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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die epithelial-mesenchymale Transition (EMT) st neireversibler zellularer
Reprogrammierungsprozess, der urspringlich wahren&whbryonalentwicklung auftritt. Im
somatischen Gewebe ist der EMT-Prozess entscheidender Initierung von Metastasen
und Entwicklung von Tumoren beteiligt. Wahrend dedT-Prozesses verlieren einzelne
Zellen eines Zellverbunds ihre epithelialen Eigéasien, 16sen sich von ihren Nachbarzellen
ab und erlangen einen mesenchymalen Phé&notyp mhenmo Migrations- und
Invasionspotential. Die Aufklarung der molekularensachen und die Erforschung neuer
Mdoglichkeiten, gezielt in diesen Prozess einzugreifsind daher von besonderem Interesse
fur die Entwicklung neuer Behandlungsstrategien gedje Bildung von Metastasen. Dabei
dienen charakteristische epitheliale und mesencleyPioteine, wie das Zellkontakt-Protein
Occludin, das Aktin-Zytoskelett, der transkriptitma Repressor SNAI1 und das
Intermediarfilament Vimentin als spezifische Biomarloder sogar als Zielstrukturen fur
Wirkstoffe. Bis heute existiert noch kein Ansatzs# endogenen Markerproteine in lebenden
Zellen und in einem physiologischen Kontext zu tsuehen.

In dieser Arbeit wurden neue Einzeldomanen-AntikdrgNanobodies) selektiert, um
dynamische Veranderungen dieser EMT-Biomarker inebelellsystemen biochemisch und
optisch zu verfolgen. Nanobodies basieren auf @eiaklen Domane von Schwere-Ketten-
Antikorpern aus Kameliden und sind die kleinstetlifieeh vorkommende antigenbindende
Einheit. Fir intrazellulare Anwendungen werden Naothes an fluoreszierende Proteine
fusioniert, wodurch sogenannte Chromobodies entsiee auf DNA-Ebene in Zellen
eingebracht werden. Es wurden spezifische Nanobodegen Occludin, SNAI1 und
Vimentin mittels der Phagen-Display-Technologieskért und ihre Bindeeigenschaften in
biochemischen und zellbiologischen Analysen untdrsuDarauf basierend wurden stabile
Zellsysteme mit einem Vimentin-spezifischen Chronthbosowie mit einem bereits
beschriebenen Aktin-Chromobody hergestellt. Mittelgh-Content-Mikroskopie konnten
damit zum ersten Mal dynamische Veranderungen diesdogenen Strukturkomponenten
nach Induktion des EMT-Prozesses mit dem Wachsaktmf TGF$ detailliert beobachtet
und quantifiziert werden. Abschliel3end wurden ineen Screeningsystem Zeit- und Dosis-
abhangige Effekte nach Behandlung mit dem Vimentiuifizierenden Wirkstoff Withaferin
A bestimmt. Dieser hier beschriebene und vielsaititzbare Ansatz ermoglicht es nun die
raumliche und zeitliche Organisation von relevariEdhr-Biomarkern detailliert in lebenden
Zellen zu studieren. Damit ist ein Grundstein féua Screeningtechnologien zur Findung

von EMT-beeinflussenden Wirkstoffen mit antimetasteender Wirkung gelegt.



ABSTRACT

ABSTRACT

The epithelial-mesenchymal transition (EMT) is @emsible cellular reprogramming process
that originally occurs during embryonic developmend is strongly involved in the initiation
of metastases and cancer progression. During EMglescells of an epithelial layer lose
their characteristic epithelial features, detacbnirtheir neighbor cells and acquire a
mesenchymal phenotype with increased migratoryiavalsive potential. Targeting EMT is
of particular interest for the development of nogempounds in the anti-metastatic cancer
therapy. Thereby, certain epithelial and mesenchymrateins, including the tight junction
component occludin, the actin cytoskeleton, thexstaptional repressor SNAI1 and the
intermediate filament vimentin, serve as specifmnarkers or even as target structures for
compounds. To date, there is no approach avaitabktudy these endogenous markers in

living cells in a physiological context.

In this thesis, novel single-domain antibodies (tmdies) were selected to trace EMT
biomarkers in a cancer-relevant living cell systedanobodies (~15 kDa), derived from
heavy-chain-only antibodies of camelids, represbatsmallest naturally occurring antigen
binding reagent. For intracellular target visuaima, they can be fused to fluorescent proteins
(referred to as chromobodies) and introduced iedts ©n DNA level. Specific nanobodies
against occludin, SNAI1 and vimentin were seleotedthe phage display technology and
respective binding properties of nhanobodies androbbodies were analyzed in biochemical
and cell biological assays. The vimentin speciinc antracellular functional chromobody
VB6-CB and a previously described chromobody speéficactin (Actin-CB) were stably
introduced in cellular models. Based on the chrordghituorescence, dynamic changes of
endogenous actin and vimentin upon induction of BMih the transforming growth fact@r
(TGFB) were monitored and quantified for the first tilme high-content-imaging. Moreover,
by treatment with the vimentin modifying compoundthsferin A (WFA) time- and dose-

dependent alterations of vimentin were observedasatyzed.

Taken together, this versatile approach allows ildetastudies of the spatiotemporal
organization of relevant EMT-biomarkers in livinglls. This may provide the basis for novel

screening technologies for anti-metastatic therapeaffecting EMT.



INTRODUCTION

1 INTRODUCTION

1.1 Epithelial -mesenchymal transition (EMT)

The epithelie=mesenchymal transitioEMT) is an evolutionary} conserve cellular
reprogramming proce during which eithelial cells lose many of theicharacteristic
properties and acquire a mesenchy phenotyp (reviewed inKalluri and Weinberg, 20(
and Thiery et al., 200). In healthy tissuesepithelial cells areclosely attached | cell-cell
adhesion complexes, including tight junctions, aehs junctions, gap junctions a
desmosomegKnights et al., 2012)They are characterizety a polygonalcell shape and an
apicalbasal polarity. Formir coherent cell layers, epithelial cefacea luminal or externe
environmentwith their apical side andre separatefrom the extracell@r matrix (ECM) vie
the basalamina (Figure 1.. (Thiery and Sleeman, 20). Migration of epithelial cell is onl'
possible within the epithelial layeBy contrast, mesenchymal ceare no organized in cell
layers andonly focally contact their neighbor cells. Thare characterized kan elongated
spindleshaped morpholog a front-reampolarity and a high migratory potent (Hay, 2005).
Moreover,mesenchymal cellare known to syhesize and organize components of the |,

allowing them to migrate and invade into the unged tissur (Nieto, 201.).

epithelial phenotype metastable phenotype mesenchymal phenotype
I [T [T AN E M T [r— e E M T . .
0000 =00 o« o
‘ MET . MET
basal lamina
strong cell-cell contacts focal adhesions
apical-basal polarity front-rear polarity
polygonal shape spindel shape
non-migratory migratory and invasive

Figure 1.1: Epithelial-mesenchymal transition(EMT). The epitheliamesenchymal transition (EMT) aiits
reverse processhe mesenchymalpithelial transition (MET, allow cells to switch between an epithelial an
mesenchymal phenotype. While epithelial cells draracterized by strong c-cell contacts, an apic-basal
polarity and a polygorl cell shape, mesenchymal cells form only foadhesions and exhiba front-rear

polarity as well as a fibroblelike spindle shapenfodified fronr Kalluri and Weinberg, 200).

During EMT, single cells of the epithelial layer dergo a series of alterations in ¢
morphology, cytoarchitecture as well as cell migratand dhesion until they gai
mesenchymal propertieFigure 1.1) Lamouille et al., 201). In some cases, cells can &
undergo partial EMT, thereby acquiring a metastastigte with epithelial as well
mesenchymal characteristi(Lee et al., 20C, Jordan et al., 2011). EMielated mechanisn
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INTRODUCTION

as well as the reversed process, described as omgseal-epithelial transition (MET), are
frequent events that occur during embryonic develenqt, tissue regeneration and diseases

such as organ fibrosis and tumor progression (Bargeal., 2015).

1.1.1 EMT in development

In the 1960s, the epithelial-mesenchymal transitias first described by Elizabeth Hay,
studying a model of the primitive streak duringaghembryogenesis (Hay, 1968). Based on
this pioneering work, it is known that the abildf/ cells to switch from an adherent epithelial
phenotype into migratory mesenchymal cells is funelatal in early embryonic stages (Hay,
2005, Lim and Thiery, 2012). During the formatiohtlee three germ layers (gastrulation),
cells of a single epithelial layer (epiblast) urgterEMT to constitute mesoderm and
endoderm, while cells that remain in the epiblast into the ectoderm (Acloque et al., 2009).
Later on, EMT and MET processes are also involvethe generation of neural crest cells
and their differentiation into derivates such asroas, glial cells and pigment cells during the
development of the nervous system (Dupin et alQ720 Originating from the early
mesoderm, several EMT and MET events, as well a&s rélated process endothelial-
mesenchymal transition (EndMT) are required for th@phogenesis of tissues and whole
organs, such as pancreas, liver and heart (JohaassbGrapin-Botton, 2002, Tanimizu and
Miyajima, 2007, Timmerman et al., 2004). Generdli)T processes during development are
classified as Type 1 EMT (Kalluri and Weinberg, 2P0

1.1.2 EMT in tissue regeneration and organ fibrosis

In adults, processes of Type 2 EMT occur during mebinealing. In case of an injury,

keratinocytes are activated in response to inflatorgacytokines and undergo partial EMT
that allows them to spread and migrate within locsi&cell adhesions (Arnoux et al., 2008,
Yan et al., 2010). However, Type 2 EMT does noyadcur in healthy organisms, but is also
linked to pathological events, including fibroticséases of the liver, kidney, heart and lung
(Kalluri and Neilson, 2003). Permanent injuriesctswas chronic inflammation, promote

ongoing EMT processes. This leads to an increasgabar of myofibroblasts that arise

through EMT and secrete an excessive amount oageti and other ECM components,

resulting in a complete loss of organ function (12004, Zeisberg et al., 2007).

1.1.3 EMT in cancer progression

During the last decade, activation of the EMT pamgihas been linked to critical mechanisms
in tumor progression, development of circulatingnéu cells (CTCs) and metastasis
formation (De Craene and Berx, 2013, Barriere et 2015). While excessive cell

4



INTRODUCTION

proliferation and angiogenesis are early eventhénprogression of epithelial cancers, EMT
type 3 processes occur in advanced stages dunmmpicaell dissemination (Thiery and Lim,
2013). Thereby, single cells originating from prigpndgumors invade the surrounding tissue
and metastasize to distant parts of the body. Elmthcells that underwent full or partial
EMT show an increased resistance to anoikis (Kiralet2012) and can cross the ECM to
intravasate blood vessels (Nieto, Yu et al., 2013)this context, it has been shown that
certain populations of circulating tumors cells @) that underwent EMT present properties
of migratory cancer stem cells (CSCs), such as ealwal and the capacity to grow into
secondary tumors (Mani et al., 2008), while in othepulations, referred as stationary CSCs,
stemness properties are suppressed (Ocana e®H2, Rieto, 2013, Jung and Yang, 2015).
For extravasation and colonization processes ofaniand macrometastases mesenchymal-
epithelial transition (MET) processes occur (Chahgle 2013). This is reflected by high
histological similarities between primary and setamy tumors and is consistent with studies,
describing mesenchymal-like cells that re-acqupéhelial characteristics but continue to
maintain mesenchymal properties, referred as nadtlesiphenotype (Brabletz et al., 2001,
Lee et al., 2006, Jordan et al., 2011).

