.26.

All LC-MS/MS datawereinterpreted using the Skyline Daily softwgdfeams et al., 2020)

Table2.26: Transition data for measurementlipids

Analyte Q1 mass [Da] Q3 mass [Da] Mode
16:0 lysophosphatidic acid 4092 1530 negative
17:1 lysophosphatidic acid 4212 1530 negative
32:0 phosphatidic acid 6475 2552 negative
17:0-14:1phosphatidiacid 6314 2692 negative
16:0-16:0 diacylglycerol 586.5 3133 positive
17:0-17:0diacylglycerol 6146 3273 positive
32:0 phosphatidylcholine 7346 1841 positive
17:0-14:1phosphatidylcholine 7185 1841 positive
16:0 lysophosphatidylcholine 496.3 184.1 positive
17:1lysophosphatidylcholine 508.3 184.1 positive
16:0 lysophosphatidylserine 498.3 313.3 positive
17:1 lysophosphatidylserine 510.3 325.3 positive
16:0 lysophosphatidylglycerol 483.3 255.2 negative
17:1 lysophosphatidylglycerol 495.3 267.2 negative

2.3 Statistical data analysis

All experiments werg@erformed with three or more biological replicates ifstatedbtherwise.

The numeric numbers were represented as mean values with standard deviatlmox plots

as median with the box represent®ff-75" percentilesand whiskers ranging from mimum

to maximum. To evaluate if differences observed between conditions were significant, the
unpaired Test was applied if not mentioned otherwise. The statistical significance is indicated
as follows:*, p < 0.05 **, p<0.0%; ** , p<0.001land *** | p<0.0001
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3 Results

3.1 Generating luciferaseexpressing cell lines foiin vivo imaging

In vivo bioluminescence imaging is aptical molecular imaging techniquleat allows non

invasive detection of luciferasexpressing cell;n mice. The enzyme luciferasatalyzes the

oxidation of Bluciferin to oxyluciferin and thereby produces light emisgiuat is detectedt

560nm (Deluca, 1976)By administering luciferin to mice that were injected with luciferase
expressing cancer cells, these cells can be visgidizd tumor growth deep within tissues can

be monitored over time. To enable the invest
metastasis formatiom vivo, in a first step luciferasexpressing breast cancer cells were

generated in this thesis.

3.1.1 Generation of stable luciferaseexpressing breast cancer cell lines

For the generation of stable luciferaseressing cell lineor subsequent EDI3 silencing,
HCC1954 and SkBr3 cells wethoseras they belong to tHeR-HER2+breast cancer subtype,

which was shown to havespeciallyhigh EDI3 expression(Keller et al, in revisior).
Transiently silencing EDI3 in these cellgs also shown to significantly reduce viability

(Keller et al, in revision). HCC1954 and SkBr3atlswere transfected with the filgfluciferase

gene [uc?2) encoding plasmid pGL4.91jc2CMV/Neo] using Lipofectamine 300.
Transfecteaellswere selected biyeaddition of G41&nd @lls were expanded until luciferase
expression could testeclising theONE-G1 o E Luci f er m@Pomeya)ldditipn Sy st e
of luciferin to SkBr3_Luc and HCC1954 Luc cells resulted in high luminescence signals
compared tothe nontransduced parentatell lines (Figure 3.1), confirming successful

transfection.
31 1020+
21 10104

17 10104

Relative luminescence

Figure 3.1: Cell lines stably-transfected with luciferaseproduce luminescence signall uciferase assay was
performed withSkBr3_Luc and HCC1954 Luc cells in comparison to then-trangected parental cell lines.

Luminescence was measurethi after luciferin additionMeasurements represent mea8D of three technical
replicates.
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As the amount of plasmid taken up by an individual cell can vamglescell cloning was
performed to geeratecell lines witha homogeneous genetic backgrou®dcesevensingle
cell clonesper cell linewere expanded, theluciferase expressiowas testedagainby the
luciferase assay.heobservedntensity of thduminescencsignal diffeedstronglyanongthe
individual clones(Figure3.2). Only two SkBI3_Luc clones (left pane€xhibitedluminescence
levels equal to or higher than tetable luciferas@xpressindMCF7_Luc cellline (AMSBI0),
which servedas a peitive control in this assaySkBr3_Luc clone 1 shoed the highest
luminescence signand wagshereforeused ashepositive control in theubsequerdssay with
the HCC1954 Luc single cell clones (right panel). HCC1954 Luc clohad?a similar
luminescace level as theKBr3 Lucclonel. Therefore, these two clones wel@sento be

furthertestedn vivo.
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Figure 3.2: Screeningof luciferase-expressing single cell clones reveafsost promising clones Luciferase
assays were performed with seven cloeashof SkBI3_Luc (left panel) and HCC1954 Luc (right panel).
Relative luminescence was compared to-transfectedneg) parental cell lines (SkBrand HCC1954) and to
luciferaseexpressing positive contro(MCF7_Luc and 8Br3_Luc). Luminescence was measuredn after
luciferin addition.Measurements represent mea8D of three technical replicates.

3.1.2 In vivo validation of luciferase-expressing breast cancer cell lines

Since the cells needed to be deteletal micefor subsequentxperimentsit was next tested

if the cells form tumors anifl their luminescence signal was strong enough torteasuredy

in vivoimaging Therefore, five million cells per cell line were injected subcutaneousdy in
CD1 nudemice. After five weeks, luciferin waedministeredo the mice and the luminescence
signal was measured using the IVIS Speutrds shownn Figure3.3, both cell linedormed
detectable tumors. However, the sigmalthe SkBr3 Luc mice was very weak due to the
extremely slow tumor growt{ieft panel) which did not increase over time (data not shown)
Therefore, these cells were not further considered for the present work. In contrast,
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HCC1954 Lucells producethrgersubcutaneousimorsin the same time periodnd emitted

a strong luminescence sign@lght panel) Since the cellsn vivo were no longer under
antibiotic selection as thayerein vitro with G418, the luminescence of HCC1954 Luc cells
was next obs®ed over the course of several weeksehsure that the signal remains stable

duringlong-termin vivo experiments

SKBR3_Luc HCC1954_Luc
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Figure 3.3: Tumors formed by luciferase-expressing cancer cell linesan be detectedby in vivoluminescence
imaging. Subcutaneous xenografts were generated in CH&mice by injection of 5x19cells. After Sweeks,
mice were injected witl50mg D-luciferin/kg body weightand luminescence signhals were measured after
15 minutes using the N8 Spectrunin Vivo Imaging System.

3.1.3 Luciferase expression remains stable in the absence of antibiotic selection pressure

As the cells were to be monitored in mice for up wkeksfor the subsequerit vivo
experimentsit was important that the lucifese expression anthus luminescence signal
remairedstable over time, eventifie selection antibiotiwasnot administered to the mideor
this reason, HCC1954 Luc cellaere cultivated in vitro with and without G418
supplementatiofor 15 weeks and lunmescence waseasureaver timeby luciferase assays.
The graphpresentedn Figure3.4 reveaédthatthe luminescencsignalstayed stable andlid
not differ from G418reated cellseven after 15veeks without selction pressureThus, the

resultsconfirmthattheHCC1954 Luccellsare suitabldor longtermexperiments immice

Taken together, HCC1954_Luc cells were chosen over SkBr3_Luc cells to béoused
subsequent creation tiie Doxinducible EDI3 knocklown system as they provided better

tumor growth and emitted a stable luminescence signal that was detectable in mice.
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Figure 3.4: Luminescencesignal remains stable in HCC1954_Luc cells in the absence o#G8. Luciferase
assag wereperformed with HCC1954 _Luc cells cultured €418 over time for up to Meeks.Luminescence
was measured ®in after luciferin additionMeasurements represent mea8D of three technical replicates.

3.2 Generation of doxycyclire-inducible shRNA-expressing cell lines

Previous experiments using a constitutive knockdown to study EDI3 in M@BAN3_CA
cellsresulted incompensatiorof the metabolite leved accompanied byninimal effect of the
knockdown onthe previously observed ngration phenotype after cultivating the cells for
longer time periodédata not publishedConsequently, in this thedise goal was to establish
an inducible knockdown system to prevent the ad@pt of any compensatory metabolic
changes Furthermorea doxycycline(Dox) inducible knockdown isvell suitedfor in vivo
studies, agxpressiortan be switched oor off as requiredand can be maintained over lang

periodsof time by theadministration oDox to the mice.

In this thesisthe SMARTvector™ Inducible Lentiviral sShRNAsystem(Dharmaconjvasused.
These lentiviral vectors integrate into the host cell germmdeontain shRNA oligos under the
control of a Bt-On 3G tetracyclinenducible systen{Loew et al., 2010; Zhou et al., 2006)
Subsequentnduction with Dox results in shRNA mediated gene inhibjtias well as the
expression of the fluorescence marker TurboRFP (tRIEP)rder to obtain atrong EDI3
knockdown effeGtER-HER2+HCC1954 Luc breast canceagellsthatexpress/ery highlevels
of EDI3 at bothRNA and protein leva| as well as high EDI&ctivity (Keller et al., in revisio))

were used.

3.2.1 Optimization of transduction conditions

The multiplicity of infection (MOI), refering to the number of virions that are added per cell
during infection is an important factor foknockdownefficiency. While higher MOIs may
enhance gene silencingjey may also result ilow-level gene knockdown in the absence of
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Dox, which is referred to dsakinessThus, the optimal MOI had to be determiriiest, before

establishing thenducible EDI3 knockdown cellries

For that purposeGAPDH-targeting positive control particles were ustd transduce
HCC1954_Luc cellsvith MOls of 0.3, 1, 3 and 50ne day after transduction, Qu§/ml
puromycin was added to select for successfuiinsduced cellsFollowing the skection
process, cells were inducedth 0.1ug/ml Dox, and after three daysarvested for RNA
analysisGAPDH knockdownranging from 8890%wasconfirmed for all MOls testefFigure
3.5A). Higher MOls (3 and 5)ed only to aslight improvemenbf the knockdown efficiency
compared to MOls of 0.3 and However evaluationof the Dox-induced tRFP expression
revealed that the amount dfuorescencepositive cells increased with higher MOIs.
Transduction with MQd of 0.3 or 1 resulted in only 10% or 30% fluorescent cells respectively,
while MOls of 3 and 3ed to strong fluorescence signals 80-90% of cells Figure 3.5B).
These results indicate that while a low M®@&s already sfficient for a strongGAPDH
knockdown, higher MOlgiereneeded to increase tRFP expression in order to enable detection
of transduced cells by fluorescenge. a high number ofiral particles per cell could result in
increased leakiness of the promotibryas also tested ifthe transduced cells shad any
fluorescence expressiontime absence of Do¥n Figure3.5C, it is shown that even the highest
viral copy numbetested(MOI = 5) did not showany fluorescencsignal, which suggests that

therewasno promotor leakage.

As transduction with MOlsf 3 and 5 resulted insirong knockdowpas well as irahigh level
of tRFP induction, these conditions were chogserntransduce thélCC1954 Luc cells with

EDI3-targetng lentiviral particlesas described in the next chapter
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Figure 3.5: Lentiviral transduction of HCC1954 Luc cells with GAPDHtargeting shRNA results in Dox-
inducible downregulation of GAPDH and increased &pression of tRFP.HCC1954 Luc cells were transduced
with different MOls (0, 0.3, 1, 3 and @nd selected with 0.pig/ml puromycin for three days, followed by
induction with 0.1ug/ml Dox for 72 h. A) RNA levels ofGAPDH were analyzed bgRT-PCR 72h afte induction

and normalized to netransduced cellACTBwas used as endogenous control. Representative fluorescence and
brightfield images are shown Bfox-induced (B) and neinduced (C) cells. Scale bars represent 4@0 MOI,
multiplicity of infection;tRFP, turbored fluorescent protein; Bibright field.

3.2.2 Establishing a doxycyclineinducible EDI3 knockdown in HCC1954 Luc breast
cancer cells

After the optimal MOI for transduction of HCC1954_Luc cells wsakctedon the basis of
GAPDH-targeting controparticles Dox-inducible EDI3 knockdown cell linegseregenerated

To achieve thisHCC1954 Luc cells were transduced with lentiviral vectors encoding six
different EDI3targeting shRNA oligo§shEDI3 #16), as well as a ncetargeting scrambled
negative ontrololigo (ShNEG)using MOk of both3 and 5Successfullstransduced cells were
selected with 0.5ig/ml puromycin EDI3 knockdown was induced wi€hl pg/ml Dox for 72h
andEDI3 expression was analyzed on RNA le\Résults inFigure3.6A show thabligos#1,

#2 and#3 resuledin successfuEDI3 knockdownof 70-90% while oligos#4, #5 and#6 only
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led to adecreasef 50% or lessAs already seen in the GAPRargeting control particles,

MOI of 5 only slightly mprovel knockdown efficiency compared to MOIV@th all oligos
FurthermoretheresultsshowthatDox itself did notalterEDI3 expression ithe nontargeting
SshNEG cellsEvaluation of the fluorescence signal revealed that Dox induction resulted in a
strong tRFP expression in shNEG and shEDI33#dells (Figure 3.6B). In contrast, non
induced cells did not fluoresce, which confirms that the viral transduction did not lead to a leaky

expression in the absence ofXDo

Overall, three different Denducible EDI3targeting cell lines (shEDI81-3), as well as one
nornttargeting negative control cell line (ShNEG) were successfully established. In the

following, EDI3 knockdown conditions were optimized as described in¢lechapters.
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Figure 3.6: Screeningof transduced HCC1954_Luc cells revead efficient Dox-induced downregulation of

EDI3 and increased expression of tRFP with three different EDIRargeting shRNA oligos.HCC1954 Luc

cells were transduced with M@I3 and MOI=5 usingsix shRNA oligos targeting different exons of tBBI3

gene (shEDI3 #B) and anontargeting scrambled shRNA oligo (ShNEG). Transduced cells were selected with
0.5ug/ml puromycin followedby induction with 0.1ug/ml Dox for 72h. A) RNA levels ofEDI3 for all tested
oligos were analyzed byRT-PCR relative to noinduced cellsACTBwas used as the endogenous control. B)
Representative fluorescence images with corresporing RNA levelsin sShNEG cel, as well as the three cell
lines with the best inducible EDI3 knockdown comparing fraluced and noinduced cells. Scale bars represent
400 um.