The emerging role of EMT during tumor progressiod aetastatic development turns it into
an attractive target for cancer therapy (reviewedDavis et al., 2014). In this regard,
important EMT marker proteins as well as signalpaghways are of particular interest and

will be described in the following sections of th&oduction.

1.2 EMT marker proteins

A hallmark of EMT is the change in expression oftlegial and mesenchymal marker
proteins (Figure 1.2) (Kalluri and Weinberg, 2008)ost of the epithelial markers are
components of junctional complexes: occludin, clawhd zona occludens (ZO) 1-3 are tight
junction proteins, while E-cadherin is implicatedadherens junctions and linked to cortical
actin via catenins, and cytokeratins are conndctdide desmosoms via desmoplakin (Knights
et al., 2012, Lamouille et al., 2014). Triggerewbtigh extracellular activators such as growth
factors and components of the ECM, the expressiospafalled EMT transcription factors
(TFs), including SNAI1, SNAI2, TWIST, ZEB and otlseis increased (Peinado et al., 2007).
EMT-TFs regulate EMT-relevant gene expression actdas transcriptional repressors of
epithelial marker proteins. Along with the loss @pithelial markers, the expression of
mesenchymal markers such as N-cadherin, vimentih fammonectin is increased. This is

accompanied by extensive changes in the organizafidhe actin cytoskeleton, leading to

5



INTRODUCTION

enhanced cellular motility (Thiery and Sleeman, @00amouille et al., 2014). Metastable
cells that underwent only partial EMT were shown dgrpress epithelial as well as
mesenchymal marker proteins (Jordan et al., 2011g.following sections provide a detailed

description of four fundamental EMT markers ocatydictin, SNAI1 and vimentin.

A B

Flaudin

zo1
tight junction 202 ‘
Z03

occludin

E-cadherin cortical )
k o o
junction 3 © N-cadheri

catenins

ZEB

SNAI2

—

gD nction

SNAI

EMT-TFs
[

N vimentin /
desmosome Eicheratin ”/ ECM (fibronectin,
/ N > > ’ collagen Typ |, Ill)
desmocollin plakogiobin g

~ ECM._- .
(collagen Typ IV)

Figure 1.2: Epithelial and mesenchymal markers(A) Epithelial cell with cell junctions and charadstic
marker proteins. Epithelial markers comprise tigattiunction proteins occludin, claudin, ZO1-3, #dherens
junction component E-cadherin, which is connectedatrtical actin vigd-catenin andi-catenin, the desmosoms
associated protein desmoplakin and the intermediddenent cytokeratin. ) Mesenchymal cell and
characteristic marker proteins. Mesenchymal markeraprise N-cadherin, the transcription factors SNA
SNAI2, ZEB and TWIST, the cytoskeletal elements emitin and actin stress fibers, as well as the ECM

component fibronectin (modified from Lamouille, 201

1.2.1 Occludin

Together with other transmembrane linker proteiag.(claudins, JAM) and cytoplasmic

adaptor proteins (e.g. ZO1-3, vinculin, and cingylioccludin is an essential component of
cellular tight junctions at the apical side of apital and endothelial cells (reviewed in
Niessen, 2007). The occludin monomer (~65 kDa) istsof a cytoplasmic N- and C-

terminus, four transmembrane domains as well asoradl intracellular and two extracellular

loops (Figure 1.2) (Furuse et al., 1993). The esitalar loops have been shown to be
required for cell-cell interactions, while the N3daC- termini are involved in the sealing and
barrier function of tight junctions (Chen et al.,9%9 Bamforth et al., 1999). Moreover, the
extended C-terminal domain interacts with a nundferytoplasmic proteins, including ZO1-

3 (Fanning et al., 1998, Itoh et al., 1999, Hasldhal., 1998), junctional adhesion molecule
(JAM) (Bazzoni et al., 2000), and vascular adhesiriecule (VAP)-33 (Lapierre et al.,
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1999). It is also essential for the dimerizationootludin and was shown to mediate signal
transduction (reviewed in Feldman et al., 2005). Ra&@n of occludin is highly depending
on its phosphorylation state: In intact epithetialls occludin is extensively phosphorylated
on Ser and Thr residues, whereas phosphorylatiommyonresidues has been linked to
disruption of the tight junctions (Ando-Akatsuka at, 1996, Raleigh et al., 2011). Since
occludin is involved in epithelial adhesion, migoatand apoptosis, deregulation of occludin
has been associated with diseases such as viréaateltial infections, inflammatory diseases
and tumor progression (Du et al., 2010, Cummins22@keeman et al., 2012). Decreased
occludin levels were found to be a frequent evera variety of epithelial tumors (Tobioka et
al., 2004, Orban et al., 2008, Martin et al., 200M)ring EMT, occludin gene expression is
repressed by the EMT-TFs SNAIL, SNAI2, TWIST an&kfFb, leading to a tight junction
collapse, accompanied by the loss of the epithieéaiier function (Peinado et al., 2007, Yang
et al., 2010, Nilsson et al., 2010).

1.2.2 Actin

Microfilaments, consisting of the 42 kDa proteintiac microtubules and intermediate
filaments are the three major components of th@skgleton. The actin monomer is a
globular protein (G-actin) that is able to polynzeriinto filamentous actin (F-actin) upon
regulation through ATP hydrolysis and a number ofirabinding proteins, particularly
profilin and cofilin (Dominguez and Holmes, 201Actin organization is critically involved
in migration and invasion of metastatic cancersc@flamaguchi and Condeelis, 2007, Ridley,
2011). In epithelial cells, actin filaments are amged in thin cortical bundles linked to the
plasma membrane. They are tightly connected t@derens junctions viacatenin andg-
catenin and to the tight junctions via interactwith the ZO proteins (Niessen, 2007). Hence,
changes in the arrangement of cellular junctioresrdtically affect the organization of the
actin cytoskeleton in epithelial cells. In mesenmuohY cells, actin filaments are typically
reorganized into thick contractile stress fibershat ventral cell surface (Godoy et al., 2009,
Haynes et al., 2011, Lamouille et al., 2014). DgrieMT, actin remodeling is controlled by
the Rho small GTPases family, including RhoA, Rac@dd42, which mediate the formation
of actin stress fibers, lamelopodia and filopod&opdham and Machesky, 2014, Morris and
Machesky, 2015). In this context, increased exjwassf the actin regulating proteins Arp2/3
and WAVE?2 has been reported to correlate with pwognosis in breast and liver carcinomas
(lwaya et al., 2007). A recent study also suggtss actin reorganization may appear as an
upstream regulator of EMT in metastatic canceisg@hankar and Nabi, 2015).
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1.2.3 SNAI1

As mentioned above, SNAIL is a mesenchymal markatem and belongs to the so-called
EMT-TFs. SNAI1 (Snail), SNAI2 (Slug) and SNAI3 (So)uconstitute the Snail family of
transcriptional repressors, all comprising a higtdpserved C-terminal DNA binding domain
with four to six GH; zinc fingers (Nieto, 2002). The N-terminal SNAGna&in of SNAIL
and SNAI2 is responsible for their repressor capaeihile the central domains are highly
diverse. SNAI1 comprises a Ser/Pro rich domaim-aalled destruction box domain as well
as a nuclear export signal (NES) (Peinado et @072Wang et al., 2013b). Posttranslational
modifications within these regions regulate suhudatl localization, protein stability and
repressor activity of SNAI1 (Wu et al.,, 2009b, \Bn@astells et al., 2010). In particular,
phosphorylation of the NES and destruction box dontyy GSK3 has been reported to
mediate ubiquitin-dependent degradation of SNAIholZ et al., 2004, Zheng et al., 2013).
Most importantly, SNAI1 has been shown to représs @xpression of many EMT related
target genes, including the epithelial markers &heain, occludin, cytokeratin 17 and 18,
claudins and collagen2 (Peinado et al., 2007, Lamouille et al., 2014)e Tmechanism of
SNAI1-mediated transcriptional repression was psegoto occur via complex formation
with the co-repressor Sin3A and HDAC1/2 (Peinadalgt2004). Interestingly, SNAI1 also
binds to its own promoter, thereby autoregulatitsgeixpression (Peiro et al., 2006). Being
involved in many EMT regulating signaling pathwdgee also section 1.3), SNAI1 plays a
critical role in the development of tumor metastagkaufhold and Bonavida, 2014).
Recently, it has been reported to contribute to dasgjstance and a CSC-like phenotype in

metastasizing pancreatic cancer and lung canceu(£bal., 2014, Wang et al., 2014).

1.2.4 Vimentin

One of the most frequently described mesenchymall Eiarkers is the 54 kDa protein
vimentin. Together with desmin and GFAP, vimentieldngs to the type Il class of
intermediate filaments and is a major cytoskeletahponent of mesenchymal cells, which is
mainly involved in tissue integrity and cytoarclkiige (reviewed in Herrmann et al., 2007).
The evolutionarily highly conserved protein genlgradonsists of three domains. The N-
terminal head domain (aa 1 - 95) is required fomentin assembly, depending on
posttranslational modifications (Sihag et al., 200he central helical rod domain (aa 96 —
407) includes three-helices (coil 1A, 1B and coil 2) which are connedy two linkers (L1
and L12). Finally, the C-terminal tail domain (aa840 488) is essential for the radial
compaction and width control of extended filamei@bernyatina et al., 2012, Herrmann et
al., 1996). Assembly and disassembly of vimentlanfients are tightly regulated by the
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interplay of numerous kinases that are involvedet division and migration (Sihag et al.,
2007). When dephosphorylated, soluble tetramenigentin units self-assemble by lateral
association into unit length filaments (ULFs), whianneal longitudinally into higher-order
filamentous structures with an approximate thickne$ 10 nm after radial compaction
(Kirmse et al., 2007). Phosphorylation of vimerfiar/Thr residues, typically located in the
head or tail domain induce vimentin disassembhhg§iet al., 2007, Snider and Omary,
2014). Vimentin is involved in a number of signglipathways mediating apoptosis (Byun et
al., 2001, Burikhanov et al., 2014), cell migratemd invasion (Zhu et al., 2011, Vuoriluoto
et al., 2011, Havel et al., 2014). In the conteXEMT, ectopic expression of vimentin
cellulo has been shown to induce mesenchymal-like cetufes (Mendez et al., 2010).
Moreover, overexpression of vimentin has been shtmaorrelate with increased formation
of metastases, reduced patient survival and pagnusis across multiple epithelial cancers,
including lung, breast and gastrointestinal tun{@tsuki et al., 2011, Yamashita et al., 2013,
Dauphin et al., 2013).