3.3 Optimization of doxycycline-inducible EDI3 knockdown

Doxycycline (Dox) is a broaespectrum ambiotic that belongs to the tetracycline family
(Chopra et al., 1992; Gossen & Bujard, 199@)biomedical researclit is widely used as
mediator & inducible gene expression systen@nce it was shown that Dogan cause
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substantial changes in cellular metabolism and impair proliferative capacity of human cell lines
in a dosedependent wagAhler et al., 2013)it wascrucial tocarefully optimizeDox-inducible
systemsin the current workn order tominimize the concentr&n of Dox usedto induce
shRNA expressionlt was also essential to includentargeting Doxinducible controls

(shNEG)in order to exclude any Deixduced side effects

3.3.1 Doxycycline induction leads to time and dose dependent reduction in EDI3
expression

In order to minimize the Dox concentratiogedfor EDI3 knockdown induction, in a first step
HCC1954_Luc shEDI8ells were induced with two different Dox concentrations (Qu§/inl
and 0.1ug/ml) for different time points (6, 24h, 48h and 72h). Sucessful inductiorwas
characterizethy a reduction in EDIZnd an increase in tRFERpressionit could be shown that
Dox treatmentesuledin a timeand doselependentiecreasén EDI3 proteinexpressiomwith
efficient knockdownafter 72h of treatmenwith 0.1ug/ml Dox (Figure 3.7). Expression of
tRFPwasalready detected aftetbandincreaseaver time In addition0.1 pug/ml Dox resuled

in a notably strongegRFPsignal than 0.0jug/ml at dl time points invetigated

6h 24h 48h 72h

Dox 0 001 01 0O 001 04 O 001 01 0O 0.01 0.1
[Hg/mi]

— - EDI3

— —— | — —— — e —

O — — e —— S e i | 3_Actin

— ——— -— « "y, | RFP

Figure 3.7: Dox-induction of EDI3 knockdown in HCC1954 Luc cells resuliin a time and dose dependent
reduction in EDI3 protein expression and an increase in tRFFRepresentative western blot dbB and tRFP
expression in shEDIB3 cells aftelDox treatment compared to namduced cell{n=2). -Abtin was used as a
loading control.

Furthermore, spresented ifrigure3.8A, dose dependentéduction in EDI3 protein expression
was confirmedin two additional shEDI3 cell lineshEDI3#1 and #2)after treamentwith

three different Dox concentrations (040d¢/ml, 0.1ug and lug/ml) for 72h. Moreoveg
MRNA expression levels cells treated with Dox concentrations ranging from @/mi to
3.16ug/ml (Figure 3.8B) reveakd that 0.1ug/ml Dox strongly improve EDI3 knockdown
compared to 0.0fug/ml, thereby emphasizing that the higher Dox concentration is necessary
for sufficient knockdown. On the other hand, the results sldtivat concentratiashigher than

0.1 pg/mlDox had no further effect d8DI3 downregulationimportantly, Dox treatment alone

had no effect on EDI3 expression in the ftargeting cells (ShNEG) on proteiRigure3.8A)

or RNA level Figure3.8B). Basedon these results, treatment with fid/ml Dox for 72h was



62 Results

considered as the optimal condition for EDI3 knockdown and was used in all following

experiments.
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Figure 3.8: Dox-induction of EDI3 knockdown in HCC1954_Luc cells resukin a dosedependent reduction

in EDI3 expression on RNA and protein levelA) Representative western blot of EDI3 expression in-non
targeting (ShNEGandshEDI3#1 & #2 cellsafter 72h of Dox treatment(n = 3). -Abtin was used as a loading
control.B) EDI3 RNA expression in shNEG and three differEftl3-targetingcell lines(shEDI3 #13) after 72h

of Dox treatmentrelative to no-induced cellsACTBwas used as the endogenous conWalues in graphs
repreent meart SD from three independent experimerits p <0.05; **, p<0.01; *** p<0.001; ****

p <0.0001)
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3.3.2 Doxycycline-induced EDI3 knockdown is reversible

In order todeterminghe length of timehe induced knockdown remaghstable after removin
Dox from the media antb test if expression can be fully restored, EDI3 knockdown was
induced with 0.Jug/ml Dox in threedifferent EDI3-targeting cell linesAfter 72h, Dox was
removed from the medidAs illustrated in Figure 3.9A, samples for RNA analysis were
collectedfrom noninduced cellsas well as72h after induction and dailyonce Dox was
removed RNA analysis by RT-PCR reveadthat EDI3 knockdown remagd stable for one
day beforeEDI3 expressiorbegan to increasen daytwo (Figure3.9B). These resultsevealed
thatthegeneratedell linesweresuitable for experiments that investigate the effettestored
EDI3 expressionwhich will be addressed in fuiexperiments

A .
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B
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Figure 3.9: EDI3 RNA expression in HCC1954 Luccellsis restored within two days after Dox removal.
EDI3 knockdown was induced with Ouy/ml Dox in three different EDksargetingcell lines.After 72h, the
induction media was replaced by Diee media. RNA samples were collected over time. A) Schematic overview
of the experimental set up. EDI3 RNA levels relative to noinduced cellsACTBwas used as the endogenous
control Values in gaphs represent mearSD from three independent experimenty p < 0.01; ***, p < 0.001;

*rk p < 0.0001).
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3.4 In vitro characterization of doxycyclineinducible EDI3 knockdown in
HCC1954 Luc cells

After successfully establishinthree different Doxnducible EDI3 knockdown cell lines

luciferaseexpressing HCC1954 cellsach targeting different exon of EDI3andidentifying

the optimal conditions for Deinduced knockdown, these cell lines were used in several

cellular assay$o analyze the effeatf EDI3 knockdownon phenotypes that are crucial for

tumor development and metastasis formation.

3.4.1 Doxycyclineinduced EDI3 knockdown alters intracellular GPC/PCho ratio and
glycerophospholipid metabolism

Since EDI3 hydrolyzes GPC to produce choline, whglsubsequently phosphorylated by
choline kinasealpha (CHKA) to form PChe EDI3 might play a role in altered choline
metabolism in cancedn previous experimentst was shown that siRNA mediated EDI3
knockdown in MCF7, MDAMB-231 and AN3_CA cells reseitl in increased endogenous
concentrations of EDI 36s substrate GPC and
profoundly affected than PCho levéMarchan et al., 2017; Stewart et al., 201712) confirm

if inducible EDI3 knockdown in HCC1954 cellsad similar effects,three different EDI3
targeting cell lines and neaargeting ShNEG cells were treated withfferent Dox
concentrationsQ ug/ml, 0.01pug/ml and 0.1ug/ml). After 72h Dox treatment in both ShNEG
and shEDI3 cellanetabolites were extracted and GRRoline and PCho levels were measured
by liquid chromatographymass spectromet(y C-MS/MS).

In all three EDI3targeting cell linesDox-induced knockdown resuéidin a strong increase
GPClevel (Figure3.10), that rangedrom 3- to 19-fold compared to n@induced conditions
Interestingly, thencrease in GPC negatively correldteith residual EDI3 expression within
the cells. Cells induced with higher Dox concentrat{@ri pg/ml) that hada consequently
lower residual EDI3 expressidas it was shown i8.3.1) hadsignificantly higher GPC levels.
Contrary to observations mageeviouslyin other cell line{Marchan et al., 2017; Stewart et
al., 2012) no decrease ircholine or PCho levelswas observedupon EDI3 knockdown
However,as reported in previous studi@gdarchan et al., 2017; Stewart et al., 2Q12¢rewas

a strong3- to 18-fold dosedependent increase the intracellulaiGPC/PCho ratizspon EDI3
knockdown in alEDI3-targetingcell linescompared to noinduced control cells.
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Figure 3.10: Dox-induced EDI3 knockdown in HCC1954_Luc alters intracellular GPC/PC ratio in a dose
dependent mannerMetabolites were extracted afté2 h Doxtreatment fronthree differenEDI3-targeting cell
lines compared to netargetingcells (ShNEG). GPC, cholinandPCho levels were measuresing LGMS/MS
and ntracellular GPC/PCho ratiagerecalculated Metabolite amounts wedeterminediy forming the ratios of
the integrated peaks of the endogenous metabolites andt¢heal standards. Quantities of metabolites were
normalized to cell number and presented relative to untreated shNEG cells. Data represerfsbnéam four

to six technial replicates from one @t leasttwo independent experiments (*, p < 0.05; **, p < 0.01; ***, p <
0.001; **** p < 0.0001). PCho, Phosphocholine; GPC, Glycerophosphocholine.

In a next step, the influence of Danduced EDI3 knockdown on metabolites doweam of
EDI 36s s e c on d-3-phosphata (G3Ryag investigatedacllation of G3P byz3P
acyltransferase(GPATS) produces lysophosphatidic acid (LPA) which is further metabolized
to phosphatidic acid (PA). Both LPA and PA are signaling lipidg play a role in several
cellular processes, including cell migrati@eraldo et al., 2021; Momoi et al., 202@)was
reported in previous studies that transient silencing of EDI3 with siRNA in MCF7 cells led to
a reduction in16:0 LPA and 32:0 PA levels, (Marchan et al., 2017; Stewart et al., 2012)
Therefore EDI3 knockdown was induced in two different EBE8geting cell lines compead

to nontargeting shNEGells and thdevels of metaboliteselated to LPA metabolisrwere
determinedy LC-MS/MS (Figure3.11). Interestinglywith both oligpsEDI3 knockdown with

the highest Dox concentratioesulted in aignificant increase of approx. #éld in both16:0

LPA and32:0 PA. Furthermorealthough not dramatjdevels of several lysophospholipids,
namely 16:0 LPC (lysophosphatidylcholine), 16:0 LPS (lysophosphatidylserine) and 16:0 LPG
(lysophoghatidylglyerol) significantly increased after EDI3 knockdown induction.

Interestingly, Doxtreatment of nottargetingshNEGcells resulted in amall butsignificant
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Figure 3.11: Inducibly silencing EDI3 in HCC1954 Luc cellsaltersintracellular glycerophospholipid levels
Metabolites were extracted f2after EDI3 knockdown from two different EDtargeting cell lines (shEDI3 #1

and shEDI3 #2) compared to ntargetingcells ShNEG. All metabolites were measured using-MS/MS.
Metabolite levelsveredeterminecy calculatingthe ratios of the integtad peaks of the endogenous metabolites
and theinternal standards. Quantities of metabolites were normalized to cell number and presented relative to
untreated shNEG cells. Data represent me8D from four to six technical replicates from one of two
independent experiments (*, p < 0.05; **, p < 0.01; ***, p < 0.001; *** p < 0.0001). LBy¥sophosphatidic

acid; PA, Phosphatidic acid; DAG, Diacylglycerol; PtdCho, Phosphatidylcholine; LPC: Lysophosphatidylcholine
LPS: Lysophosphatidgerine;LPG: Lysophaphatidyglycerol.