1.3 EMT signaling

EMT signaling is mediated by various intrinsic farst (e.g. kinases, transcription factors) as
well as extrinsic stimuli from the local microenmmnent, including growth factors, cytokines,
hypoxia and components of the ECM. Thereby the toamsng growth factorf (TGF)
pathway represents the main signaling mechanisrherOpathways involved in EMT
constitute receptor tyrosine kinase (RTK), Wnt, Not@nd Hedgehog signaling. All of them
activate intracellular kinase cascades that indbMT-TFs, triggering the repression of
epithelial markers and induction of mesenchymalkeiar (reviewed in Lamouille et al., 2014,
Gonzalez and Medici, 2014).

1.3.1 TGF-B-dependent signaling

TGF{} signaling can be activated by three isoforms oFPRTGF{1, TGF$2 and TGFS3)

as well as by the bone morphogenic proteins (BMRZHigreby, TGH1 is best described in
cancer-related EMT signaling (Xu et al., 2009). dnd binding to the heterotetrameric
receptor complex, consisting of T@Freceptor | (TGHRI) and TGFBRII components,
leads to phosphorylation of TGRI by the Ser/Thr kinase activity of TGRII.
Subsequently, the transcription factors SMAD2/3 raxzuited to the Gly/Ser rich domain of
TGF{RI, followed by phosphorylation of the C-terminalndain of SMAD2/3 which induces
complex formation with the transcriptional co-aator SMAD4 (Feng and Derynck, 2005,
Gonzalez and Medici, 2014). This SMAD2/3 and SMALx@mplex translocates into the

9
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nucleus via bindig to importins(Yao et al., 200). Inside the nucleus, the SMAD comp!
induces the transcription (EMT-TFs directly,by binding tothe promoter oSNAI1, ZEB
and other EMTrelated gene(Vincent et al., 20C). SMAD-dependent TGB-signaling is
negatively regulated by the hibitory SMADE and SMAD7 through interference wi
SMAD?2/3 phosphorylation by TC-BRI (Imamura et al., 19¢, Nakao et al., 199), as well as
by proteasomal degradation mediated by SMAD ultin regulatory factors (Smuri
(reviewed inlzzi and Attisano, 20(). In addition, TGI- signaling also induces EM
through a SMAI-dependent activation of t PI3K-Akt pathway, leading 1 GSK3

inhibition and increased nuar B-catenin andSNAIL levels (Medici et al., 2006)

SNAI1  B-catenin  'mTORC

Vol v

‘ SMAD2/3

s SMAD4 :EE[
prcztenin * epithelial
- ——— markers

mesenchymal
markers

Figure 1.3: Molecular mechanisms of TG-p induced EMT. Binding of TGF§ to the TGI-} receptor
complex leads tactivation of SMAL 2/3, that form complexes with SM# 4 which activateéhe transcription o
EMT-TFs resulting in the repression of the expressiormthelial markers and activation of the expressit
mesenchymal markers.MAD2/3-dependent signaling oabe inhibited by MAD 6/7 and Smurf. TG-B
mediated activation of the Rho family induces ckédstal changes, while RhoA inhibition via Par6 &murf
leads to the disruptioof the tight junctions. TGB-further induces the Erk MAPK pathway and actis PI3K
signaling leading to the activation of Akt and mTC and to increasenuclearp-catenin ancSNAIL levels
through Aktdependent inhibition of GS-3p.
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Alongside SMAD-dependent signaling, T@Hs also potent as an activator of non-SMAD
pathways, such as signaling through Rho GTPases (RRaé and Cdc42) to regulate the
actin cytoskeleton (Ridley, 2011). Moreover, ubioyitation of RhoA via TGHRI-
dependent phosphorylation of Par6 and activatioBrofirfl induces proteasomal degradation
of RhoA and disruption of the tight junctions (Ozdanet al., 2005). Since TGFfeceptors
were shown to have a low Tyr phosphorylation attiviext to their Ser/Thr phosphorylation
activity, they can also directly activate the PIBKt and MAPK pathways. TGB-mediated
activation of the PI3K-Akt pathway during EMT leatts an increase in cell size, protein
synthesis, motility and invasion mediated throughQR signaling (Lamouille et al., 2012).
Activation of ERK/MAPK signaling cascades have bsbown to contribute to a decreased
E-cadherin expression and increased expressidbrohectin and vimentin (Xie et al., 2004,
Yu et al., 2002).

1.3.2 TGF-B-independent signaling

In addition to TGH3-dependent signaling, EMT can be induced by a nurobether growth
factors, including epidermal growth factor (EGHRpréblast growth factor (FGF), platelet-
derived growth factor (PDGF) and insulin growthtéaqIGF). All of them stimulate receptor
tyrosine kinases (RTKSs) that activate signaling watys mediated by PI3K-Akt, Src and Ras
and induce expression of the EMT-TFs (Lemmon andeSsinger, 2010, Lamouille et al.,
2014). Inhibition of GSKB during Wnt signaling contributes to an increasdiAR. stability
and promotes nuclear accumulation fa€atenin, which activates the transcription factor
LEF1 and induces the expression of SNAI1, SNAI2,I$Wand other EMT-related genes
(Yook et al., 2006, Fodde and Brabletz, 2007). MeeeoNotch signaling has been shown to
activate SNAI1 expression directly and indirecthraugh induction of hypoxia-inducible
factor Jn (HIF-1a) as well as through crosstalk with Wnt, ERK and ®B-signaling (Miele

et al., 2006, Sahlgren et al., 2008). Eventuallgdéehog signaling induces the expression of
EMT-related genes through activation of Gli transtoon factors (Li et al., 2006).

1.4 EMT targeting therapeutics

Due to the prominent role of EMT in the developmehtcancer metastases, the dynamic
transition process and its related marker protanesof particular therapeutic interest (Davis
et al., 2014). Moreover, EMT has been associatél tlie acquisition of therapy resistance,
regarding radiation, chemotherapy and small moétalgeted therapies. For example,
resistance to gefitinib and ertolinib in non-smhlhg cancer cells, or resistance to 5-

fluorouracil in breast cancer cells correlates Wi acquisition of a mesenchymal phenotype
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(Yauch et al., 2005, Zhang et al., 2012). In theettjpment of EMT-targeting pharmaceutics
different strategies address (i) the inhibitioregfrinsic signals (e.g. TGE-EGF) or intrinsic
signals (signaling pathway components, e.g. BRI (ii) the MET process or (iii) direct
targeting of mesenchymal EMT markers (e.g. vimen8NAI1) (Davis et al., 2014). The
majority of EMT-interfering compounds that are @ntly investigated in clinical trials, focus
on classic drug targets, including receptors, eregyand transporter proteins (Rask-Andersen
et al.,, 2011). One example is the small moleculd aalective inhibitor of TGPBRI,
LY2157299, which is currently tested in a number pdfase I-IV clinical trials for its
application in hepatocarcinoma, pancreatic caneémaalignant glioma (Kothari et al., 2014,
Pasquier et al., 2015).

Few compounds have been identified to directlygamgesenchymal EMT biomarkers. N-
cadherin can be blocked by a specific peptide (tbAl@H-1) to prevent tumor progression
in pancreatic cancer mice models and has beenssddtdy a neutralizing antibody to treat
myeloma (Shintani et al., 2008, Sadler et al., 201Gertain dietary and herbal
chemopreventive agents, such as resveratrol, 23kydinnamaldehyde and curcumin are
discussed to inhibit EMT via SNAI1-dependent meddrais (Wang et al., 2013a, Ismail et
al.,, 2013, Huang et al., 2013). The role of vimemti EMT and tumor progression turns it
into an attractive target for cancer therapy (8aded Li, 2011). Direct targeting of vimentin
by Withaferin A (WFA) has been shown to reduced durgrowth and metastatic spread
breast cancer in mice models through inhibitio®EMT (Bargagna-Mohan et al., 2007, Yang
et al.,, 2013). Moreover, other compounds such ldgsnén or arylquins negatively regulate
vimentin resulting in reduced migration and invasigss or induction of apoptosis in cancer
cells (Wu et al., 2009a, Burikhanov et al., 2014).

Currently, most primary screening technologies fdviTEargeting drug discovery at
academic institutions rely on cell-based assaysiaddde assay readouts that are mainly
based on fluorescence intensity, glow luminescearel high-content imaging (Comley,
2014, Gupta et al., 2009, Aref et al., 2013). Thgreantibody-mediated techniques serve as
powerful tools to detect prognostic biomarkers, hhey are restricted to endpoints
experiments and provide no information about dymaprocesses. For real-time analyses,
ectopic expression of fluorescently labeled EMT kees has been employed (Suzuki et al.,
2009, Zhou et al., 2004, Chang et al., 2009, Kajital., 2014). However, ectopic expression
of the mesenchymal markers SNAIL1 and vimentin ¢féetl shape, motility and invasion or
even induces EMT and therefore does not reflectisteibution and dynamic organization of
endogenous proteins (Peinado et al., 2004, Morerem®et al., 2009, Mendez et al., 2010).
12
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Based on the importance of EMT markers as progntetiors and molecular targets for anti-
metastatic cancer therapy, there is an ongoing deérfa novel strategies to study EMT and

its related biomarkers on endogenous levels adgsgase-relevant models.

1.5 Intracellular affinity reagents (Intrabodies)

Intracellular affinity reagents have been establistio overcome distinct limitations of
conventional techniques to investigate spatial @miporal dynamics of cellular structures.
Antibodies are valuable tools for innumerable aggilons, including Western blot, ELISA,
mass spectrometry, immunofluorescence etc. Howeltsr,to their large size and improper
folding in the reducing environment of the cytophasantibody-based detection of
endogenous proteins is restricted to fixed and pehiized samples and does not allow
tracing of dynamic processes in living cells. Fegwent fusion proteins are widely used for
live cell imaging of dynamic protein localizatiobut e.g. posttranslational modifications
remain invisible and fusion of large protein tagsluding eGFP or mCherry to N- or C-
termini can lead to protein mislocalization (Stadd¢ al., 2013). During the last decades a
number of recombinant antibody-derived formats &dl ws non-antibody structures have
been developed, which combine the advantages ifoaits and fluorescent fusion proteins
and provide new opportunities to track and manieulatracellular target structures (Kaiser et
al., 2014, Helma et al., 2015).

1.5.1 Non-immunoglobulin scaffolds

Recombinant binding reagents, based on the tentlaidooh type Il fibronectin (also referred
to as monobody), have been described to functipraltiress intracellular targets, since the
fibronectin structure does not depend on intramdécdisulfide bonds (Koide et al., 1998,
Gross et al., 2013). Anticalins, derived from lipbes, are considered to be well suited for
targeting of small molecules and conformationatag@sin vitro as well as in living cells
(Eggenstein et al., 2014, Terwisscha van Schelwgd., 2014). The designed ankyrin repeat
proteins (DARPIns) are the most prominent exampleséecalled repeat proteins. Containing
neither disulfide bridges nor free cysteines, DARRiave been shown to modulate particular
enzymes in living cells (Kummer et al., 2012, Phhck, 2015). In addition to protein
scaffolds, small peptides such as lifeact (17 an@owmls), derived from the actin-binding
protein (Abp 140), are available for live cell vadzation (Riedl et al., 2008, Ried! et al.,
2010). Finally, aptamers, consisting of sSDNA or RiWére found to specifically recognize
target molecules and serve as intracellular affirlagents (Kunz et al., 2006, Meyer et al.,
2011).

13
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Non Ig-Scaffolds Ig-Scaffolds
natural protein scaffolds peptides conventional IgG1 hcAb
(monobody, anticalin etc.) (19G2, IgG3)
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Figure 1.4: Schematic overview of intrabody formatsintracellular binding reagents such as monoboalnes
anticalins are derived from naturally occurring fismmunoglobulin structures (Non-lg scaffolds). Mover,
peptides, designed ankyrin repeat proteins (DARPamsl DNA or RNA aptamers serve as intrabodies. The
most commonly IgG-derived intrabody format (Ig-Soklfs) is the scFv, consisting of a variable heawng light
chain (My and \{), connected by a peptide linker. In some caseglesify or V. domains are applied as
intrabodies. The yYH domain (nanobody) is derived from camelid heakgia-only antibodies (hcAbs). For

fluorescence imaging, the;¥A domain can be fused to fluorescent proteins ltiaguin chromobodies.

1.5.2 Immunoglobulin G scaffolds

The Immunoglobulin G (IgG) is the antibody formabsh commonly used in research and
consists of two heavy chains and two light cha@@sh comprising a variable domainy(ar

V. respectively). Antigen binding is mediated by somplementary determining regions
(CDRs), three of which are located in the ¥nd three in the Vv domain (Davies and
Metzger, 1983). For intracellular applications,gé&nchain variable fragments (scFvs, ~25
kDa) have been generated by directly connecting/thand \{ domain via a flexible peptide
linker, typically comprising (GlySer}., repeats (Bird et al., 1988, Toleikis et al., 2004).
However, due to hydrophobic residues on the sudhadg;s and \(s, intracellular expression
of these constructs often results in reduced skybimproper folding and aggregation
(Biocca et al., 1990, Cattaneo and Biocca, 1999). Mecently, individual studies described
modified and fluorescently labeled scFvs for liedl anaging e. g. ofi-tubulin (Cassimeris et
al., 2013), to trace posttranslational modificasioot histones in living cells (Sato et al.,
2013a) or for super resolution microscopy (Szenti@yi et al., 2008, Yates et al., 2013). In
addition, few examples of singles\or V. domains derived from IgGs have been applied as
intrabodies (Colby et al., 2004, Sato et al., 2013a)
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1.6 Nanobodies

Currently, the smallest antigen binding reagentsthasn immunoglobulin fold are single
domain antibodies (sdAbs, also referred as nanebhdiderived from heavy-chain-only
antibodies (hcAbs) dfamelidae (reviewed in Muyldermans, 2013).

1.6.1 Derivation and structure of nanobodies

In addition to the conventional IgG1 (~ 150 kDa)the serum of camelidd/icugna pacos,
Camelus bactrianus, Camelus dromedarus and Llama glama) heavy-chain-only antibodies
(hcAbs, 1gG2 and 1gG3, ~ 90 kDa) were discoveredniidrs-Casterman et al., 1993). Other
naturally occurring antibodies devoid of light amaiwere found in cartilaginous fish,
including nurse shark3inglymostoma cirratum), wobbegong and spotted ratfigty(rolagus
colliel) and are called immunoglobulin new antigen reaep{tgNARs) (Greenberg et al.,
1995, Rast et al., 1998, Nuttall et al., 2001). heabnsist of two identical heavy chains that,
unlike heavy chains of conventional IgG1ls, composé/ two constant domains (€ and
Cu3, but no ¢1), a hinge region and a variable domainKy. Notably, the hinge region of
IgG2 is longer than the one of the IgG3 isotype ¢Wen et al., 1999). Loss of theyC
domain appears through a G-to-A point mutation firatvokes the elimination of theyC
region by splicing (Nguyen et al., 1999). Consedyenhis prevents interaction with the
constant region of the light chain (Cmediated by G1 in IgG1 (Davies and Metzger, 1983).

Devoid of light chains, antigen binding of hcAbs nwediated by the yH domain only,

resulting in a number of characteristic adaptati@mh Vy and \yH domains consist of four

conserved framework regions (FR1-FR4) linked by thmggervariable CDRs and stabilized
by a canonical disulfide bridge between FR1 and FB®%sZ3-Cys94) and a conserved
Trpl03 in FR4 (Muyldermans et al., 1994, Desmyterlet 1996). However, in FR2 the
highly conserved hydrophobic residues at the postival37, Gly44, Leu45 and Trp47 of the
Vy domain are substituted by the more hydrophilicdess Phe/Tyr37, Glu/GIn44, Arg45
and Gly/Phe/Leu47 in thegd domain (Kabat and Wu, 1991, Vu et al., 1997, Bdetimy et

al., 2008). These changes lead to an increasedofiydicity of the former light chain

interface and a high overall solubility of theyN domain (Conrath et al.,, 2005).
Consequently, heavy chains of sdAbs do not assoevite the chaperone protein BiP
(binding immunoglobulin protein) and escape from émdoplasmic reticulum (Nguyen et al.,
2002). Notwithstanding the reduced combinatoriatediity, hcAbs can compete with
conventional IgGs regarding their affinities. Tmay be explained by somatic diversification

mechanisms, including hypermutations of single eoftles, oligonucleotide insertions and
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deletions, and gene replaceme(Nguyen et al., 20(, Conrath et al., 2003). &hy but not a
VuH domainsexhibitan elongated CDR3 thabmpensates the loss of three CDRs of the
chain. Thisextended loop is often stabilized by an additiahiaulfide kridge between CDR
and CDR1 fuyldermancset al., 1994Desmyter et al., 19¢9). Commonly, \{H paratopeare
thought to formconvex structures tt bind tocavities like e.g. active sites of enzyn (De
Genst et al.,, 2006Jobling et al., 2003)However,some studies have alstescribed WH
domainsrecognizing small peptid (Klooster et al., 20(, Traenkle et al., 2015).

FR1 CDR1 FR2 CDR2

FR3 CDR3 FR4

Cys23m

Phe/Tyr 37 =
Glu/GIn 44

Arg 45
Gly/Phe/Leu 47 =
Cys93m
Trp103

Figure 1.5: VyH structure. The WH domain consists of fouframe work regions (FRER4) and thre:
complementary determining regions (CL-CDR3) that are responsible for antigen bindiHighly conservec
residues in the framework regions are Cys23 in ERit forms a dulfide bridge with Cys93 in FR3, ar
Trp103 in FR4. The characteristic hallmark residPhe/Tyr37, Glu/GIn44, Arg45 and Gly/Phe/Le in FR2
provide increased hydrophilicity and oall solubility of the molecul (modified from Muyldermans, 201.

1.6.2 Nanobody applications inresearch

Without neglecting the emerging role of nanobodfes therapeuticand diagnosti
approachesnanobodies are attractivtools for various applications in biochemical and ¢
biological researc (reviewed inDe Meyer et al., 20]). Most important technologil
advantages includineir small size (~ 13 45 kD¢, ~ 2 x 4 nm) and thhigh solubility anc
stability regarding salt, temperature and pH cooilé (Barthelemy et al., 200&othbauer €
al., 2008) Moreover,nanobodies comprise onbne single domain that can leasilycloned
and efficientlyexpressed in bactel as well as in rammalian cell system$i@rmsen and D
Haard, 2007)Finally, specific nanobodiewith comparable affinities to sc constructscan
be readily selected using common screening techres, such as phage disp (Arbabi
Ghahroudi et al., 19¢, Harmsen and De Haard, 2(, Pardon et al., 2014).

Nanobodieshave bee immobilized on numerous kinds of matrices, inclggdiacarose,

magnetic particles, and mi-well plates.Due to the efficient production at low costs
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their good regeneration capacity, they are higkthaetive for immunoaffinity purification of
endogenous proteins (Klooster et al., 2007). Nadphmediated precipitation of ectopically
expressed or endogenous targets has been perfoonsetilyze protein-protein interactions
(Rothbauer et al., 2008, Traenkle et al., 2015)wvel as interactions between proteins and
DNA by chromatin immunoprecipitation (ChIP) (NguyBuic et al., 2013). For sensitive
detection of target proteins in complex samplesobady-based sandwich immunoassays
have been developed (Zhu et al., 2014). Due to 8mwaller size compared to conventional
antibodies, a closer spatial proximity of the flophore and the target structure can be
achieved by immunostaining with fluorescently laskhanobodies, which has been exploited
for super resolution microscopy (Ries et al., 20Myreover nanobodies have been applied
to facilitate structural analyses by x-ray crystgitbphy, since they can stabilize
crystallization of membrane proteins or large proteomplexes (Rasmussen et al., 2011,
Abskharon et al., 2014, Pardon et al., 2014).

Most importantly nanobodies are well suited to matiu and trace intracellular target
structures within living cells. Intramolecular disde bridges are not necessarily required for
correct nanobody folding, allowing efficient expses of functional nanobodies even in the
reducing environment of the cytoplasm. Intracel@gpressed nanobodies (intrabodies) have
been applied to affect enzyme activity (Lauwerdyale 1998, Jobling et al., 2003), to induce
conformational changes (Kirchhofer et al., 201@),tligger targeted protein degradation
(Caussinus et al., 2012), to manipulate genes iivichaal cells (Tang et al., 2013), and to
trace endogenous protein localization in livinglsehnd whole organisms as so-called
chromobodies (Rothbauer et al., 2006, Burgess,e2@12, Helma et al., 2012a, Panza et al.,
2015, Traenkle et al.,, 2015). Chromobodies are atinfesion proteins consisting of a
nanobody moiety and a fluorescent protein e.ggteen fluorescent protein (GFP) (Chalfie et
al., 1994, Tsien, 1998). The first described andtnppominent chromobody example is the
red fluorescent GFP-chromobody that has been shown-localize with and trace dynamic
changes of GFP-labeled proteins, independentlgettibcellular compartment (Rothbauer et
al., 2006, Schornack et al., 2009). Other chrom@soHave been developed to visualize the
nuclear lamina and monitor apoptosis (lamin-chrooay, to follow the progression of the
cell cycle (PCNA-chromobody) or to address non-eedogs targets such as morphogenesis
of HIV (Zolghadr et al.,, 2012, Burgess et al., 20HeIlma et al., 2012b). Recently, a
chromobody specific for the Wnt signaling compongitatenin has been applied for high
content imaging (Traenkle et al., 2015).
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1.7 Aims and objectives

The reversible cellular reprogramming process epahmesenchymal transition (EMT)
plays an emerging role for the development of nawti-metastatic therapeutics. Hence, there
is ongoing need for novel techniques to study EMW ats related biomarkers at an
endogenous level in disease-relevant models. Orencp the drawbacks of conventional
antibodies and expression of ectopic fusion pretethe chromobody technology allows
tracking of endogenous biomarkers in living celghout affection cell viability and function

of the target protein.