Altogether the observed changes @mdogenoussPC/PCho raticand glycerophospholipid
levels further support EDI&s a key enzyme linkingholine and glycerophospholipid

metabolism
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3.4.2 Inducibly silencing EDI3 leads to reduction in colonynumber and size

The olony formationor clonogenic cell survival assasused to determine the ability of a cell

to proliferate indefinitely to form a colonyAlthough initially developedfor the field of
radiobiology(Puck & Marcus, 1956}his assayas become a standard tool in cancer research
to evaluate cellular growth and cytotatycwith theformation of clone®einginterpreted as a
characteristiof cancer cells with tumenitiating capabilitiegMunshi et al., 2005)

As described by Franken and colleagues who publisickmhagenic assay protocol in Nature
Protocolg(Franken et al., 2006ihere are different ways fmerform the assay: Celksineither
be pretreated for a specified period and thesplated at low densitie®r they can beeeded
at low densitiesefore the treatment starffo determine whiaer EDI3 influencescolony
formation and to understanagechanisticallyn which stepof the procesgDI3 is morerelevant,

in a first approachdifferent time points for EDI3 knockdown induction were tested
HCC1954 Luc shEDI3 cells were eith@r) pretreated withDox for 72h to induce EDI3
knockdownbefore cells were rplated for the assay or EDI3 knockdown was induced after re
plating For the latterDox was added to the media ofplated cells either (2) during the plating
step or (3) 24 later, wken cells were already fully attachdavo different Dox concentrations
were usedfor induction resulting in aweaker (0.0jug/ml) or stronger (0.jig/ml) EDI3
knockdown, as described amapter3.3.1 Colonies were fixed andaned with crystal violet
after 14days.Photographsf the colonies that were formed under the three different conditions
arepresented irFigure 3.12A. Quantitative analysisevealedthat silencingeDI3 prior to re-
plating (Dox pretreated) resuéidin a significantdose dependemnéduction in colony number
and that the more efficiednockdownled to less coloniegFigure 3.12B). Furthermore, a
decrease ircolony sizewas also observed although the lattewas not significant(Figure
3.12C). When EDI3 knockdowmvasinduced during the plating step (plated inBb6x) colony
numberalsodecreased in a dose dependeanney but the eféctdid not reachsignificarce
Colony sizealso decreased, but onhith the highe Dox concentrationand this too did not
reachsignificance EDI3 knockdown induction 24 after replating hal no effect on colony
formation. Together, theseesults indiate that EDI3is importantduring the early steps of

colony formation
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Figure 3.12 Colony formation assay reveals significant reduction in colony number only in Degretreated
cells.HCC1954 Luc shEDI3 #8ells were either pretreated with Dox for [TBefore plating, or Dox was added
during plating or 24 after plating. Colonies were fixed and stained with crystal violet aftafayd A)
Representative pictures showing the formed colonig¢® B) Quanttative analysis o€olony numberB) and
size(C). Values in graphs represent mea8D from three independent experiments (*, p < 0.05; **, p < 0.01).

As the strongest effects were achieved afteiti@@ment with 0.Jug/ml Dox, this condition
was usedad confirm the effecof EDI3 on colony formation by testing tkieee different EDI3
targeting inducible cell linesas well aghe nontargeting scrambled shRNéells (sShNEG).
Photographs of the resulting colonies airesented ifrigure3.13A. Quantification of colonies
confirmedthat an established EDI3 knockdoatthe time of cell seeding significantly reddce

colony number by approswo-third in all three different EDI3argeting cell linegsompared to
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norrinduced cells (ug/ml Dox) (Figure3.13B). EDI3 knockdown also res@tin a reduction

in colony sizewhich reached significanaeith two out of thregestedoligos Figure3.13C).
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Figure 3.13: Dox-induced EDI3 knockdown in HCC1954 Luc reduces colony number and siz&DI3
knockdown was induced in three different ER#8geting cell lineandnonttargeting cell{shNEG)beforecdls
were replated for colony formation assay. Colonies were fixed and stained with crystal violet aftgs.1A)
Representative pictures for each conditBh& C) Quantitative analysis afolony numbe(B), and colony size
(C). Values in graphs represt mearN  S$r@m three independent experiments (% p.05; **, p<0.01; ***,
p <0.001).

These results confirm that EDI3 is important during the early phase of colony formation.
Furthermore, they indicate that EDI3 may be relevanthetumorinitiating capaility of the

cells. Based on these initial findings, subsequent experiments aimed to elucidate whether the
reduced number of colonies observed upon EDI3 knockdown was due to impaired adhesion,
decreased proliferation, or reduced viability of either tih@ched cells or cells in suspension
(anaikis).

3.4.3 Inducible EDI3 knockdown shows a weak effect on adhesion

To elucidate if reduced colony formation upon EDI3 knockdavas caused by impaired
adhesi on, EDI 36s i nfl ue n c &herefoe, the ability ofadistta ¢ h me n
attach on a fibronectin matrix was investigated based on a method that was previously
established to investlLespheta, 26| 36s role in ad
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For this purpose,wo different EDI3-targeting HCC1954 uc cell lines as well asnon
targetingshNEG cells were induced with Quiy/ml Dox. After 72h, induced and nemduced

cells were harvested in F&&e medium followed by rotation at 3T for one hour to allow
regeneration of surface receptors aftgpsigization. Then, cells were replated on a fibronectin
matrix, and attached cells were stained with crystal violet 20 amdairB@fterplating Figure
3.14). For quantification, cells were subsequently destaimeldcaystal violet absorption was
measured at 570m. The results presentedkigure3.14 (lower panel) show thaherewasa
trend towards reduced adhesishen EDI3 was silencecbmpared to noimducedcells with

both shEDI3 oligoswhich reachedsignificarce only at 30min with shEDI3 #1Conversely,

Dox treatment of the netargeting ShNEG cell line resulted in increased cell attachment, which
was significant 2@nin after cell seeding. Considering that Dox itsely promote adhesion,
comparing the attachment of the induced shEDI3 cell lines to the induced shNEG cells indicated
a significant decrease in adhesatrboth time pointsvith shEDI3 #1 oligo and trend, albeit

not significant (p= 0.055at 20min andp = 0.064 at 3Gmin), with shEDI3 #2 oligoThus, the
resultsindicatethat silencing EDI3 malead toreduced adhesion, whichight beobscuredn

this modelby the adhesiopromoting effect of Dox itself.



Results 71

30 min shNEG shEDI3 #1 shEDI3 #2

0 ug/ml Dox

0.1 pg/ml Dox

20 min 30 min
07 107 — mm ShNEG
* * s
0.8+ **|—| 0.8 —i 33 shEDI3 #1
£
= shEDI3 #2
o 0641 0.6
~
[
2 047 0.4+
x
0.2 0.2
0.0- 0.0-
0 0.1 0 0.1 0 0.1 0 0.1 0 0.1 0 01
Dox [pg/ml] Dox [ug/ml]

Figure 3.14: Dox-induced EDI3 knockdown in HCC1954 Luc reduces cell adhesion compared tDox-
treated control. EDI3 knockdown was induced in two different EEX8geting cell lines compared twn
targeting cell{shNEQ for 72h and cells were replated arfibronectinmatrix. Attached cells were stained with
crystal violet solution 20 and 3@in after plating. Representative pictucéshe 30min time pointare shown (top
panel). Adhesion is shown as RFU after 20 anchBlutes of adhesion, measured &b 5m after destaining. Scale
bars represent 1Q@dm. Values in graphs represent maaSD from three independent experimentsp(¥) 0.05
** p<0.0). RFU, relative fluorescence units.

3.4.4 Induction of EDI3 knockdown reduces proliferation

To studyif EDI3 knockdown affects cell proliferation, as indicated by the observed reduction
in colony size,early time points in colony formation were iestigatedin more detailby
analyzing the cell number per colony, as welbgdabeling proliferating cells with Ed\(b-
ethynyl26-deoxyuridine) a nucleoside analog of thymidine that is incorporated into DNA
during active DNA synthesifollowed by detection of Edipositive cells with Alexa Fluor 488

dye via click reaction

HCC1954 Luc shEDIZ1 cells with DoxinducedEDI3 knockdown as well as noiinduced
control cellswere seeded for colony formatioGolonies werdixed and stained with crystal

violet two, three four andsevendaysafter plating.Photosof representative colonies per time
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point revealedhow the cobnies increaskovertime (Figure3.15A). While most colonies in
both conditons consisd of two cellstwo days after seeding, ®ubsequentdaysthe number
of cells per colonywaslower when EDI3wassilenced(Figure 3.15B). Thedifference in cell
numberbecamanore profounaver time, indicating that EDI3 knockdown indeed slows down

cell proliferation.
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Figure 3.15: Induced EDI3 knockdown leads to a reduction in cell number per colony over timeDox-

induced and noinducedHCC1954 LuchEDI3#1cells were replated for colony formation assay. Colonies were

fixed and stained with crystal violet 2, 3, 4 and 7 days after seefl)ngepresatative pictures of colonies for

each time point are shown. Number of cells within the colony is indicated. Scale bars represent 40 pm. B)
Quanti fication of <cell number per c o-L5coupted coloailsere s i n g

time point.

To further elucidat¢hat silencing EDI3 inhibits proliferatioof the HCC1954colonies DNA
synthesis was investigateHere two different shEDI3 cell linesas well asnontargeting
shNEGcellswere induced with Dox for 78 followed byreplatingfor colony formatioralong

with nontinduced celldor each cell lineAfter seven daysroliferating cells were labeled for
two hourswith 10nm EdUwith resultspresentedn Figure3.16. Nuclei stainedvith Hoechst
33342are displayed in blu&kepresentative fluorescence pictures show less proliferating EdU
positive (green) cells in the Darduced EDI3 knockdown conditions. Quantificatiohthe
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proportion of EAU positive cells per colony normalizethisnoninducedconditiors (0 pg/ml
Dox) revealedhatsilencing EDI3edto a significant decrease in proliferatioh25-30% with
both oligos No effect on proliferation could be observed after Dreatment of nottargeting
ShNEG cells
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Figure 3.16: Induced EDI3 knockdown leads to a reduced number of proliferating cells in colonie€DI3

knockdown was induced in two different shEDI3 cell lirre®l nortargeting cells (shNEG)eforecells were

replated fo colony formation. After @, cells were treated with X0m EdU for 2h and proliferating cells were

| abel ed with Alexa FluorE 488 dye (green). The nucl ei
pictures of colonies are shown (top pangtale bars represent 2Q@n. The graph below represents the proportion

of EdU positive cells per colony normalized to the control conditiopg{énl Dox). Values in graphs represent

meanN  $r@m three independent experiments o < 0.01).

In order to investigate whether silencing EDI3 had a general effect on the proliferation of
HCC1954 cells or was limited to colony formation, two EloducedshEDI3 cell linesas well
asinducedshNEG cellswerereplaedin a sub confluent cell layer compared to +ioduced
cells. EAU labeling was performed B4fter platingLess EdU positive proliferating cellsere
observedafter EDI3 knockdown inductionvith Dox (Figure 3.17). Quantificationof the

proportion of EdU positive cellsormalized to no-induced contro(0 pg/ml Dox) shows that
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proliferation in both EDI&argeting cell linesvas significantly reduced byapprox.25-30%
when EDI3 was silenceddgain, Dox treatment hd no effect on proliferationn the non
targetingshNEGcell line.

shNEG shEDI3 #1 shEDI3 #2

0 pg/ml Dox
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Dox [ug/mll: 0 0.1 0 041

shNEG shEDI3 #1 shEDI3 #2

Figure 3.17: Induced EDI3 knockdown in HCC1954 Luc results in reduced proliferation in a subconfluent

cell layer. EDI3 knockdown was induced in two different shEDI3 cell liaesl nortargeting cell{shNEG). 24h

after replating, cells were treated withd@® EdUfor2h and pr ol i ferating cells were
488 dye (green). The nuclei were stained withekhst 33342 (blue). Representative pictures per condition are

shown (top panel)Scale bars represent 2. The graph below represents the proportion of EAU positive cells
normalized to the control condition (@/ml Dox). Values in graphs represent meaSD from three independent
experiments**, p < 0.01; **** p < 0.0001).

Altogether, hese results show that EDI3 knockdown in HCC1954 Luc cells significantly
reducel proliferation. Interestinglythe previously observed reduction in colony size wag onl
significant intwo out of three EDI3argeting cell lines (described in chap84.2. At this

point it should be noted that the measure of colony size is less precise than the number of cells
per colony or the amount of Edubsitive cells, as can Is®en inFigure3.15A wherethe two

colonies consisting of eitheevenor 14 cells have a similar size.
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3.4.5 Doxycyclineinduced EDI3 knockdown reduces viability

3.4.5.1 Induced EDI3 knockdown reduces viability in adherent cells
Once the influence on proliferation was confirmed, viability assays were performed in order to
investigate if the strong reduction in colony formation upon EDI3 knockdoas also

associated with impaired cell survival.

For ths purposetwo different EDI3targetingHCC1954 Luc cell lines with and without
induced EDI3 knockdown were replated along with -temgetingshNEG cels. After 96 h,
CellTiter-Blue® viability assays were performdd.this assaythe dye resazurin i®duced to
resorufin by metabolically active cells which results in a fluorescence signal that is proportional
to the number of living cells in the samp{&mpared to noimduced shEDI3 cells,iability
wassignificantly decreaseih the two independent shEBDcell lines after induction with Dox
(Figure3.18). However, Dox treatmeraionealsoled to a significant reduction in cell viability
in the nontargeting cell line (shNEG)Nevertheless, viability in shEDI3#1 I was
significantly lower when EDI3 was silenced than in the reated shNEG cells. Furthermore,
the decrease in viabilitwasmore significant irbothinducibleshEDI3 cellsthan inthe shNEG
cells Taken together, these results indicate thak-induced EDI3 kockdown led to a
significantreduction in cell viabilityof theadherenHCC1954cells
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Figure 3.18: Inducible EDI3 knockdown in HCC1954 _Lucreducescell viability in adherent cells Cells were
replated &er Dox-inductionof EDI3 silencing irtwo different EDI3targeting cell lines comparediiontargeting
shNEGcells. Viability, shown as RFUwas determined with the Cell Titer Blue asS&h after plating Values
in graphs represent mearSD from three independent experiments (*, p < 0.05; **, p <;05¢1p < 0.001).

RFU, relative fluorescence units.
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3.4.5.2 Doxycyclineinduced EDI3 knockdownleads to increased susceptibility to anoikis
One important aspect of viability cancer cells is their ability to prevent anoildsoikis is a
form of apoptosis that is inducedhen a cell detachgsom the extracellular matriXECM),
andsenesas a critical mechanism to prevent adhemedépendent cell growth ammlonizing

of distant organgFrisch & Francis, 1994; Meredith et al., 1998ancer cells can develop
several mechanisms to resist anoikisorder to progress towards malignancy and form

metastases.