The aim of this work was, to develop chromobodyedasellular models, to monitor and
guantify dynamic changes during the process of EdThigh content imaging, thereby
providing the basis for novel screening approadbeglentify EMT affecting compounds.
This requires the selection of camelid-derived leirdpmain antibodies (nhanobodies) against
significant EMT markers followed by detailed bioahieal and cell biological
characterization of nanobodies and chromobodies, the development of a reliable

phenotypic readout for high-content imaging.
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2 MATERIAL AND METHODS

2.1 Material

2.1.1 Chemicals and solutions

chemical / solution manufacturer

10x RIPA Buffer

10x T4 DNA-Ligase Reaction Buffer
2-Propanol

2x YT Medium (2xYT)
3,3',5,5-Tetramethylbenzidin (TMB)
5x Phusion HF- Buffer

6x DNA Loading Dye

Acetic Acid, 99-100%

Acetone

Acrylamide Bisacrylamide

Agarose, molecular biology grade
Ammoniumperoxodisulfat (APS)
Ampicillin

ATTO dye (NHS Ester)

Blasticidin

B—-Mercaptoethanol

BSA

Color Silver Stain Kit

Coomassie Brilliant Blue G250, R250
DAPI (4,6-diamiddino-2-phenylindole)
Di-sodium hydrogen phsophat
DMEM, high glucose, with phenolred
DMEM/HAMs F12

DMS0O>99 %

DNAse |

dNTP Solution Mix

EDTA

Estradiol

Ethanol, absolut

Ethanol, denatured
Ethidiumbromid-Solution (0,025 %)
Fetal Bovine Serum

Formaldehyde (37%)

G418

GeneRuler 1 kb plus DNA Ladder
Gentamycin (50 mg/ml)

Glucose D(+)

Glycine

Hoechst 33342 Solution
Hydrochloric acid 37%

Hydrogen Peroxide

Hygromycin

Hyperphage (M13K0&plll)

ChromoTek, Martinsried, Germany
New England Blmda
Carl Roth GmbH & Co. KG, Karlsruhe, Gany
Carl Roth GmbH & Co. KG, Karlgne, Germany
Carl Roth Gml&ICo. KG, Karlsruhe, Germany
New England Biolabs GmbH,rikfart, Germany
Thermo Scientific GmbH, SchweBermany
Carl Roth GmbH & Co. KG, Karlbke, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KGasruhe, Germany
Serva Electropdisr@mbH, Heidelberg, Germany
Carl Roth GmbH & Co Kiarlsruhe
AppliChem GmbH, Darmstadt, Germany
ATTO-TEC GmbH, Siegen, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, @Gany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie Gmbh, Munich, Germany
Thermo Scientific GmbH, Sobste, Germany
Serva Electoyphis GmbH, Heidelberg, Germany
Roche DiagnestGmbH, Mannheim, Germany
Merck KgaA, Darmst&atrmany
Life Technolagi®mbH, Darmstadt, Germany
Life Technologies GmbH, Darmstadt,r@any
Sigma-Aldrich Chemie Gmbh, Munich, Germany
AppliChem GmbH, Darmstadt, Germany
New England Biolabs GmbH, FrankfiGermany
AppliChem GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie Gmbh, Munich, Germany
Sigma-Aldrich Chemie GmbH, Muni@grmany
Carl Roth GmbH & Co. KG, KafteuGermany
Carl Roth GmbHX%. KG, Karlsruhe, Germany
Life Technologies GmbH, Darnist@érmany
Sigma-Aldrich Chemie GmbH, ManiGermany
Life Technologies GmbH, Darmstadt, Germany
Thermo Scientificlikin Schwerte, Germany
PAA Laboratories GmbH, PasghAustria
Carl Roth GmbH & Co. KG, Karlsruher@any
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Life Technologies GmbH, Dstedt, Germany
AppliChem GmbH, Darmstadtyi@Gany
Fluka Chemie AG, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Gexmy
Progen Biotechnik GmbH, Heidelberg, Germany
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Imidazol

Insulin
Isopropyl-beta-D-thiogalaktopyranosid (IPTG)
Kanamycin

L-glutamine

Lipofectamin 2000

Lipofectamin LTX

Luria Broth (LB) Medium

Lysozyme

Magnesium chloride

Methanol, min. 99 %

Midiprep System PureYield Plasmid
Milkpowder, Blotting Grade

NEB- Buffer 1-4

NHS-activated SepharoseTM 4 Fast Flow
NucleoSpin Gel and PCR Clean-up Kit
NucleoSpin Plasmid Kit

NP-40

PageRuler™ Prestained Protein Ladder Plus
Penicillin Streptomycin
Phenylmethanesulfonylfluoride (PMSF)
Phosphate Buffered Saline (PBS), 1x
Phusion™ High-Fidelity DNA Polymerase
Pierce protein free blocking buffer
Polyacrylamide mix 30%
Polyethyleneimine

Ponceau S

Potassium chloride

Protease Inhibitor Mix M

Resazurin (alamarBlue®)
Restrictionenzymes

RNase A (10 mg/ml)

Roti Phenol

Roti Phenol/Chloroform/Isoamylalcohol
Rubidium chloride

Select Agar

Sodium bicarbonate

Sodium carbonate

Sodium chloride

Sodium dodecy! sulfate (SDS)

Sulfuric acid, 96 %

T4 Ligation Kit

TEMED

TGF$1

Tris (trisaminomethane)

Triton X-100

Trypsin/EDTA (1:250)

Tween 20

Withaferin A (WFA)
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Sigma-Aldrich Chemie GmbH, Munich, Germany
Sigma-Aldrich Chemie Gmbh, Munich, Germany
Diagb®mbH, Minster, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Genya
Sigma-Aldrich Chemie Gmbh, Munich, Gany
Life Technologies GmbH, Darmst&krmany
Life Technologies GmbH, Darmsta@ermany
Carl Roth GmbH & Co. KG, Karuhe, Germany
AppliChem GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie Gmbh, MbtiniGermany
Carl Roth GmbH & Co. KG, Kauke, Germany
Promega GmbH, hhaim, Germny
Carl Roth GmbH & Co. K&arlsruhe, Germany
New England Biolabs GmbH, Frankf@ermany
GE Health¢dppsala, Sweden
Macherey-NaQéren Germany
Macherey-Nagel, Diren Gernmnan
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Ferm@&ntdH, St.Leon-Rot, Germany
Life Technologies GmbH, Bestadt, Germany
SERVA Elechropesis GmbH, Heidelberg, Germany
Sigma-Aldritiei@ie GmbH, Munich, Germany
New Englandl&bs GmbH, Frankfurt, Germany
Thermo ScigéatidmbH, Schwerte, Germany
Carl Roth GmbH & Co. KG, Isauhe, Germany
Sigma-Aldrich Chemie GmbH, MuniGermany
Sigma-Aldrich Chemie Gmbh, Munich, Germany
Sigma-Aldrich Chemie Gmbh, Mbnigermany
SERVA Electrophoresis Gmihteidelberg, Germany
AbD Serotec, Puchheim, @agm
New England Biolabs GmbH, FrartkGermany
AppliChem GmbH, Darmstadt, Garyna
Carl Roth GmbH & Co. KG, Karlsruhe, any
Carl Roth Gth& Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, KarlsgylGermany
Invitrogen GmbH, Karlsruhe, Germany
Sigma-Aldrich Chemie Gmbh, Sisim, Germany
Sigma-Aldrich Chemie Gmbh, Stémh&ermany
Carl Roth GmbH & Co. KG, KarlsrulBermany
Carl Roth GmbH & C&,Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Katlee, Germany
New England Biolabs GmbH, Frankfu@ermany
Carl Roth GmbH & Co.KG, Karlsruhe, Germany
Peprotec Inc., Hamburg, Germany
Carl Roth GmbH & Co. KGrlseuhe, Germany
Carl Roth GmbH & Co.KG, Karlsruhe, @eny
PAA Laboratories GmbH, Colligermany
Carl Roth GmbH & Co.KG, Karlsruhe, Germany
Merck Millipore, Darmstadt, Geany



2.1.2 Devices

device

AKTA FPLC system UPC 900
Autoklave VX-95

Cell Observer SD

Centrifuge 5415R

Centrifuge 5424

Centrifuge 5810R

Centrifuge Megafuge 1.0R
Centrifuge Universal 2S

Confocal lasser scanning microscope LSM510

CO,-Incubator CB150
Elektrophoresis Chamber
Envision 2102 Multilabel Reader
GFL water bath 1002

GFL water bath 1083

MATERIAL AND METHODS

manufacturer
GE Healthcare, Uppsaleedam
Systec GmbH, Wettenberg, Germany
Zeiss AG, Oberkochen, Germny
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Heraeus Instruments, HaBatmany
Hettich GmbH & Co KG, Tinglen, Germany
Zeiss@laerkochen, Germny
Binder GmbH, Tuttlingen, Germany
Bio-Rad Laboratories Grmthchen, Germany
PerkinElmer, Roddgaarmany
GFL, Burgwedel, Germany
GFL, Burgwedel, Germany

High-content microscope MetaXpressXL system Molacdevices, Biberach, Germany

Incubator shaker C25

INTAS UV documentation system
Light microscope TMS-F

Magnet stirrer RCTbasic
Microscope Axiovert 200M
Microscope Olympus CKX 41
Multipipet plus

Mupid One electrophoresis unit
Neubauer chamber

Overhead rotator

PCR device Primus 96 plus

pH meter

PHERAstar plate reader
Photometer

Pipet HandyStep

Pipets 10 pl, 20 pl, 100 pl, 200 pl, 1000 pl
Pipettboy

Pipette, 8-Kanal, 0,5 pl - 10 pl
Plate-Incubator

Power supply gel elektrophoresis MP-300V
PowerPac Basic Power Supply
Scale AE160

Scale BP 3100S

Scale CPA225D-0CE

Scale XS205 DualRange
Semi-Dry transfer cell

Sonifier Sonopuls HD60/UW60
Spectrometer NanoDrop 2000
Steril hood

Thermomixer comfort

New Brunswick Scientific, Nigen, Germany
INTAS, Goettingenyi@any
Nikon, Duesseldorf, Germany
IKA-Werke GmbH, Staufenyi@any
Zeiss AG, Oberkochen, Geym
Olympus, Hamburg, Germny
Eppendorf AG, Hamburg, Germany
NIPPON Genetics EBPER@mbH, Dueren, Germany
Brand, Wertheim, Germany
Bachofer, Reutlingen, Germany
MWG Biotech AG, Ebersh&ermany
Mettler-Toledo GmbH, Giessen, Germany
BMG Labtech, Offenburg, Garyn
Eppendorf AG, Hamburg, Germany
Brand GmbH & Co KG, Wertheim, Garyna
Br&mbH & Co KG, Wertheim, Germany
Integra BioSciences, Fernwald, Germany
Eppendorf AG, Hamgy Germany
Heraeus Instruments, Hanau, Germany
Major 8ces USA
Bio-Rad Laboratorie®i@nviiinchen, Germany
Mettler-Toledo GmbH, Giessen, Germany
Sartorius AG, Géttingen, Germany
Sartorius AG, Gottingen, germany
Mettler-Toledo GmbH, GiesGammany
Bio-Rad Laboratories GmbHjridhen, Germany
Bandelin, Berlin, Genya
Thermo Scientific, Sctav&ermany
BDK GmbH, Sonnenbihl-Genkingen, Germany
Eppendorf AG, Hamburg, Germany
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Typhoon Trio Scanner GE Healthcare, Uppsala, Sweden
Vortex Genie 2 Scientific Industries, Karlsruhe r@any

2.1.3 Consumables

consumable manufacturer

pClear 96-well microplate Greiner Bio-One, Frickanken, Germany
u-slide, 8-well, uncoated Ibidi GmbH, Martinsrigslermany

96 well assay block Thermo Scientific GmbH, Schee@ermany
Amersham Protan 0,45 pm Nitrocellulose GE Healhcdppsala, Sweden

Amicon® Ultra Centrifugal Filter Devices Millipor8.A.S., Molsheim, France

Assay Block, 96-well, 2 ml Schubert & Weiss, Muni&@ermany

Blotting Paper Grad 703 Bio-Rad Laboratories Gmigldnich, Germany
Cell Culture Flasks T-25, T-75, T-125 Corning GmiWigsbaden, Germany

Cell Culture Plates, p100 Corning GmbH, Wiesba@srmany
Cryotubes, 1,8 ml Greiner Bio-One, Frickenhausesrn@ny
Desalting Column PD-10 GE Healthcare, Uppsala, gwed

Falcon Tubes (15 and 50 ml) Sarstedt AG & Co., Nigulit, Germany
Falcon-Tubes 15ml und 50mi Greiner Bio-One, Fridlarsen, Germany
Filtorpur S 0.45 Sarstedt AG & Co., Nimbrecht, Ganm
Filtropur S 0.2 Sarstedt AG & Co., Niumbrecht, Gemgna
GFP-multiTrap, GFP-Trap, RFP-Trap ChromoTek Gmbldrtivisried, Germany
HisTrap™ FF column, 1 ml GE Healthcare, Uppsalag@n

LoBind tubes Eppendorf, Hamurg, Germany

Multiwell plate: 6, 12, 24, 48, 96 well, steril Gong GmbH, Wiesbaden, Germany
NHS-activated Sepharose 4 Fast Flow GE Healththrpsala, Sweden
Nitrocellulose Membrane Bio-Rad Laboratories Gmbtdnich, Germany
PageRuler Plus Prestained Protein Ladder Thernemtiae, Schwerte, Germany
Parafilm Brand GmbH & Co. KG, Wertheim, Germany
PCR-Reaction tube, 200 ul/500 pl Sarstedt AG & Gdmbrecht, Germany
PD-10 desalting column GE Healthcare, Uppsala, $wed

Petridish, 145 x 20 mm Greiner Bio-one, Frickenlea&ermany
Petridish, 92 x 16 mm Sarstedt AG & Co., Nimbre@drmany

pH Indicatorstrips, pH 0-14 Merck KGaA, Darmsta@grmany

Pipettes (2, 5, 10 und 25 ml) Sarstedt AG & Co.miiecht, Germany
Pipettetips (10, 20, 200, 1000, 1250 ul) Starlalb@nHamburg, Germany

Protino® Ni-NTA Agarose Macherey-Nagel, Diren, Gamm

Reaction tube 1,5 ml / 2 ml (steril) Sarstedt AGC&., Nimbrecht, Germany
Superdex 75 10/300 GL GE Healthcare, Uppsala, Swede

syringe (2, 5, 10, 20, 50 ml) B. Braun Melsungen, M&Isungen, Germany
syringe filters (0.22 uM) Carl Roth GmbH & Co. K&arlsruhe, Germany
Tips for repeating pipette Eppendorf AG, Hamburgr@any

Typhoon TRIO GE Healthcare Life Sciences

UV cuvettes Brand GmbH & co KG, Wertheim, Germany

2.1.4 Antibodies
Following primary and secondary antibodies werdiadp
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2.1.4.1 Primary antibodies

antibody (species) manufacturer

anti-GFP 3H9 (rat, mAb) ChromoTek, Munich, Germany

anti-RFP 3F5 (mouse, mAb) ChromoTek, Munich, Gernan

anti-GAPDH (rabbit, pAb) Santa Cruz, Dallas, USA

anti-Hiss; (mouse, mAb) GE Healthcare,Uppsala, Sweden
anti-TagRFP (rabbit, mAb) evrogen, Moscow, Russia

anti-vimentin clone V9 (mouse, mAb) Sigma-Aldrich&nie GmbH, Munich, Germany
anti-occludin (rabbit, pAb) Life Technologies GmbBlarmstadt, Germany
anti-SNAIL, SN9H2 (rat, mAb)) Cell Signaling, NEBrankfurt, Germany
anti-SNAI1, H130 (rabbit, pAb) Santa Cruz, Dallal§A

anti-SNAI1 (rabbit, pAb) Abcam, Cambridge, UK

anti-M13 (mouse, mAb), HRP conjugate GE Healthcdppsala, Sweden

2.1.4.2 Secondary antibodies

antibody (species) manufacturer

anti-mouse (goat) Alexa 488/546/647 conjugates  Tdehnologies GmbH, Darmstadt, Germany
anti-rabbit (goat) Alexa 488/546/647 conjugates ellitchnologies GmbH, Darmstadt, Germany
anti-rat (goat) Alexa 488/546/647 conjugates Liezfnologies GmbH, Darmstadt, Germany

2.1.5 Oligonucleotides
Following oligonucleotides were applied for polyrage chain reactions. All oligonucleotides
were synthesized by Metabion AG (Martinsried, Garya

oligonucleotide  sequence

OCLN-His-fwd 5'-AAG GAT CCA GCC GCC ATG AAC TTT GAGRACA CCT TCA AAA AG-3’

5-AAAAGC TTC TAG TGATGG TGATGG TGATGT GTT TTAGT CTA
TCATAG TCT CC-3’

OCLN-GST-fwd 5-AAG GAT CCA ACT TTG AGA CAC CTT CAAAAA GAG-3
OCLN-GST-rev 5-AAG AAT TCC TAT GTT TTC TGT CTATCATAG TCT CCA-3
SNAI1-His-fwd 5'-AAG GAT CCA GCC GCC ATG CCG CGC TCTTC CTC G-3
SNAI1-His-rev 5-AAG AAT TCT CAG CGG GGA CATCCT G-3

SNAI1-GST-fwd 5-AAG GAT CCC CGC GCT CTT TCC TCG-3

SNAI1-GST-rev 5-AAG GAT CCC CGC GCT CTT TCC TCG-3’

OCLN-His-rev

VIM-His-fwd 5'-AAG GAT CCA GCC GCC ATG TCC ACC AG@CC GTG TC-3

VIM-His-rev 5-AAAAGC TTT TAG TGA TGG TGA TGG TGA TGT TCA AGGICA TCG
TGATGC-3'

VIM-GFP-fwd 5-AAG GGT ACC TCC ACC AGG TCC GTG TC@-

VIM-rod-fwd 5'-AAA GGT ACC AAG AAC ACC CGC ACC AACGAG-3

VIM-tail-fwd 5-AAA GGTACCAGCAGGATTTCTCTGC CLC TTC C-3

VIM-head-rev 5-AAA GGA TCC TCA GAA CTC GGT GTT GATGC-3

VIM-rod-rev 5'-AAG GGATCC TCACTC CTC GCC TTC CAGAG-3

VIM-rev 5-AAG GGATCC TCATTC AAG GTC ATC GTG ATQ&C-3

VIM-mCherry-fwd 5" AAA AGC TTA GGT GGA GGA GGT TCTTCC ACC AGG TCC GTG TC-3’
SNAI1-GFP-fwd 5-AAA AGC TTT AGG TGG AGG AGG TTC TCGCG CTC TTT CCT CG-3
SNAI1l-cherry-fwd  5-AAA AGC TTA GGT GGA GGA GGT TCTCCG CGC TCT TTC CTC G-3
SNAIl-rev 5-AAG GTA CCT CAG CGG GGA CAT CCT GAG A CCG G-3
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OCLN-GFP-fwd
OCLN-cherry-fwd

OCLN-rev
attB-VH-fwd

attB-GFP-rev
VyH-1-fwd
VyH-11-fwd
VyH-Ill-fwd

VyH-I-rev
VyH-lI-rev
VyH-lll-rev
Biv-I-fwd
Biv-I-rev
Biv-1l-fwd

Biv-ll-rev

2.1.6 Vectors

5-AAA AGC TTT AGG TGG AGG AGG TTC TT@ATC CAG GCC TCT TG-3’
5-AAA AGC TTA GGT GGA GGA GGT TCTCA TCC AGG CCT CTT G-3

5-AAG GTACCC TATGTTTTC TGT CTATCATAGQCT CC-3
5-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTG GCC ATGSECT CAG

GTG CAG CTG GTG-3’
5-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT TAC TT@AC AGC

TCG TCC ATG CCG-3'
5-GGG GAG ATC TCC GGC CAT GGC TCA GGT GCA GCT G@&IGA GTC

TGG-3

5-GGG GAG TTC TCC GGC CAT GGC TCA GGT GCA GCT GG@GA GTC
TGG-3

5-GGG GAG ATC TCC GGC CAT GGC TCATGT GCA GCT GG3GA GTC
TGG-3'

5-GGG GGAAGC TTC TTG AGG AGA CGG TGA CCBCA T-3

5-GGG GGA AGC TTC TTG AGG AGA CGG TGA CCBGG-3

5-GGG GGA AGC TTC TGC TGG AGA CGG TGA CCGGG T-3'

5-GGC CCA GCC GGC CAT GGC TC-3

5-CTC CAC CTG AGG AGA CGG TGA CCT GGG-3

5-CGG TGG ATC CGG TGG CGG AGG TAG CGC TCA GGT G@GICT GGT
GGA G-3

5-CAG TGAATT CTATTA GTG ATG GTG ATG 3G-3

Following vector backbones were used for moleccllaming of DNA constructs.

vector manufacturer

pRSETB
pGEX-6P-1
PEGFP-N1
pEGFP-C1
pHENA4
pHENG
pLenti-V5-DEST
pPENTR
pDONR
pHENG6-Biv
pmCherry-C1

Addgene, Cambridge, USA

Addgene, Cambridge, USA

Clontech, Mountain View, USA

Clontech, Mountain View, USA

(Arbabi Ghahroudi et al., 1997)

(Conrath et al., 2001)

Life Technologies GmbH, Darmstader@any

Life Technologies GmbH, Darmstadt, Germany
Life Technologies GmbH, Darmstadt, Germany
provided by ChromoTek-GmbH, Martinsri€skermany
provided by ChromoTek-GmbH, Martinsri@rmany

2.1.7 DNA constructs
Following DNA constructs were generated by molecutéoning, using the indicated

oligonucleotides, vector backbones and restricites.