To investigate if EDI3nfluences the ability of a cell to resist anoiki)13 knockdown was
inducedin two different EDI3targetingHCC1954 Luc cell linesand compared tonon
targetingshNEGcells After 72h, induced as well as nenduced(shNEG and shEDI3}ells
were replated on aopy(2-hydroxyethyl methacrylaje(poly-HEMA) matrix to prevent cell
attachmentCell viability was determined 24 later by CellTiterBlue® assay Resultsin
Figure3.19 showthat EDI3 knockdown significantly redudesurvival of cells in suspension
by approx. 15% (shEDI81) and 25% (SshEDI&2). In contrast to the results obtainedtie
classical viability assay with attaed cells Dox treatment alone kano effect on thenon
targetingcell line. These results indicathat EDI3maybeinvolved in mechanisms that protect

cells against anoikis
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Figure 3.19: Inducible EDI3 knockdown decreases viability in HCC1954_Luc cells in suspensioffter Dox
induction of EDI3 knockdown with two different oligos compareé toontargetingshNEGcell line, cells were
replated on a POWEMA matrix to prevent adtston. Viability presented aRFU normalized to the neimduced
controls (Oug/ml Dox) was measuredith the Cell Titer Blue assa34 h after platingData represent meanSD
from at least three independent experiments (*, p <;0%0p < 0.01). RFU, rehtive fluorescence units.
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3.4.6 Inducibly silencing EDI3 has no effect on migration

Enhanced migratiorcan contribute tothe invasion of tumor cells into the surrounding
connective tissue and blood vess&bich isa key step in the metastatic spread ofabte
tumors.It was previously shown that silencing EDI3 decreased migratigevaral cell lines
includingMCF7, MDA-MB-231, HeLa, ESZnd AN3CA cells(Marchan et al., 2017; Stewart
et al., 2012)

To investigate if Doxinducible EDI3 knockdown in HCC1954 Luc Issffectsmigration the
wound healing capability of the cells was tested. Two different E&igeting cell linesand
nontargeting shNEG@ellswere induced with 0.fig/ml Dox for 72h before they were replated
along with noninduced cells(0O ug/ml Dox) into | b i duitudesinserts for wound healing
Twenty-four hoursafter seeding, inserts were removed, resulting in a definedraQtell free

gap within the cell layefThe percentage of wound closure was determined over time until the
gap in the nosinduced cells was completely closéds presented ifrigure3.20, nodifferences

in wound closure were visible betweérduced EDI3 knockdown and neimduced cells.
Additionally, Dox treatment did not influence migratiof nontargeting shNEG cellsThus,

theresults suggeshatEDI3 is not associated witmigrationin HCC1954 Luc cells.
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Figure 3.20: Inducibly silencing EDI3 in HCC1954 Luc has no effect on wound closuréMigration was
analyzed with the wound healing assay after EDI3 knockdown induction with Dox compresidifferent EDI3
targeting cell lines tmontargeting cell{shNEG). Representative pictures of the wound taken afie®h and
48 h are shown @p panel).Scale bars represent 1Qth. The graphs below show quantification of the wound
closure in percentage after B4and 48&. Values in graphs represent mea®D from three independent
experiments.
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3.5 Investigating a role for EDI3 in tumor growth and metastasisn vivo

In the current workin vitro analysis oEDI3 in HCC1954 Luc celleevealedhat Doxinduced

EDI3 knockdown ld to anincrease in GPC/PCho ratwhich was previously assumed to be a

switch towards a more untransformed phenotgiewart et al., 2012)-urthermore, a strong

reduction in colony formatigriikely caused by reduced cell proliferation, increased sensitivity

to anoikis and a trend towards reduced adhesion capability wavethstincethese results

indicatean overall reduction in tumenitiating capabilities upon EDI3 knockdown, time next

step EDI 36s effect on t umor ingivod eteforechfferent met a s
xenograft and metastasisnodels weregeneratedby injection of luciferaseexpressing

HCC1954 cellsnto immunocompromised mide orderto prevent rejection of human cells.

3.5.1 Investigating EDI3 in primary tumors

3.5.1.1 Optimization of growth conditions for subcutaneous tumors in mice

In order to inveigate the effect of EDI3 on the growth of primary tumors, a subcutaecus
xenograft model was used. HCC1954 cells are reported to grow slowly in this (@bdehy

et al., 2000)however, Clinchy and colleagues reported improved take rates for HCC1954 cells
co-injected with 50% Matrige(Clinchy et al., 200Q)a solutionrich in extracellular matrix
(ECM) proteinsand growth factors. In another study, s.c. HCC1954 xenograftsoneated

by injecting cells in 100% Matrig€LopezAlbaitero et al., 2017)To optimize experimental
conditions, in this thesis growth of HCC1954 Luc cells was tested with both 50% and 100%
Matrigel. Furthermore, ivas evaluated if the cells form tumordgnmmunocompromisedude

mice (CD1 nude). Tumor take rates and growth were compared to the more immunodeficient
NSG mice.

HCC1954 Luc cells in 50%L(1 Matrigel/1xPBS)or 100% Matrigelwere njected s.c. into
the flank of sixweekold CD1 nude and NSG mic&umor growth was monitored using a
digital caliperand theresulting growth curves apresented ifrigure3.21. All CD1 nude mice
developed slow growing tumors with no mifjcant differences between 50% and 100%
Matrigel (Figure3.21, left panel). In both conditions, an average tumor volume of H06®
was reachedpprox.8.5weeks after injectionln contrast, aly two out of fourNSG mice
injected with 100% Matrigel developed tumaorFsimor growth in NSG mice was improved by
using 50% Matrige(Figure 3.21, right panel) However, this effect wasot significant as
variability was very high aong the miceDue to fast tumor growthao of the NSG mice
injected with 50% Matrigethad to besacrificedafter fiveweeksand the experiment had to be

ended afte6.5weeksbecausenosttumors reached terminal size.
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Figure 3.21: HCC1954 Luc cellsform subcutaneous tumosin CD1 nude and NSG mice.Five million cells
were injected subcutaneously in mixture of 1:1 PBS:Matrigel or 100% Matrigel and turnorexsasmeasured
twice a week with a calipemwo NSG mice injected with 50% Magel had to be sacrificed after fiveeeks, as
tumors reached terminal size. Graphs represent m&&M of the tumor volumes measured frdour to five
mice per condition.

This pretest revealed that HCC1954 Luc tumors grewCil nude mice with a take rate of
100%. Based on the obtained results, CD1 nude mice wrsen to be used for the
subcutaneous xenograft model, because the tumor growth was less variable in this mouse strain.
Since no significant differences were obsehbetween the two Matrigel concentrations in CD1

nude mice, in the subsequent experiments s.c. xenografts were generated using 50% Matrigel,
as this concentration facilitates easier sample handling, and diminishes consumption of

Matrigel during cell prepation.

3.5.1.2 Doxycyclineinduced EDI3 knockdown does noteduce primary tumor growth
Oncethemouse strain and Matrigel concentration for the subcutaneous xenograftweoeel
determined, the effect of EDI3 silencing on primary tumor growth was investigaitee. pre
silencing of EDI3 resulted in the most significant effeictsvitro (see chapteB.4.2, two
different EDI3targeting cell lines and netargeting ShNEG cells were induced with Doxh72
prior to injection Likewise,themice were also treated with Dox three days betve@jection

of cells As shown in theexperimental plan ifrigure3.22A, pretreated and nemduced ells
were injectedsubcutaneoushas described before artdmor growth wasmonitored over
12 weeks using a digital caliper. To verify Danduction in the tumors, the expression of Box
dependent fluorescence marker tRFP was evaluatedvibyofluorescence imaging. As shown
in Figure3.22B, fluorescence inges comparingpox-induced and neimduced miceconfirm
that Doxtreatment was sufficient to induce a clear fluorescence signal in the subcutaneous

tumors, while no signal was observed in fioduced mice.
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Figure 3.22. EDI3 knockdown does notdecreasegrowth of subcutaneous tumors A) Overview of the

experimental plan. Three days after Dox induction of ERatgeting (shEDI3) and nortargeting (ShNEG)

HCC1954 Luc cells, induced and noinduced cells were injected subcutaneously into Epetreatedand

untreatedCD1 nude mice respectively Tumor volume was measured ov@vieeksandtRFP expression was

confirmed byin vivoimaging. Tumors were collected and EDI3 expressias analyzed on RNA and protein

level.B) Fluorescence imagasbowingtRFP expressioim Dox-induced and noinduced miceC) Tumor volume

measured foshEDI3 #1 cells comparing induced and nénduced conditionsD) EDI3 mRNA expression in

shEDI3 tumors vwas analyzed relative to expression of the housekeeping fgheE) Western blotand
densitometricanal ysi s of corresponding E DI &ctinp Datat represent e x pr e s
meant SEM (C) ormearnt SD of three (Ebpr five to sixmice per conition (**, p < 0.01; **** p < 0.0001).

In contrast to what was observedvitro, growth curves showed an insignificant increase in
tumor volume when EDI®as silencedompared to neimduced shEDI3 cellwith both EDI3
targeting oligos (shEDI3 #1 is shawepresentatively ifrigure3.22C). Tumor volume of the
nonttargeting ShNEG cells was also slightly increased in the-tBeated condition (data not

shown). Since it was possible that despite the observed fleoessignal, Doxreatment did
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not result in a sufficient EDI3 knockdown in the tumors, EDI3 expression in the tumor tissue
was verified. RNA analysis revealed an 85% reductideDii3 expression in the Deiduced
tumors(Figure3.22D) and western blot analysis confirmed sufficient EDI3 knockdown of 81%

on protein level Figure3.22E).

To further elucidate why the tumor growth did not reflect ithevitro results,the mRNA
expression of enzymes involved in GPC and choline metabolism in the tumor tissue was
evaluated. As presentedhilgure3.23, expression of pospholipase BPLB), the enzyme that
produces GPC directly from PtdCf@allazzini & Burg, 2009)was sigificantly decreased in
tumors with induced EDI3 knockdowrsuggestingthat silencing EDI3 resultedin an
accumulationn GPC, as observad vitro, whichmayconsequently lead to a downregulation

of the GPC producing enzyme. Interestinglie expression D glycerophosphodiester
phosphodiesterase @GDE2), another enzyme that metabolizes GPC, was slightly, but
insignificantly increased in tumors with induced EDI3 knockdown, while no changes were
visible in nontargeting shNEG cells. This observatiodicatesthat GDE2maybe upregulated

to compensate for the loss of EDI3 and could explain why no reduction in tumor volume was
observed. RNA expression levels of the choline kinases alpha andCbi#¢&a andCHKB) on

the other hand were not altered by Blogucion.
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Figure 3.23: PLB mRNA expression is significantly reduced upon EDI3 knockdown in subcutaneous
tumors. Gene expression of enzymes involved in GPC and choline metabolism was analyzed in subcutaneous
tumas. GDE2, PLB, CHKA and CHKB mRNA expression is shown relative to expression of the housekeeping
genel8S. Data represent meanSD of five mice per condition*f, p <0.01). GDE2, Glycerophosphodiester
phosphodiesterase 2; PLB, Phospholipase B; CHKA,iGhdinase alpha; CHKB, Choline kinase beta.

Taken together, in contrast to tire vitro results,silencing EDI3insignificantly increased
primary tumor growthin vivo. However,tumor growth of shNEG cells waalso slightly
increased upon Dox treatment,ielhindicates that Dox alone may have an influence on tumor
growth that could obscure the influence of EDiBaddition,gene expression analysis@DE?2

suggesta compensation for the loss of EDI3, which maydifkected in the metabolinalysis



Results 83

of the tumor tissuéor whichdataare outstandingt is worth noting thaalthough subcutaneous
xenograft models are commonly used tool in the study of can¢key do not represent the
biological microenvironment of the tumofBrand et al., 2020)Therefore, studying EDI3 in

an orthotopic primary tumor model, where cells are injected directly into the mammary fat pad,
might lead to more sigiicant and relevant results and is being approached in future
experiments. For this thesisowever, the focus for theubsequenexperiments wa®n
investigating EDI3 in metastasis formation.

3.5.2 Investigating EDI3 in a lung metastasis model

After silencingEDI3 showedno significanteffect on primary tumor growth in a subcutaneous
xenograftmodd, EDI3 wasthen investigated in metastasis formation. Timethod most
frequentlyapplied to evaluate the metastatic potential of tumor cells is the tail vein(BH#say

& Vlodavsky, 2001)For this techniqueancer cells are injected into the lateral tail vein of mice
resuling in the accumulation of cells in the lung, one of the most common metastatic sites for
breast cancgiBrown & Ruoslahti, 2004)

3.5.2.1 Doxycyclineiinduced EDI3 knockdown has no influence on early attached cells

In order to investigate ED&8Bs in thé fermation of lung metastasis, EEigeting cells
were induced three days befangctionas presented in the illustration of the experimental plan
in Figure3.24A. Dox-inducedand noninducedshEDI3 cellswere injected ito the lateral tail
vein of six-weekold female CD1 nde mice To evaluate the effect of EDI3 on early attached
cells,in vivobioluminescence imaging was performednii, 6 h and 24 afterinjection.