VIM-His
SNAI1-Hiss
OCLN-Hiss
GST-SNAI1
GST-OCLN
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vector backbone  oligonucleotides restriction sites
pRSET-B VIM-His-fwd/VIM-His-rev BamHI/Hindlll
pRSET-B SNAI1-His-fwd/ SNAI1-His-rev BamHI/Hindlll
pRSET-B OCLN-His-fwd/ OCLN-His-rev BamHI/Hindlll
pGEX-6P-1 SNAI1-GST-fwd/ SNAI1-GST-rev B&ll/EcoRl
pGEX-6P-1 OCLN-GST-fwd/ OCLN-GST-rev BaniBtoRI



all nanobodies

all chromobodies
VB6-VB6

GFP-OCLN
GFP-SNAI1
GFP-VIM
GFP-head
GFP-rod
GFP-tail
mCherry-OCLN
mCherry-SNAI1
mCherry-VIM
pENTR-VB6
pLenti-VB6
pENTR-Actin-CB
pLenti-Actin-CB

pHENG

PEGFP-N1
PHEN6-Biv

pEGFP-C1
pEGFP-C1
pEGFP-C1
pEGFP-C1
pEGFP-C1
pEGFP-C1
pmCherry-C1
pmCherry-C1
pmCherry-C1
PENTR
pLenti-V5-DEST
pPENTR
pLenti-V5-DEST

MATERIAL AND METHODS

direct restriction from pHEN4

q¥A-1-111 fwd/V yH-I-111-rev-

Step 1: Biv-I-fwd/Biv-I-rev

Step2: Biv-lI-fwd/Biv-II-rev
OCLN-GFP-fwd/OCLN-rev
SNAI1-GFP-fwd/SNAI1-GFP-rev
VIM-GFP-fwd/VIM-rev
VIM-GFP-fwd/VIM-head-rev
VIM-rod-fwd/VIM-rod-rev
VIM-tail-fwd/VIM-rev
OCLN-mCherry-fwd/OCLN-rev
SNAI1-mCherry-fwd/SNAI1F8-rev
VIM-mCherry-fwd/VIM-rev
attB-\H-fwd/attB-GFP-rev

attB-\H-fwd/attB-GFP-rev

Sfil/BstEll or
Ncol/BstEll

Bglll/HindllI

Step 1: Ncol/Bsu36
Step 2: BamHI/EcoRlI

Hindlll/Kbn
HihéKpnl
Kpnl/BamHI
Kpnl/Bdm
Kpnl/BamHI
Kpnl/BamHI
HindllI/Kpnl
Hindlll/Kpnl
Hial1I/Kpnl
Gateway cloning
Gateway cloning
Gateway cloning
Gateway cloning

All resulting constructs were sequenced and exmessas tested irk.coli XL1 Blue or

E.coli BL21 for bacterial expression constructs or in HEEP for mammalian expression

constructs and analyzed by Western blot analysis.
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2.2 Methods

2.2.1 Molecular biological methods
2.2.1.1 Polymerase chain reaction

In order to amplify DNA fragments and to introduselective restriction sites, polymerase
chain reaction (PCR) was performed. The reactiorcéfyi contained the template DNA, two
specific oligonucleotides (see section 2.1.5), gaakleotide triphosphates (ANTPs) mix,
reaction buffer and the thermostable DNA Phusionymerase (Table 2.1). PCR
amplification was carried out according to similanograms as shown in Table 2.2 and

repeated in ~30 cycles.

Table 2.1: Typical PCR reaction Table 2.2: TypicaPCR program

temp. _time _cycles
5x HF buffer 10 pl 1x initial denaturation 94°C  30s 1
dNTP mix (10 mM) 1 ul 200 uM/ANTP  4anaturation 94°C 15s
e ew e socs s w
Phusion polymerase 1 pl 0.08 U/ul extension 72°C  20s
template DNA 50 ng 1 ng/pl final extension 72 °C 8min 1
ddH,0 ad 50 pl end 4°C o0

2.2.1.2 Restriction analysis

Digestion of DNA fragments and plasmids was pertxnusing restriction endonucleases
from New England Biolabs following the manufactuseguidelines. For analytical digestion
500 ng — 1 pg DNA were used and 2.5 — 5 ug forgragfve digestion.

2.2.1.3 Agarose gel electrophoresis

DNA samples including PCR fragments and DNA digestimere separated and analyzed by
agarose gel electrophoresis. To this end, 5x DNadilog dye was added to the samples,
which were separated using a 1 % agarose gel iAriscAcetate-EDTA (TEA)-buffer,
containing 0.025 pg/ml ethidium bromide (EtBr). Rarecise sizing of DNA fragments,
GeneRuler 1kb plus DNA ladder (Thermo scientific)swesed. Detection of EtBr-stained
DNA fragments was performed with an Intas UV syst@ntas Science Imaging). For
molecular cloning, DNA fragments were cut from thel and purified by means of the
NucleoSpin Gel and PCR clean-up Kit (Macherey-Nadellowing the manufacturer’s

guidelines. For elution $#D was used instead of the recommended elutionibuffe

2.2.1.4 DNA Ligation
During molecular cloning, ligation of digested amdrified DNA fragments was performed

using the T4 DNA ligase system (New England Biolab®)ereby a molar 1:3 ratio of
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purified vector and insert was deployed (Table .2L3yations were incubated at 16 °C

overnight and subsequently transformed Btooli XL1 blue cells.

Table 2.3: Typical ligation reaction.

amount / volume

10x T4 Ligase buffer 1 pl

T4 Ligase 1ul
vector ~150 ng
insert ~50 ng
ddH,O ad 10 pl

2.2.1.5 Transformation of bacteria

For transformation of bacteria, 250 pl of chemmahpetent. coli XL1 blue cells oiE. cali
BL21 were thawed on ice. Subsequently, ~50-100 agmpid DNA or 5 pl ligation samples
were added and incubated for 30 min on ice. Heatlskvas performed for 45 s at 42 °C
followed by additional incubation on ice for 2 minfter culturing for 1 h at 37 °C in 250 ml
SOC medium, cells were plated on selection agairanubated overnight at 37 °C.

2.2.1.6 Preparation of plasmids

TransformecE. coli XL1 blue cells were cultured overnight at 37 °Giml LB-medium for
plasmid preparation of small DNA amounts and im83Q.B medium for high DNA amounts
in presence of appropriate antibiotics. Preparaticgmall DNA amounts was performed with
the NucleoSpin® Plasmid Kit (Macherey-Nagel), whilggh DNA amounts were isolated
with the Midiprep System PureYield Plasmid Kit (Rrega) following the respective
manufacturer’s protocol. DNA concentration was dateed by measuring the absorbance at

260 nm using a NanoDrop2000 spectrometer (Thermenic).

2.2.1.7 Gateway cloning

Construction of the plasmids pLenti-VB6-CB and pLentiiA-CB was performed using the
Gateway technology system (Life Technologies) atiogr to the manufacturer’'s protocol.
Briefly, chromobody sequences were amplified usimgattB-VyH-fwd and attB-GFP-rev
primers and shuttled into the pDONR vector by a Bfdmgination reaction (Table 2.4) at
room temperature overnight. The reaction was styyeadding 2 ul proteinase K solution
(2 pg/pl) at 37 °C for 10 min. After transformatiorio E. coli XL1 blue and isolation by
plasmid preparation the resulting entry clone wedded to a LR recombination reaction
(Table 2.5) at room temperature overnight, to $hutie chromobody construct into the
pLente-V5/DEST vector. LR reaction was stopped Ipl proteinase K solution (2 pg/ul) at
37 °C for 10 min.
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Table 2.4: BP recombination reaction Table 2.5: LRecombination reaction
attB PCR product 2 ul entry clone 2 ul
pDONR (150 ng/ul) 2 ul pLenti-V5/DEST (150 ng/ul) 2 pl
5 x BP Clonase buffer 4 ul 5 x LR Clonase buffer 4 ul
BP Clonase 4 ul LR Clonase 4 pl
TE buffer, pH 8 ad 16 pl TE buffer, pH 8 ad 16 pl

2.2.2 Biochemical methods
2.2.2.1 Preparation of phage particles
A phage library representing the wholgHl/repertoires of an alpaca, immunized with OCLN-

Hiss, SNAI1-Hiss and VIM-Hiss was used for the preparation of phage particldpada
immunization, cloning of the M library into the pHEN4 vector and transformatanTG1
cells was performed by ChromoTek GmbH (Martinsri@drmany), who kindly provided the
completed TG1 phage library. To produce phage qesti TG1 cells containing the
phagemids were cultured at 37 °C in 2xYT, contairi@@ pg/ml ampicillin and 2 % (w/v)
glucose (2xYT-amp/glu), until reaching a logaritengrowth phase, when the M13K07
helper phage (Progen) was added for infection.rAdtiditional 30 min, cells were harvested
by centrifugation, followed by resuspension of tiedl pellet in 2xYT medium containing 100
pg/ml ampicillin and 25 pg/ml kanamycin (2xYT-amafa) and incubated at 37 °C
overnight. Subsequently, the produced phage peastielkxpressing MH domains on their
surface were harvested from the supernatant bypiteteon with 20 % polyethylene glycol
(PEG) 6000 for 1 h on ice, followed by centrifugati(30 m in, 4000 rpm, 4°C). Finally, the
phage pellet was resuspended in 1 x PBS and stodetiCafor further until further use.

2.2.2.2 Solid phase panning
To enrich phage particles expressingiHv domains specific for occludin, SNAI1 and

vimentin, two consecutive rounds of solid phasenpam were performed. Initially, phage
particles were pre-cleared by incubation with imwitubes, previously blocked with 5 %
(w/v) nonfat dry milk in 1xPBS (5 % MBPS), to remowespecifically binding phages. Pre-
cleared phages were then added to immunotubesdceéte20 pg of purified GST-occludin,
GST-SNAI1 and VIM-Hig. After 2 h incubation at room temperature, wedkhding phages
were removed by washing 10 times with TBST (0.05Weédn 20 in 1 x PBS), while the last
washing step was performed with 1 x PBS. Bound phage® eluted with 100 mM
triethylamine (pH 10) and eluted phages were imatety neutralized with 1 M Tris/HCL
(pH 7.4). These phages were used to re-irflecbli TG1 cells for a second panning round.

Thereafter, re-infected TG1 cells were plated oar guates (2xYT-amp/glu) and enrichment
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of phages carrying antigen specificuNs was determined by comparative analysis of
colonies, containing phagemides, derived from utembaontrol tubes or from tubes, coated

with the respective antigen.

2.2.2.3 Phage-ELISA

Phage ELISA was performed to analyze the bindiregifipities of monoclonal phage clones
resulting from solid phase panning. Phage partidirsved from single TG1 colonies were
prepared in 2 ml cultures in 96-well format. Padfiantigens (GST-OCLN, GST-SNAI1 and
VIM-Hisg) were coated on microtiter plates (10 pg/well) aidcked with 5% MPBS.
Monoclonal phage particles were added and incub&ed2 h at room temperature.
Subsequently, plates were washed 3 times with TESI5(% Tween in tris buffered saline)
and additional 3 times with 1 x PBS. Detection aéafpcally bound phages was performed
using a HRP-conjugated anti-M13 monoclonal antibsl-Healthcare).

2.2.2.4 Protein expression in E.coli

Expression of OCLN-His SNAI1-His;, VIM-Hisg, GST-occludin and GST-SNAI1 was
carried out inE.coli BL21 cells, while XL1 blue cells were used for thepression of
nanobodies. Generally, 2 | cultures were grown at°€ in LB medium containing
appropriate antibiotics and protein expression waBiced at Oy, 0.6-0.8 by adding
0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) overnight at 3G. °IPTG is a
structural analog of lactose that permanently bitod#helacl repressor and allows constant
protein expression of genes controlled byl#tepromoter. The next day, cells were harvested
by centrifugation (5000 x g, 10 min, 4 °C) and psli&ere resuspended in binding buffer (1x
PBS, 0.5 M NaCl, 20 mM imidazol, pH 8 for Hisagged proteins and 1 x PBS for GST-

tagged proteins). If required, resuspended peNetg stored at - 20 °C until further use.