As shown in the luminescenaeagesin Figure3.24B, strong signals could be detected in the
lungs dready 10min after cell injection After 24 h, signal intensitywas strongly reduced
indicating that most of the cells did not attaotthe lung. As luminescence intensity varied
among thendividual mice, the signals measureddéachmouseover timewere normalized to
the intensity of the firsimage resulting ini r e | at i v eQudntitative kanalysis afxhe .
luminescence signal measureth @nd 24 after injectionrevealedno differences between
EDI3 knockdown and nemducedcells (Figure 3.24C). Unfortunately,long term effects of
EDI3 on metastasis formation could not be studied with this model as the luminesigaiate

vanished completglafter a couple of daysd was still not detectable five weeks later

Overall, the results suggest that EDI3 does not affect early attached cells in the investigated
model. Furthermore, the absence of luminescence at later time points indicates that
HCC1954 Luc cells dishot form lung metastasisnderthe here tested experimental conditions

In order to study EDI3 during metastasis progressigreritoneal model was then used.
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Figure 3.24: Silencing EDI3 has no effect on early attached cells ia mouse model folung metastasis.A)
Schematic illustration of experimental plarhree days after Dox induction of EDt8rgeting (ShEDI3) cells

1x1® induced and noinducedcells in 100ul 1x PBS were injectedinto the tail vein of CD1 nde mice.
Luminescence signal was measurediif, 6h and 2 h after injection. B) Representative luminescence images
showing the time dependent decrease of luminescence signal. C) Quantitative analysis of luminescentersignal af
6 h and 24h normalized to the signal intensity hiin after injection comparing Deixduced EDI3 knockdown

with norrinduced cellsBox plots: horizontal line, median; box, 25tbth percentiles; whiskers, min to m®ata
represenfour to six mice pecondition.

3.5.3 Investigating EDI3 in a peritoneal metastasis model

Sinceit was not possible to study the influence of EDI3 on later stages of metastHsas
applied lung metastasis model, an alternative mpaeliding fastermetastasis formatiowas
needed.More specifically,a mouse model of peritoneal metastasis was used for the HCC1954
cells which were previously reported to graggressivelywhen injected into the peritoneum

of immunodeficient mic€Clinchy et al., 2000)
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3.5.3.1 Peritoneal metastasis formation does not differ between CD1 deand NSG mice

In order to establish a mouse model faripneal metastasist was first evaluate if
HCC1954 Luc cells forrmetastasesore efficientlyin immunocompromise@D1 nuwdemice
orthemore immunodeficient NSG mice. Therefore, HCC1954 Luc wadle injectednto the
peritoneum of both strains of o@ and Uminescence was monitoreder five weeksThe
pictures obtained by luminescence imaging at TO confirmed injection of cells into the
peritoneum [igure3.25, top panel)in both CD1 nude and NSG mice, thieninescence signal
increased over time indicating that HCC1954 Luc cells were able to survive and proliferate in
both mouse strains. After five weeks, the median luminescence signal compared to the time of
injection increased 8-fbld in CD1 nude and 9-flold in NSG mice Figure3.25, lower panél
Sincethere were no significant differences in luminescence signal between the two mouse
strains, CD1 nude mice were used for the peritoneal metastasis model in thguenobse

experiments.

TO

o5
«10%

.04

Radiance
(pisecfcm3fsr)

Color Scale
Min = 1.44e6
Max =1.11e8

=3 CD1 nu/nu
154 ] H = NSG
54

3 Hf

Time [weeks]

Relative total flux
o

Figure 3.25: Growth of i.p. injected HCC1954 cells does not differ between CD1 nie and NSG mice.Non-
inducedEDI3-targeting §hEDI3 #] cells were injected intraperitoneally, and lumicezsxce signal was measured
overfive weeks. Pictures acquired by luminescence imaging and corresponding relative total flux normalized to
TO are shown. Floating bars: horizontal line, mean; box, min to na8. mice per mouse strain.
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3.5.3.2 In vivo imaging reveals reduced luminescence signal upon EDI3 knockdown
induction
Since it could be shown that HCC1954 Luc ce#se growingn the peritoneum of CD1 nude
mice, it was investigatedextif silencingeDI3 influences formation of peritoneal metastasis.
Since pe-silencing of EDI3 resulted in the most significant effentsitro (see chapte3.4.2),
EDI3-targeting shEDI3 #1 and ndargeting ShNEG cellswere induced with Dox 78 prior to
injection, as illustrated in the experimenpén inFigure3.26A. Dox-induced as well as nen
induced cells were injected into the peritoneum ofvedekold Dox-treated and untreated
control mice, respectively. To confirm that EDI3 knockdawductionwas siccessful, RNA
and protein were analyzed from shEDI3 cells collected at the time of injectionPGRT
analysis revealed th&DI3 mMRNA expression decreased by 74% in the {Dwhuced cells
compared to the neimduced control Figure 3.26B). Successful EDI3 knockdown was also

confirmed at the protein level by western blot analysSigure3.26C).

The bioluminescence signal was monitored ovewé&8ks.In Figure3.26D, two representative
luminescence imaged miceper condition and time point are presentedT@tluminescence
could be observed in all mice, confirming successful cell injection into the peritoneum. Over
time, the signkintensity increasedtronglyin mice injected with shNEG cells, as well as in
mice injected with nofnduced shEDI3 cellsStrikingly, there was no obvious increase in
luminescence when EDI3 was silenc€liantitative analysis of mice injected with shBDI
cells confirmed that the luminescersignalwas significantly reducedponEDI3 knockdown
compared to noinduced cellsKigure3.26E). The signal intensityn mostmice injected with
norrinduced shEDI3 cellstarted to increase at week five aieduledat week tenn a median
foldchange of 4.7 (2575" percentiles ranging from 1-24.6) compared t®0. In contrast, the
luminescence intensity stayed at a low level when EDI3 was silenced with a median faddchang
of 0.49 (2%-75" percentiles ranging from 0.3442) afterten weeks.Quantificationof the
luminescencé mice injected with notiargeting sShNEG cells showed that the signal increased
strongly over time in both the nanduced and induced conditio(iSgure3.26F). At tenweeks

the median change in luminescence sigekitive to the signal at T@as 5.5fold (25"-75"
percentilesranging from 0.5740.68) for the nofinduced and 3-fold (25"-75" percentils
ranging from 0.0987.92) for the Doxnduced shNEG cells. The high luminescence levels in
the DoxtreatedshNEGmice confirm that Dox itself did not reduce luminescence nor growth
of metastaseslaken together, despite the high variations in luminescsigeals observed
among the individual mice, the clear reduction in luminescence signal upon EDI3 knockdown

suggests a role for EDI3 in metastasis formation.
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Figure 3.26: SilencingEDI3 in HCC1954 results n reduced luminescence signal after i.p. injection to mice.

A) Schematic illustration athe experimental plarEDI3-targeting (shEDI3 #1) and ndargeting (ShNEG) cells
were inducedvith Dox for three daysinduced and noinduced cells were injectdd. into Dox pre-treatedand
untreatedCD1 nude mice, respectivelyLuminescence signal was measured ovewé&8ks.B) EDI3 RNA
expression in thehEDI3cells at time of injection analyzed by qPCR relativA@TrB C) Corresponding western
blot showing EDB proteine x p r e s-Acfinavas. usefl as a loading contrbl) Representative luminescence
images of miceE) & F) Corresponding quantitative analysis of luminescence signal for shiEEDEh(ShNEG
(F) normalized tor0. Box plots: horizontal line, median; box, B5t5th percentiles; whiskers, min to max= i@
mice per condition (*p <0.05 **, p <0.0J).
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3.5.3.3 Doxycyclineiinduced EDI3 knockdown improves survival

Sincein vivoimaging indicated thaheintraperitoneal metastasis burden with HCC1954_Luc
cells is lowerwhen EDI3is silenced the next aim was to investigate if EDI3 expression
influencal survival. Therefore, CD1 nde mice injectedi.p. with induced and neinduced
EDI3-targeting (shEDI3) and netargeting (shNEGXells were observedover a period of
15 weeks Mice were weigkdandmonitoredcarefully for signs of ascitethe accumulation of
excessive fluid within the peritoneal cavit®nce they developed ascites or their overall
physical conditiorrequired termination of the experimetiie mice weresecrificed, andthe
dates noted, which were used to generiiaplanMeier survivalcurves Figure 3.27). Data
show that mice had a significantly higher probability of survival when EDI3 was siléleted
panel). More gecifically, aly 16.7% of these mice died within the first 1feeks after
injection, compared to th&8.3%that wereinjected with noAnducedshEDI3cells. Injection
of both induced and neinduced shNEQGellsresuledin a probability of survival o#12.9%

(right panel) therebyexcluding an influence of Daxeatment itself.

Altogether, the improvegrobability of survival observedpon EDI3 knockdowrfurther
suppors a role for EDI3 in metastasifn order toobtaininformation about the location of
tumors(metastatic organotropisgutopsies were performetice mice had to be sacrificed.
Thecorrespondingnalysis is presented the next chapter

shEDI3 #1 shNEG
« 100 w 100
g p=0.0387 £ b =0.9435
7] 7]
5 * 5
2 504 2 504
5 3
§ —— notinduced shEDI3 § —— not induced shNEG
a —— induced shEDI3 o —— induced shNEG
0 T T 1 0 T T 1
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Time to death [days] Time to death [days]

Figure 3.27: Induced EDI3 knockdown is associated wh higher probability of survival in a peritoneal
metastasis modelSurvival of CD1 ndemice was observed for Meeks after i.p. injection with Dox inducible
EDI3-targeting 6hEDI3,left panel)andnontargeting cell{shNEG, right panel). Data represeb®{shEDI3 #1)
or seven (ShNEG) mice per conditionv@lues were determined by GeHareslowWilcoxon test.
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3.5.3.4 Autopsies revealiver and diaphragm infiltration in the majority of mice

For a characterization of the peritoneal modetopsies were perfoed once mice reached

terminal conditionslt is important to note thahis experiment was not designed to reveal
information about EDI 3 0bstrathertb give a genemnakoveaview a s i s
aboutthe metastatic orgastropism in the intrap#oneal metastasis model. For this reason, all

mice wereincluded intothis evaluation,meaningboth mice injected with EDHargeting

(shEDI3) and nontargeting (ShNEG) cells that wereeither Doxinduced or noninduced.
Furthermorethe autopsies were germed when individual mickadto be sacrificedwith the

result that the time after injectiari cellsvariedoverseveralweeksamongthe mice.

In total, 15mice were analyzed arttie numberof mice that were positive fanacroscopic
metastasis or tumein a certain organ was displayad apercentageas presenteth Figure
3.28. Most mice developed metastaseshaliver [12 (80%) out of 15andthediaphragni10
(66.70) out of 15].These amors were mainljocated at theonnection sitéetweerthesetwo
organsKidneys were affected isix (40%) of 15 mice followed bythepancreasndthespleen
[both 5 (33.3%) of 15]. Tumorsat the peritoneal wall or at the colon were only found in one
(6.7%) of 15mice. No metastases were observedhaheartor the lungs, indicating that the
cells were not able tpass through the diaphragbut mosimice (1 (73.3%) of 15] developed

ascitegdata not shown)

Liver
Diaphragm
Kidney
Pancreas
Spleen
Peritoneal wall
Colon

Heart

Lung

N o © S S S

% of mice positive for metastasis/tumors

Figure 3.28 Metastatic organotropism observed in CD1 nule mice after i.p. injection of HCC1954 cells.
Overview of organs affected by metastasis sorted according to prevalence as observed by autopsy once terminal
conditionswere reached (n £5).

Once an overview ofhe organsaffected by metastasis in the intraperitoneal maoudas

obtained,as a next stepmed organcollectionswere performed to investigate whether EDI3

influences location or size othe metastatic tumors
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3.5.3.5 Timed collection of metastases bearing mice reveals metastatic orgatropism

and lower metastatic burden in EDI3 knockdown condition
The results obtained thus far showed tkaéencing EDI3 led to a clear reduction in
luminescence signal after intraperitoneal injectioHGfC1954 Luc cells, indicating a decrease
in metastasis formation. Furthermore, the organs affected by metastasis were identified.
However, it was not clear yet how EDI3 influences metastasis form&iuas possibility was
that loss of EDI3 resulted in amgral delay or reduction in metastasis growth. Alternatively,
EDI3 may also influence the preferred location of metastases (metastatic organotropism) by
facilitating growth in one tissue and preventing growthamother.Thus, the aim of this
experiment wato collect organs from metastases bearing mice to determing¢hgotverall
metastatic burden and organotropisnthe presence or absence of Eb#sed onn vivoand

ex vivoluminescence imaging as well as on tumor weight analysis.

Therefore, EDI3argeting (ShEDI3) cells were ptteesated with Dox and mice were injected as
describedn chapter3.5.3.2 Analysis of EDI3 mMRNA expression in the celkst the time of
injection revead a 65% knockdown in the Deixeated cells ampared to nofinducedcells
(Figure 3.29A). Successful EDI3 knockdown was also confirmed at protein Idvigule
3.29B). In the previous experimensignificant differences in luminescencdetweenDox-
induced and untreatethEDI3injectedmicebecame visible at six weekshile thedifferences
were most significant at eight weekbgrefore,these two time points were chosen foe
collectionof organs On the day of collgion, first the luminescence intensity was determined
by in vivoimaging. Luminescence images of seven mice per condition are presehigdra
3.29C. At six weeks, the corresponding quantitative analysis (pghels) showea lower
luminescence signal in the mice injected with EBil@ncedcells compared to neinduced
cells, albeit not significant After eight weeks, the reduction in luminescence signal was
significant with a median foldchange of 1.53(2®rcentile: 0.27; ?Spercentile: 3.98hen
EDI3 was silencedompared to noinduced cells with a median foldchange of 12.65"(25
percentile: 2.10; 7% percentile: 22.98)Thus, the obtaineth vivo luminescence results are

consistent with the previguexperiment.
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Figure 3.29: In vivoimaging confirm s reduced luminescence upon EDI3 knockdown ithe i.p. metastasis
model for timed organ collection. After EDI3 knockdowrinductionshEDI3 #1cells were injetedi.p. into Dox
pretreated CD1 rde mice compared to noinduced control. AEDI3 RNA expression irthe cells at time of
injection analyzed by qPCR relative A&CTR B) Corresponding western blot showing EQidteinexpression.
b-Actin was used as adding controlC) In vivo luminescence imaging and corresponding quantitative analysis
of CD1 nude micedirectly before autopsy six or eigiheeks after injection. Box plots: horizontal line, median;
box, 25tA75th percentiles; whiskers, min to max. Dapresent results gevenmice per condition (*, p < 0.05).

Directly afteracquisition otthein vivoimage the mouse was sacrificed, ascites fluid, if present,
was extracted and organs were collectedefovivoimaging. For this purpose, organs were
washed in PBS to remove residual ascites and placed directly on a blackflemting Lexan

foil along with 100ul of the extractedscites fluid.Luminescence photos of the organs are
presentedn Figure 3.30A for seven mice per condition. To determine the overall metastatic
burden in the organs,ghtotal luminescence detectedtie combinedorgansper mousevas
guantified (right panels). At six weekghe total luminescence signal in the organs of mice
injected with EDI3 silencedcells was reduced compared to finduced cells, albeit not
significant.Importantly however, féer eight weeks the total fluwassignificantly reducedan

the EDI3 knockdown conditiof hereby the total luminescenae theorgansndicates a lower

metastatic burden when EDI3 was silenced which confin@ms vivoimaging results.
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Figure 3.30: Ex vivoimaging of organs reveals metastatic orgastropism and reduced metastatic burden in
CD1 nude mice injected with EDI3 knockdown cells.A) Ex vivoluminescence imaging and corresponding
guantitative analysis of organs and 10@scits fluid (if present) collected sendeightweeks after i.p. injection
of induced and noinduced EDI3targeting (ShEDI3 #1)HCC1954 Luc cells. B) Quantitative analysis of
luminescence signal analyzed per organ. Data represent results of seven mice per conditah (5, 1¥,

p <0.01. |, liver; d, diaphragm; k, kidney; s/s/ppmplexof spleen, stomach, andmgaeas; a, ascites fluid; g,
gonadal white adipose tissue (WAT).

Regarding the metastatic organotropisriivoimaging revealed that in addition to the organs

that were already identified on the basis of macroscopically visible tumors in the pre
experimet (liver, diaphragm, kidneys, pancreas, and spleen, as describ&b.B9,
luminescence signals could also be detected igahadal white adipose tissS(&/AT) which
surrounds the uterus and ovari€¥ note, the complexf@stomach, spleen and pancreas was

kept intact for imaging, but later analyses revealed that most of the luminescence signals
registered in this complex were due to pancreas metastasis. In order to investigate the preferred
location of metastasethe lumnescence signal walsenquantified peiorgan Figure3.30B).

After six weeks, thetrongest signabasdetected in the pancreas. The gonadal WAT was found

to be the second most common site of metastasis. Fotdwatiions,the luminescence signal
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was lower when EDI3 was silenced, which was signifitanthe gonadal WATAfter eight

weeks, in addition to the high signals observed in pancreas and gonadal WAT, increased
luminescence was also detected in liver ah@phragm of noanduced mice Closer
examination of the latter revealed that the tumors were located close to the connection site
between both organs. Importantiwhen EDI3 was silencedhe metastatic burden was
significantly reduced in the diaphragm,ngeeas, and gonadal WAT, as well as the liver,
althoughthe latterdid not reach significanc&hus theex vivoimaging resultsonfirm the
reduction in tumor burden when EDMWas silencedand further reveathat metastatic

organotropisnwasnot altered i changes in EDI3 expression.

To verify the imaging results, all macroscopically visible tumors were excised from the organs.
Prevalence and weight of tumors are presentédguare 3.31. After six weeks all micewere
positive for pancreatitumors Figure 3.31A), but tumor weight was reduced, albeit not
significantly, when EDI3 was silenced with a median weigt&.42mg compared to a median
weight of 19.1mg in the norinducedcontrol Figure3.31B). Also, liver tumors were found in

all mice, but as thewere too small to be excised quantitative analysis could be performed.
Only one mouse per condition had visible tumors ingineadal WAT .Eight weeksafter cell
injection, pancreatic tumomsereonce moregound in allmice (Figure 3.31C); however, this

time there was no difference in tumor weight between EDI3 knockdown and cdfigale
3.31D). Interestingly the weight ofliver tumors, which were present in all miceas
significantlyreducedvhen EDI3 was silenced with a median weight of 1@r8pcompared to
22.57mg in the norinduced contrd (Figure 3.31E). Furthermorg the prevalence of
macroscopic tumors in the gonadal WAT and colon were slightly reduced in mice inygtted
EDI3 knockdown cellsComparing the weight of all macroscopic tumors coat, tumor
weight was reduced upon EDI3 knockdown, albeitaignificanty (Figure3.31F). Moreovey

when all macroscopic tumor nodules that could be detected within a mouse were added
together the numberof tumors per mouse was significantly lower in the EDI3 knockdown
condition(Figure3.31G).
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Figure 3.31: Tumor weight and prevalence indicate reduced metastatic burden &dr EDI3 knockdown
induction in HCC1954_Luc. Upper panel: Results obtained six weeks after injectigritable representing the

ratio of mice positive for macroscopically visible tumors at a certain organ compared to all mice. B) Weight of
tumors found inthe pancreagthe only measurable tumors at six week®wer panel: Results obtained eight
weeks after injectionC) Table showing the ratio of mice positive for macroscopically visible tumors at a certain
organ compared to all mice.) & E) Weight of tunors found inpancreagD) andliver (E). F) & G) Combined
weight (F) andamount(G) of all tumor nodulegound Data represent results of seven mice per condition (*, p <
0.05). WAT, white adipose tissue.

Overall, the weight and prevalence of macroscapedrs support thex vivoimaging results

as no EDI3 dependent differences in metastatic organotropism were fchandesults also
indicate a reduction imetastatic burden after EDI3 knockdown, although the differences were
not always significant. Howevgit should be noted that only tumors that reached a certain size
could be successfully excised and weighed. Thereby, there is always the risk of inaccurate
excision, which can result in falsely high or low tumor weights. Consequently, luminescence
imaging is more precise, as it can also detect the signal of metastasis, that are still too small to
be recognized bthe nakeckye. Altogether, the results suggest that while silencing EDI3 did
not completely prevent metastases, it significantly reduced growttpared to the nen
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induced condition. These resuigree withthe results obtained vitro, showing that silencing

EDI3 did not have a strong effect on adhesion but reduced proliferation.

3.5.3.6 Doxycyclineinduced EDI3 knockdown is associatewvith reduced asdtes

Malignant ascitess the pathological accumulation of excessive fluid within the peritoneal
cavity caused by tumors that originate in or metastasize to the abddimemmost common
primary tumor leading to ascites is ovarian cances5@% of casesput primary breast cancer
wasalsoreported tacauseperitoneal carcinomatosand ascitegParsons et al., 1996; Runyon
et al., 1988; Sears & Hajdu, 1987)

In order to investigate differences in ascites potidn, the fluid from ascites bearingicethat
can be identified by a swollabdomen(Figure3.32), was collected six and eighteeks after
I.p. injection of HCC1954 Luc cells wittDox-induced EDI3 knockdownas well as non
induced cells as describedtime previoushapter(3.5.3.5. As presented ifrigure3.32B, the
number of ascites bearing mice increased with the timeiajestion. At six weeks four out
of sevemoninducedmice as well ashreeout of sevenmice injected with EDI3 knockdown
cells were found to be positive for ascitds eightweeks all miceinjected withnonrinduced
cells andsix out of severmiceinjected withEDI3 silencectells developed ascitesuggesting
thatsilencing EDI3 had no influence on the occurrence of as¢imsever, EDI3 knockdown
resulted in a reduction of ascites volume compared teimduced control, whichreached
significarce eight weeks after injection (Figure 3.32@urthermorequantitative analysis of
theluminescence detected 190l ascites fluid revealebwer signalintensities whenEDI3
was silencedwhich alsoreachedsignificarce at eight weekgFigure 3.32D). The observed

reduction in luminescendrdicakesthatthe fluid containedessviable cancer cedl

As malignant ascites is caused by abdominal tumors, the reduced eskitae matches the
lower tumor burden observéd miceuponEDI3 knockdown (chapte.5.3.5. Furthermore,
thereduceduminescence in ascites fluitbm mice injected with EDI3 silenced celisipports

the in vitro results, which showed reduced viability of cells in susjpensthen EDI3 was
silenced (chapte8.4.5.9. Taken together, these results indicate that reduced EDI3 expression

may result in less severe ascites conditions.
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Figure 3.32 Dox-induced EDI3 knockdown in HCC1954_Luc results in reducedscitesin CD1 nude mice

eight weeks after i.p. injection.A) Representative photographs of mice with and withamdites Scale bar
represerg 1 cm. B) Table representing the ratio of mice positfee ascitescompared to all mice siandeight

weeks after injectiorof Dox-induced EDI3 knockdowreells and norinduced control C) Ascites volume

measured in mice siandeightweeks after injectiorD) Quantitative analysis of luminescence signal detkat

100l ascites fluidoy ex vivoimaging Data represent results of seven mice per condition (*, p < 0.05).
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4 Discussion

Breast cancer is the most common cancer among wandmmetastasis from primary tumor

is by far the major cause of death amontgoés(Jin et al., 2018; Robert Koch Institut, 2020)
Thus, finding new therapeutic targehat promote metastasis formation is of great importance.
Metastasis and worse survival were found to be associated with elevated EDI3 expression in
primary endometrial and ovarian tumd¢&ewart et al., 2012 herefore, in the last decade
EDI3 was intensively studied to elucidate its role in metastasis. Inrfadt;o assays revealed

that EDI3 positivelyinfluences migration, adhesion and spreading in several cancer cell lines,
including breast cancer, while silencing EDI3 corrected the low GPC/PCho ratio reported in
various tumorgLesjak et al., 2014; Stewart et al., 20TR)ese results indicate that EDI3 plays

a role in cancer and metastasis, thus making it a potential target for cancer trédtnvemer,

so far al | of EDI 36s chiavitra.ct eri zati on has

In the course of this PhD thesis, the impact of EDI3 on tumor growth and metastasis formation
was investigateth vivo. For this purpose, stable luciferasepressing cancer cdihes were
generated to allow detection of cancer cells in mice byimeasive luminescence imaging.

The generated stable luciferasepressing HCC1954 Luc breast cancer cells were
subsequently used to establish Boducible EDI3 knockdown cell lines. £dr optimization

of the knockdown conditions, the cell lines were first evaluatedtro. Mass spectrometry
revealed that Doinduced EDI3 knockdown led to an increasehe endogenous GPC/PCho
ratio, as well as to alterations in glycerophospholipicelsy Moreover, it could be shown by
various cell assays thailencing EDI3 reducel clonogenicity, proliferation andiability,
thereby further supporting a role for EDI3 in metastasis formation. Howawerlittle effect

on adhesion and no effect on matjon was observed.

In order b investigate EDI3in vivo, several cell linederived xenograft models were
establishedPrimary timor growth after subcutaneous injection of HCC1954 Luc cells in CD1
nude mice was nagignificantly affected by EDI3 knockdownHowever, in the peritoneal
metastasis modein vivo imaging revealed thasilencing EDI3 resulted in a decreased
luminescence signal. Subsequent autopsy of the mice confirmed that EDI3 knockdown led to a
reduction in metastatic burden and ascites. Euanibre, Doxinduced downregulation of EDI3

was found to be associated with longer survival of mice.

Taken together, the results indicate that EDI3 might not be relevant in the primary tumor but
insteadplays an important role in the process of metastasiadtion. The most important

findings are discussed below in detail.
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4.1 Establishing a Dowcycline-inducible EDI3 knockdown system in
luciferase-expressing HCC1954 cells

In vivo bioluminescence imagintacilitates themonitoiing of the growth of luminescenee

emitting cancer cellaonrinvasivelyin mice.In order to use this technique, stable luciferase

expressing ERHER2+ breast cancer cell lines (HCC1954 Luc, SkBr3_Luc) were generated by

introduction of the firefly luciferase genén contrast to other lucifase enzymes, firefly

luciferase emission wavelength is +ghifted compared to the usual autofluorescence of mice

which enables highly sensitive imaging with low background even in deeper tj{€3osset

al., 2010; Lifante et al., 202Q)uciferase expression and sufficient luminescence signal could

be confirmedn vitro, as well asn vivo (Figure 3.2 & Figure 3.3). Futhermore, it could be

shown that luciferase expression remains stable oweegks, which makes it suitable for long

timein vivostudies without the need to administer selection antibiotics to the Figre€3.4).

As SKkBr3_Luc tumors grewery slowly in mice, HCC1954 Luc cells were selected for

subsequent experiments.

Previous experiments in breast (MCF7) and endometrial (AN3CA) cancer cell lines have shown
that a stable constitutive EDI3 knockdown, which cobkl used for long ternin vivo
experimentsled to a compensation of metabolite levels over tameompanied by loss of the
migration phenotypéata not published)n order to prevent compensatory effects, high EDI3
expressingHCC1954 Luc cells wergransluced with lentiviral vectors containing different
EDI3-targetingshRNA oligos under the control of a Danxducible promotor to generaBox-
inducible EDI3 knockdown celines. This system is well suited fam vivostudies, since it can

be switched on any time and can be maintained over long periods by administration of Dox
to themice (Cawthorne et al., 2007; Eger et al., 20®ice it was previouslyeported that

Dox canalter themetabolism and proliferative capacitivarious human cell lines in a dese
dependenmanner(Ahler et al., 2013)both Dox concentration and induction time pointsre
optimizedin order to minimize theoncentratiorused Analyses revealed that induction with
Dox led to a doseéependent downregulation of EDd®1 both RNA and protein levelvhich

was sufficient using concentration d.1 pg/ml for 72h (Figure3.7 & Figure3.8). According

to Ahler and colleagues, this concentratiom lealy minor impact orall tested cell lines.
Nevertlelessjn the current worlbox-inducible nortargetingshNEGcells were implemented

in every experiment to exclude any Dimxluced side effects.

As the efficiency of EDI3 knockdown is dependent on the Dox concentration, the generated

cell lines offer the pportunity to manipulate EDI3 expression and study the resulting effect on
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cell function. Moreover, the knockdown was reversible after removing Dox from the media,

which allows for investigating the effect of restored EDI3 expression in future studies.

4.2 EDI3 influences choline and glycerophospholipid metabolism

As expected, and observed previousiWiG@F7, MDA-MB-231 and AN3_CAcells(Marchan

et al., 2017; Stewart et al., 2018)lencing EDI3in HCC1954 Luc cellsstrongly increased
GPC as well as the GPC/PQtatio (Figure3.10). Noeffect was seen on choline or PCho levels,
which may be due t@wompensation bwlternative choline sources such as break down of
PtdCho by PLDor PLC, or uptake from the extracellular media by choline transporters.
However, repetition of the experiment in chotiinee media did also not lead to ecdease in

choline or PCho (data not shown).

Via its downstream products, EDI3 lmked to the synthesis of structural and signaling
glycerophospholipids. Thus, the levels of various glycerophospholipids were analyzed with
focus on lipids containing paltig acid (16:0, 16:4.6:0 and 32:0), which ihe most common
saturated fatty acid found ihumans(Carta et al., 2017)Dox-induced EDI3 knockdown
resulted in a significant doskependent increase in signaling lipids LPA &#d(Figure3.11).
Conversely, a previous study reported that LPA ande®éls decreased upon transient EDI3
knockdown in MCF7 cell§Marchan et al., 2017)'hese contradicting observations could be
explained by subtype dependent differencesesMCF7 cells belong to theminal A subtype

of breast cancer, and the here investigated HCC1954 lmdiing to the HER2+ subtype.
Subtype dependent differences in lipid metabolism betwesmal andHER2+subtype have
been reported previously by Kaagd colleagueang et al., 2011)

Moreover, EDI3 knockdown induction resulted in elevated levels of several lysophospholipids,
namely LPC, LPS andPG (Figure3.11). LPCis directly produced from PtdCho and is further
metabolized to GPC by lysoPL{&allazzini & Burg, 2009)Previously, i wasshownthat high

levels of GPCcanlead to inhibition of lysoPLAy means of a negative feedback mechanism
(Fallbrook et al., 1999)Since GPC levels are strongly elevated upon EDI3 knockdown
induction, thisnegative feedback mechanisoould explain the elevated LP@vels as
illustratedin Figure4.1. At the samdime, lysoPLA inhibition andincreased levels of LPC
might result in an upregulation of LPA production, due to an increase in substrate availability.
Furthermorepoth the metabolism oflLPC to LPA as well as PtdCho to Pérecatalyzed by
PLDs and resulin the production of free cholin®ey et al., 2020; Stack & Fishman, 2012)

Thus, PLD activity might be upgelated tocompensate for the reduced choline production
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caused byEDI3 knockdown and could explathe increase in PA and LPA as well as the

unchangeaholine level{seeFigure4.l).
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Figure 4.1: Hypothesisfor the changes in glycerophospholipid metabolism observeghion EDI3 knockdown
induction. Upregulated metabolites are displayed in green. Bold arrows indicate enhanced reactions, dashed arrow
indicates impairedeaction. Abbreviations &igure 1.4.

LPA, LPC, LPS and LPGre involved inthe Lands cyclewhich is important foremodeling

of phospholipid membrandg&to et al., 2012; Murphy & Folco, 2019%lycerophospholipids

are synthesizede novaby the Kennedy pathway, which resultstlre formation of saturated

and monounsaturated fatty acyl groupthatsnl and si2 positiongMurphy & Folco, 2019)
Thedeacylatiorof glycerophospholipidi lysoglycerophospholipids by PLAs and subsequent
reacylatiorby LPLATSssignifies thathis pathway provides the diversity of unsaturated, mono
and polysaturatethtty acid chainsof different lengths that can be found in the membrane.
Thus, the observed upregulation of lysoglycerophospholipids LPA, LPC, LPS and LPG might
indicate enhanced remodeling of the cell membraweordingly, previous studieeported
thatremodeling of fatty acid composition associated with changes in cellular signaling and

alters cell biology by affecting the physiochemical properties of memb(&sayama &
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Riezman, 2018; Simons & Toomre, 2008jlditionally, dsruption ofthe remodelingpathway
was reportedo beassociated with promoted tumorigenesis in the integifang et al., 2018)
However, the moledar mechanisnby whichlipids affect biological functionsasnotyet been

elucidated.

No significant differences were observed in the levels of structural membrane phospholipids
such as 32:0 PtdCho, 32:0 PE, 32:0 PS, 32:0 PG and 32:0 PI (data not $has\at)servation
supported previous findings by the graijat endogenous 32:0 PtdCho levels did not change
after sSIRNA mediated EDI3 down regulation in MCé&élls (Stewart et al., 2012However, it
cannot be excluded that pools of structural membrane lipids with other fatty acid compositions
are altered In support,it was shown in several studies that chanige®tCho fatty acid
compositionwerefound in many cancel®arayan & Dahiya, 1991; Perrotti et al., 20169r
example, Narayan arghhiya showed that 20:4 PtdCho was significantly decreased in prostatic

cancer tissue compared to benign prostatic hyperpgldai@ayan & Dahiya, 1991)

4.3 EDI3 influences clonogenicity, proliferation andviability

Since pevious findings suggest a role for EDMBcancer and metastasidpx-inducible EDI3
knockdownin HCC1954 Luccells wasinvestigatedn vitro using several cellular assays that

model processes which are relevant for metastasis formation.

Theability of acell tosurvive andoroliferate indefinitely to form a colong an indicatoof its
tumorinitiating capabilities(Munshi et al., 2005)EDI3 knockdown resulted in a dose
dependent reduction in colony number and size when induced befetee@issl) or at the time
of seedingbut notwheninduced 24 later(Figure3.12). This indicates that EDI3 important

in the early steps of colony formatiomore specifically foradhesion, proliferation, arat
survival of the cell. Strong significant reductidn colonynumberin thepretreated cells could
be confirmed with three independent EB#3getingoligos, while nosignificant effect was
observed in the netargetingshNEGcells thereby excluding Deinduced off target effects
(Figure3.13). The reduction in colony size was only significant witlo out of three oligos.
However, further analysis indicatethat the number of cells within a colony is not always
reflected by its size, since the size of individual cells as well as the cell density within the colony
can differ(Figure3.15). Thus, amore precisepproachto compare colony size would be
determinghe number of cells per colony, whialasused irsubsequerdssays. Taken together,
the reduction in colony formatiandicates that EDI3 might be relevant foettumorinitiating

capability of HCC1954cells. To further elucidate which process during the formation of
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colonies is affected by EDI3 knockdown, its influenceadhesion, proliferation andability

was investigated.

Adhesion isa relevantstep in theprocess of colony formation amtkcrease@dhesion upon
transient SIRNA mediateBDI3 knockdown was previously reported MCF7 breast cancer
andOVCARS3 ovarian cancer cel(tesjak et al., 2014 Dox-induced EDI3 knockdown in the
HCC1954Luc cells resulted in ttend towards reducesttachmentompared to neimduced
cellswhich was significanonly after 30min with oneout of two testedEDI3-targeting oliga.
However, Doxtreatmenbf nonttargetingshNEG cellded to a significant increase in adhesion
and comparing EDI3 knockdown with Doxreated nostargeting cells reveatl a stronger
reduction in adhesiowhich wassignificant at both testedtime pointswith one out of two
independen&DI3-targetingoligo (Figure 3.14). Therefore, it is likely thathe attachment

promoting effect of Dox itself may obscure

To elucidate if EDI3 is important for proliferation in HCC1954 Luc, as one possible
explanation for the smaller colonies observed after Bdt&kdown, cells were labeled with
EdU, a nucleoside analog of thymidine that is incorporated into DNA during active DNA
synthesis. Indeed, EDI3 silencing led to a significant reduction in proliferation with two
independent EDRargeting shRNA oligos conaped to norinduced controlsKigure3.16 &
Figure3.17). Impaired proliferation was previously reported as a side effect of(Bbber et

al., 2013; Y-F. Chen et al., 2022However this could be exktidedin the present studsince

Dox treatment aloneid not affect proliferation in notargeting control cellsinterestingly,
previous studies investigating EDI3 knockdow\N3-CA and MCF7cellsreported no effect

on proliferation(Sonkar et al., 2019; Stewart et, &012) This discrepancy may be due to the
difference incancer type antireast cancer subtypeespectively The observed reduction in
proliferation might seem contradictory to the increase in LPA levels upon EDI3 knockdown
since LPA is associated withcreased proliferatiofGeraldo et al., 2021; Moolenaar et al.,
2004) In a recent study however, it was shown that cells of different breast cancer subtypes
respond differentlyo LPA. Intriguingly, no stimulatory effect of LPA on proliferation could

be observed in HER2+ SkBr3 ce(ldauck et al., 2022)ut the effect of LPA on HCC1954
cells was not tested in that study. Additionally, previous studies described very low LPAR1 and
LPARS3 expression in HER2+ cell lines and no stimulatofgatfof LPA in chemotaxis assays

(M. Chen et al., 2007; Schmid et al., 2018}ogether, the results indicate that the reduced
proliferation observed upon EDI3 knockdown is independent of LPA levels.

E
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Viability assays withadherentHCC1954 Luc cells revealed that Dox itself reducell
viability in nontargetingshNEG cells (Figure 3.18). Consistently, mcreased apoptosis after
Dox treatment has been described before in several cell (ixider et al., 2013; e et al.,
1998; Son et al., 2009Nevertheless, silencing EDI&sulted ina significant additional
reduction in viabilitywith one out of two tested EDH&rgeting shRNA oligasThis finding is
consistentwith data from a recent study reporting theansient sSIiRNA mediated EDI3
knockdownsignificantly decrease survival in HER2+HCC1954and SkBr3cells Keller et
al., in revisior). In addition Dox-induced EDI3 knockdownled to significantly reduced
viability in cells that are irsuspensior{Figure 3.19), which indicatesthat EDI3 influences
mechanisms that are involved in resistance to anddasikis is a formof apoptosis that is
induced when a celbses contact to theCM, thus preventingadherenindepenént cell
growth(Frisch & Francis, 1994; Meredith et al., 1998)order to form metastasesncer cells
develop several achanisms to resist anoikés variety offactorswere identifiedo be involved

in mediating anoikis resistande breast cancer. Amongete arealterations in metabolic
pathways, such as gluco@dason et al., 2021; Palorini et al., 2016; L. Yang et al., 2ahé)
fatty acid metabolisnfvan Weverwijk et al., 2019pswell asthe upregulation of signaling
pathways, such as PI3K/Akt signalifigu et al., 1999) Moreover, HER2 overexpression, a
characteristic of HCC1954 cells, is known to promote anoikisteegie which is associated
with maintained ERK and AKT signaling in the absence of proper cell adh@sgmnato et
al., 2003; Whelan et al., 2013nterestingly, a recent study suggested that EDI3 expression is
induced by HER2 pathway via PISK/Akt/mTOR signalitkgller et al, in revision, but row
EDI3 specificallyis involved inanoikisresistance is unclear and needs to be further elucidated.

No effect was observed on cell migration with two independent Etieting shRNAoligos
(Figure3.20). In contastto the present findings, a reduction in migration upon siRNA mediated

EDI3 knockdown was previously reported in several cancer cell lines, including MCF7 and
MDA-MB-231 breast cancer ce(l¥larchan et al., 2017; Stewart et al., 2002preover, it was

shown that BI3 knockdown in these cell lines resulted in decreased levels of the signaling

|l ipid LPA, and that this decrease (MamhahéPA was
al., 2017) However, as discussed in chaptet no reduction in LPA was observed upon EDI3
knockdown induction in the here investigated HCC1954_Luc cells, which may explain why no

effect on migratiorcouldbe observed.

Overall,thein vitro results suggest that EDI3 is important tioe tumorinitiating capabilities
of HCC1954 cells. This effect is most likely mediated by EDI3 influgncell proliferation

viability and mechanisms that provide resistanceutmikis. Additionally, EDI3 seems to be
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involved in adhesion, althougthe true effect may be obscured by D@®he nolecular
mechanismby which EDI3 is relevant in thesprocessess still unknown As discussed in
chapter4.2, EDI3 knockdown resulted in altered glycerophospholipid levels, indicating a
reassembling of the lipid membrane compositisich will have implications on cellar
processesdlf these changes are relevant for thiservedohenotypewill be elucidated in th
future. Nevertheless, the obtainedsultssupport previous findingthat EDI3appears tde
important in tumor development and metastasis formatawhich was subsequently

investigatedn vivo.

4.4 EDI3 in primary tumors

I n order t o i ninerenarytgrnaot geowth, @ bubditanecquoGbBdel was
established in immunodeficient mice. Successful EDI3 knockdown in the suwas
confirmed on both RNA and protein leybbwever, there was rmeductionin primary tumor

growth when EDI3 was silencedmpared to noinducedcells (Figure 3.22). Since GDEZ2,

another glycerophosphodiesterase that cleaves GPC to produce choline and$&8Rhtly
upregulated in the tumors upon EDI3 knockdogigure 3.23), it is possible that a
compensatiomn metabolitdevel took placebutthe increase IGDE2mMRNA expression was

not significant.In order to elucidaté there was compensation at theetabolite levelvithin

the tumors metabolite measurements aomgoing. Interestingly, Doxreatment of non
targeting sShNEG xenografts resulted in increased tumor growth (data not shown), indicating

t hat Dox itself may have a promoting effect
in a recent study our group could show that inhibiting EDI3 with the general phosphodiesterase
(PDE) inhibitor dipyridamole significantly decreased tumor volume of HCC1954 xenografts
(Keller et al., in revision). However, dgpyridamole is not specific teards EDI3, the observed

effect might not be due to inhibiting EDI3 alofehus, EDI 36s rol e in the
yetfully elucidated.

Importantly, thein vitro set up where silencing EDI3 led to a reduction in colony formation
and proliferationdiffers dramatically from then vivo conditions.In vitro, cells were highly
diluted and plated subconfluently, while for the s.c. tumors millions of cells were implanted in
mixture with Matrigel which contains ECM proteins and growth factors. Moreawvsryell

known that high confluency and tumor cell density affect cell behavior and protein expression,
which might explain these contradicting results (Jayatilaka et al., 2018; Sharif & Wellstein,
2015; Topman et al., 2011).
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Since then vitro andin vivo results obtained in the current work indicate that EDI3 might rather
be relevant for the clonogenic potential of single cells than in dense primary tuheors,
subsequentwork in this thesidocusel on investigating EDI3 in metastasis.

4.5 EDI3 in metastass formation
Since its identification, EDI3 has been linked to tumor metast8gesvart et al., 2012)his

was further substantiated by vitro studies in various cell lines describingade for EDI3 in
migration and adhesiqiiesjak et al., 2014; Stewart et al., 201t until tre present work, a
role for EDI3 in metastasi® vivo was not investigated. Therefore, a mouse model for lung
metastasis was established ie turrentthesisby tail vein injection of HCC1954 Luc cells.
Despite one previous studgportingmicroscopicallyvisible metastasis four weeks aftail
veininjection of HCC1954 cellgBaldassarre et al., 201 Y)nderthe heretested experimental
conditions no metastases were observélis may be due to differnces inmouse strainsas
Baldassarre and colleaguasedthe more immunodeficientRag2™:IL2R™¢ mice in their
study Thus, the modelvould need further optimization. Howevénge lung metastasis model

is not commonly used to study HCC1954 metastasssead Clinchy and colleague®ported

that HCC1954cells grew aggressivelyn a model ér peritoneal metastas(€linchy et al.,
2000) Peritoneal metastases usualbcur in latestage breast cancer aackassociated with
very poor surviva(Bertozzi et al., 2015; Flanagan et al., 2018; Lin et al., 2004; Quigley et al.,
2013; Tham et al., 2006; Tuthill et al., 200@)was shown that in this modelCC1954cells

form metastases in the livéClinchy et al., 200Q)whichis the most common metastatic site
for E R|P R[HER2+ subtype of breast can¢&ong et al., 2017; Wu et al., 201Therefore,

for this thesisa nouse model for peritoneal metastasis was establiSteeahlin vivoimaging
revealedasignificant reduction in luminescence signal after i.p. injection ofiddyced EDI3
knockdown cells compared to namducedcells (Figure3.26). SinceDox itself can reduce cell
proliferation(Ahler etal., 2013) it was necessary to exclude that the decreased signal was due
to Dox itself.In vivoimaging showed that Dotxeatment ohontargetingshNEGcells even
resulted in a slight increase of the luminescence signal, confirming that the preslmestyed
reduction in luminescence was indeed caused by silencing EDI3. InterestiigIg
knockdownsignificantly increased survival of mice, while Dox treatment of-tawgeting
shNEGcells had nceffect Figure3.27). Improved survival and reduced luminescence upon
EDI3 silencing were the first hint that EDI3 may indeed be relevant for tumor growth in this
metastasis modeBubsequent autopsy of mice followed &y vivoimaging of organs and
analysis of tumor wight confirmed that silencing EDI3 resulted in a reduced tumor burden
(Figure3.30, Figure3.31).
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In vivo andex vivoimaging not only revealed th#te luminescence igenerally lowerwhen

EDI3 is silencedbut also that the difference in signal intensity between kbégkdownand

control gets stronger over time. Therefore, it appears that silencing EDI3 does not completely
prevent metastases but reduces metastasis grdWwdse results are in agreement with the
results obtained vitro, showing that Doxnduced EDI3 knockdown reduces proliferation. In
addition to the metastatic burden, ascites volume wassasdficantly reduced upon EDI3
knockdown Figure3.32). Since malignardscites is caused by abdominal tumors, the reduced
volume matcheswith the reduction intumor burden.Furthermore, Uminescence imaging
revealed thathe ascites fluiccontained viablecancer cells. Intestingly, the luminescence
signal wassignificantly lower in the EDI3 knockdown conditiprwhich indicatesthat the
number of viable cells was reducddhis observation corresponds with the reduced viability of
cells in suspension after EDI3 knockdownttiaas seerin vitro. Thus, then vivo findings

further support the hypothesis that EDI3 influences mechanisms that provide resistance towards

anoikis.

Looking at the metastatic organotropise vivoimaging revealed that high metastatic burden
was predormantly found in the pancreas and gonaalaite adipose tissu@VAT), as well as

in the liver anddiaphragm Eigure3.30). Liver infiltration afteri.p. injection of HCC1954 cells
waspreviously reported by Clinchgnd colleague&Clinchy et al., 200Q)however, metastasis
in pancreas, gonadal WAT or diaphragm was not desci@iece theauthoranvestigated most
of the organs macroscopically, theyyhave missed micro metastaghatcould be detected
by ex vivoluminescence imagingfhey alsoidentified large plaques of tumor cells on the
peritoneal walland kidney metastasis1b weeks after.p. injection which was also observed
in the current wde up to 15weeks aftemjection Figure3.28). Interestingly in contrast to the
hereobtained resultanetastases weadso foundin the lung, which may be due to thmore
immunodeficientmouse strairusedin their study The distributionof metastases to certain
organs is regulated bymultiple factors such asbreast cancer subtypdjost organ
microenvironment, and cancer cetlggan interactiongW. Chen et al., 2018)Crosstalk
between cancer cells and host orgaass well as varioufactors relased from cancer cells
facilitatethe formation of the premetastatic nichdich is also influenced by the specific organ
microenvironmen{W. Chen et al., 2018; Y. Liu & Cao, 2016trikingly, no differences in
metastatic organotropism could be observed upon EDI3 knockdswggesting. that EDI3

does not affect mechanisms involvegnemetastatic nichirmation and organotropism.

Overal, the results obtained from the peritoneal metastasis model show that EDI3 knockdown

reduces metastatic burderscites volumeand the amount of viable cancer cells contained in
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the ascitedluid, probably due to its influence on proliferation aedisance to anoikiswhich
consequently results in prolonged survival. Thusjrhavoresults further support the results
obtainedin vitro suggestinghat EDI3 plays a role in metastatssmation which makes i

potentialtherapeutid¢argetto reduce theeverity of metastatic disease and increase survival.

4.6 Future perspectives

This thesigrovidedin vitro andin vivoevidencehatEDI3 is important for the tumanitiating
capabilities of HCC1954 cells. Moreover, it was shown that this effect is melst iiediated

by reduced proliferation and increased susceptibility towards anoikis upon EDI3 knockdown.
However, subsequent analyses are needed to eluditatenechanismby which EDI3

influences these processes

Most strikingly,silencing EDI3resulted m a reduction in tumor burden and ascites in a mouse
model of peritoneal metastasi®\s a next step, theollectedtumors will be analyzedo
investigatethe differences betweemetastases with normal and reduced EBXpression
RNA-sequencing (RNAseq) dnproteomis of the extracted tumorsnay identify EDI3-
inducedchanges in expression levels and could reveal relevant pathways that are altered.
Furthermoredifferences in tumor proliferation will be elucidateddogaminingthe expression

of proliferation markers, such aKi-67, to confirm EDI36s rol e
purpose, cryo slides widlsobe prepared and stained with the respective antibodies to obtain
spatial information about proliferation within the tumor tissue. Additionadtpainng of
cleavedcaspase& may provide informatioabout apoptosislo investigate if the reduction in
metastasis burden is mediated by changes in metabolites, infiltrated organs will be analyzed by
MALDI mass spectrometry imaging (MALBWISI). This techniquecombines mass
spectrometry with traditional histology and provides information about the spatial localization
of metabolites within the tumor and adjacent tisdiesides targeted analysis offioline
metabolites andlycerophospholipisl untargeted analysewill be performed to identify any
significant changes in the cells upon EDI3 knockdown that influence prolifer&ttars,
MALDI -MSI could reveal differences within the tumor cell, at the invading edge of the tumor
cells into the tissudMoreover the asites fluid will be analyzed regarding the metabolite levels

to reveal EDI3 expressiethependent differences. It was shown previously thetexpression

of active focal adhesion kinafleAK; PTK2) or integrinlinked kinasgILK) blocks anoikis in
suspende cellsand consequently serves as a markeamaikis protectior{Frisch et al., 1996;
Frisch & Franci s, 1994, Hunger f or dTodutthera | . |,

i nvest i gmftuence@lahokidirs vivo, RNA will be isolated from théumor cels
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contained in the ascites fluid to measure the expression levaibdssuppressing marker

PTK2andILK, as well as apoptosis markers.

In vitro results obtained in this thesis from metabolomic analysis after silencing EDI3 revealed
alterations in gicerophospholipids that might indicate increased remodeling of membrane lipid
composition. Alterations of membrane lipid composition are known to be associated with
changes in cellular signalin@imons & Toomre, 20Q0In order to elucidate the mechanism
behind thein vivo observations, it is of high interest to further investigatevitro how
modification of EDI3 expression &ffts this processAlterations in membrane lipid
composition characterized by the degree of lipid packioguld be assesseding polarity
sensitive fluorescent probes, such asA-diNEPPDHQ which changests conformation
depending on th#uidity of themembrane and can be detected by flow cytometry or confocal
microscopy(Owen et al., 2011; Waddington et al., 201)rthermoreRAMAN microscopy
couldbe used whig allows detection of singleembranecomponentsnd could reveal more
detailed information about changes in membrane ligidfatty acid compositionMoreover,
transcriptome and proteome analysis could also reveal -EDiRed changes in enzymes

involved in phospholipid metabolism to confirm observed alterations.

In the current work, msignificantdifferences inprimarytumor growth were observed in the
subcutaneous tumor modélowever,subcutaneoutumors are notocatedin their natural
microenvironnent which maylead to differential effects on their biologin an ongoing
experiment, an orthotopic mouse model has been estahliglich allows tostudy both
primary tumor growth in the mammary fat pad as well as metastasis forraas@condary
sidesthus,representing the whole metastatic process. In this experaneditionabpproach
wasused to study EDI 36s influence on growth
situation:Mice were first injected with tumor cells, and theratel with Dox to silence EDI3
Primary tumors wereallowed to develop, then surgically resected once a certain size was
reached, and the effect of EDI3 silencing primary tumor recurrencand metastasis
developments beingmonitoredby in vivoluminescencand pCT imaginglnitial results from

this experiment suggest significant decrease iprimary tumor growthand significantly
reduced formation of lung metastasis when EDI3 is silenEedntually,regrown primary
tumors and infiltrated organs will be lected for further analysis. Harvested tumors will be
analyzed by RNAseq, proteomics, metabolomics and MAMSI to access differences
between primary tumor and metastasis, which may reveal why EDI3 knockdown led to a
reduction in metastasis burden bud diot show any effect on primary tumor growth.

Furthermore, blood will be collected from the heart of the mice, in order to isolate circulating

a
































































