Standard lysis of bacteria was performed in bindndfer containing additional DNasel
(1 pg/ml), phenylmethanesulfonylfluoride (PMSF (rBM), 1 x protein inhibitor mix B
(Serva) and lysozyme (0.1 mg/ml). After 1 h incudratat 4 °C on an end-over end rotor, cell
suspensions were sonicated 10 x 20 pulses. Cellessipg VIM-Hig were lysed under
denaturating conditions (40 mM NaHgO1 % SDS, 300 mM NaCl, 20 mMs-
mercaptoethanol, pH 9.6) for 1 h at 37 °C follovisdsonication (10 x 20 pulses). Finally,
insoluble components were separated by centrifogateO 000 x g, 20 min, 4 °C) and
supernatants were filtered through a 0.45 um fil&upernatants derived from VIM-His

expressing cells were diluted 1:4 previous to pnoperification.
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2.2.2.5 Protein purification

Purification of Hiss-tagged proteins

Hiss-tagged proteins were purified by immobilized metah affinity chromatography
(IMAC) using a Nf*- nitrilotriacetic acid (NTA) matrix and an AKTA pifier FPLC-system
(GE Healthcare). 1 ml HisTrap FF (GE Healthcardumms were equilibrated in binding
buffer (5 column volumes, CV) and the flow rate dgrithe entire purification process was
set to 1 ml/min. For purification of vimentin-Hisin alternative binding puffer (2 x PBS),
0.125 % SDS, 5 mM3-mercaptoethanol, 5 mM imidazole, pH 8.0) was ugddtion was
performed by applying an imidazole gradient (Elnttuffer: 1x PBS, 0.5 M NaCl, 500 mM

imidazol, pH 6.8) and eluted proteins were colldate500 pl fractions.
Purification of GST-tagged proteins

GST-tagged proteins were purified by means of anTAKpurifier FPLC-system (GE

Healthcare), using columns with glutathione-agarasatrix. 1 ml GSTrap FF (GE
Healthcare) columns were equilibrated in 1 x PB8dlimn volumes, CV) and the flow rate
during the entire purification process was set tol/min. Elution was performed by applying
a two-step gradient with elution buffer (50 mM THEI pH 8.0, 10 mM reduced gluthatione)

and eluted proteins were collected in 500 pl foagi

2.2.2.6 Gel filtration and protein desalting

Gel filtration chromatography was performed usimyAKTA purifier FPLC-system and a
Superdex 75 gelfiltration column (GE Healthcard)eTcolumn was equilibrated in 1 x PBS
(2 CV) and the flow rate during the entire purifioatprocess was set to 0.5 ml/min. 2 ml of
the peak fractions resulting from affinity chromgtaphywere applied to the column and
proteins were collected in 500 ul fractions. Dasgliof VIM-Hisg-containing fractions into
PBS was carried out with PD-10 Desalting Columns (B&althcare) according to the

manufacturer’s protocol.

2.2.2.7 Immobilzation of nanobodies on sepharose beads

2 mg of purified nanobodies (2 mg/ml) in 1 x PBS eveoupled to 1 ml NHS-activated
sepharose according to the manufacturer’s protocol.

2.2.2.8 Labeling of nanobodies with organic dyes
Coupling of nanobodies to the NHS-activated orgahye ATTO488 (ATTOTEC) was
performed according to the manufacturer's protoc®lbsequently, unbound dye was

removed by separation with PD-10 Desalting Colunf@& Healthcare) according to the

30



MATERIAL AND METHODS

manufaturer’s protocol. Degree of labeling (DOL) swaletermined by absorption
spectroscopy according the instructions providedAbByOTEC (www. ATTOTEC.com).

2.2.2.9 Mammalian cell lysis
Mammalian cells were washed 3 times with 1 x PBS lmmdested from 10 cm cell culture

dishes by centrifugation (200 g, 5 min, 4 °C). Shagen cell pellets were stored at -20 °C
until further use. For analysis of occludin or vimtia, cell lysis was performed in 2Q0
RIPA buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.1 8DS, 1 % Triton X-100, 1 %
Deoxycholate, 5 mM EDTA, 1 pg/ml DNasel, 2.5 mM Mg mM PMSF, 1x protease
inhibitor mix M (Serva)), while for analysis of SNIAstandard lysis buffer (10 mM Tris/Cl
pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% NP-40) wasdsPellets were homogenized by
repeated pipetting for 40 min (20 x, every 10 nan)ice and incubated for additional 10 min
in a sonication ice bath, if RIPA buffer was useéteAcentrifugation (10 min at 18,000 x Q)
protein concentrations of supernatants were deteuinby BCA Protein Assay (Thermo

Scientific) according to the manufacturer’s protfoco

2.2.2.10 SDS-PAGE and Western blot

Denaturing polyacrylamid gel electrophoresis (SD'S5E) was performed to allow size-
dependent separation of proteins. Samples, contpidi x sample buffer (0.1 % 2-
Mercaptoethanol, 0.0005 % Bromophenol blue, 10 %c&lyl, 2 % SDS in dd}D) were
denaturated at 95 °C for 5 min. Separation usingo&&d electrophoresis system was applied
at 150 — 200 V in running buffer (25 mM Tris/HCI92,M glycine in ddHO) . Gels were
prepared according to Table 2.6 and 2.7.

Table 2.6: Separation gel components Table 2.7: Stng gel components
Acrylamide 8-15 % (w/v) Acrylamide 5 % (wiv)
Bisacrylamide 0.08-0.3 % (w/v) Bisacrylamide 0.33 % (wiv)
Tris/HCI pH 8.8 375 mM Tris/HCI pH 6.8 60 mM
SDS 0.1% SDS 0.1%

APS 0.05 % (w/v) APS 0.05% (w/v)
TEMED 0.1 % (v/v) TEMED 0.1% (VIV)

Separated proteins were either stained with Coom&diiant Blue or transferred from the

SDS-gel to a nitrocellulose membrane by Westertiibfp

For Coomassie staining, Coomassie solution (0.3 % @esie Blue R 250, 50 % methanol,

10 % acetic acid in ddiD) was added for 30 min followed by removal of essiee dye with
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destaining solution 1 (50 % ethanol, 10 % acetid actH,O) for 1 h and destaining solution

2 (10 % ethanol, 5 % acetic acid) overnight.

During Western blotting proteins were transferresbnf SDS-gels to nitrocellulose
membranes by semi-dry blotting system (BioRad) ab 1M per gel for 1.5 - 2 h.
Subsequently, total protein on membranes was stagmeersibly with Ponceau S solution (0.5
% Ponceau S, 10 % acetic acid in d@) For specific protein detection membranes were
incubated overnight at 4 °C with primary antibodjese section 2.1.4.1), diluted in MTBST
(5 % nonfat dry milk in TBST (0.05 % Tween in trigftered saline)) or in 5 % bovine serum
albumin (BSA) in TBST according to the manufacturegsidelines. The next day,
membranes were washed 3 times with TBST for 5 miloved by incubation with a
fluorescently labeled secondary antibody (see @e@il1.4.2) diluted in MTBST for 1 h at
room temperature. After additional washing stepx (BBST), membranes were dried and
fluorescent signals were detected on a Typhoon{&ser scanner (GE Healthcare).

2.2.2.11 Immunoprecipitation

Supernatants derived from mammalian cells (seéose2t2.2.9) were adjusted with dilution
buffer (10 mM Tris/Cl pH7.5, 150 mM NaCl, 0.5 mM EDT2 mM PMSF) to 0.5 ml. 10l

(2 %) were removed for later analysis of the infrattion. Precipitation was performed at
4 °C for 16 h on an end-over-end rotor using 30fpdamobodies immobilized on sepharose
beads. As negative control a non-related nanobsplgc{fic for bovine serum albumin) was
used. After centrifugation (2 min, 2500 x g, 4°G3 gupernatant was removed.1@2 %) of
the supernatant was used for later analysis ofidimebound (flow through) fraction. The bead
pellet was washed two times in 0.5 ml dilution leuffresuspended in 2x sample buffer and
boiled for 10 min at 95°C. Finally, 1 % of the inptt% of the non-bound and 10 % of the
bound fractions were analyzed by SDS-PAGE followgdVestern blot analysis as described
in section 2.2.2.10.

2.2.2.12 Intracellular-immunoprecipitation

1 x 10 — 1 x 16 HEK293T cells were transiently transfected withu@gqamounts of
expression vectors encoding for VB3-CB, VB6-CB (vimemtimemobodies) or eGFP.
Transfection efficiency was monitored the next dgyfluorescence microscopy and cells
were harvested 24 h after transfection. Cell pelletse lysed (see section 2.2.2.9) and
chromobodies or eGFP were precipitated using thB-Gfap (ChromoTek) as described in
2.2.2.11.
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2.2.3 Cell culture methods

2.2.3.1 Culturing of mammalian cell lines

All cell culture techniques were carried out underile conditions on a laminar flow hood.
Cryopreserved cells (10 % DMSO in culture mediumjesttawed in a 37°C water bath. Cell
were separated from thawing medium by centrifuga{ibOO x g, 5 min), transferred into
fresh culture medium and grown at 37 °C, 5 %,@@Ad 95 % humidity in T75 or T125
culture flasks. HEK293T, HEK293-FT, HelLa, Huh7, BHKlone 2) and MDCK were
cultured in DMEM (high glucose, pyruvate) supplemegnhwith 10 % fetal bovine serum
(FBS), 200 mM glutamine and antibiotics. HEK293-FTltare medium additionally
contained 500 pg/ml G418 (Sigma Aldrich). A549 gellere cultured in DMEM/F-12 (high
glucose, pyruvate) supplemented with 10 % FBS, 2B80glutamine and antibiotics. MCF7
cells were cultured in DMEM (high glucose, pyruyasepplemented with 2 mM glutamine,
10% fetal bovine serum, antibiotics, 1 uM estradiotl 1 U/ml insulin. A549_VB6-CB cells
were maintained in A549 medium supplemented withu@ml hygromycin (PAA), while
A549 Actin-CB medium contained 4 pg/ml blasticidin {CRoth GmbH). Huh7_Actin-CB
were cultured in Huh7 medium supplemented with Brjkglasticidin. Subconfluently grown
cells were passaged every 2-3 days using trypsinAEDPrimary hepatocytes, provided by
the group of Prof. Andreas Nussler were culturediescribed previously (Schyschka et al.,
2013).

2.2.3.2 Cell seeding and compound treatment

Prior to cell seeding, cells were trypsinized amdinted using a Neubauer chamber. For
biochemical techniques cells were seeded in 10 atture dishes and grown to 95 %

confluence. For microscopical use, between 2@ 8x168 cells were seeded in pClear 96-
well plates (Greiner) and grown for 24 to 72 h. Fame-lapse imaging and high-content
imaging, cells were seeded in antibleaching DMEM-ghedium (evrogen). For FRAP

analyses, 1.5xf@ells were seeded in p-slide 8-well chamber (Jkdid grown overnight.

Compound treatment with 5 ng/ml TGR- (Peprotech) or 50 - 500 nM Withaferin A (WFA,
Merck Millipore) was performed up to 72 h.

2.2.3.3 Transfection
Transient transfection was carried out either Wwigofectamine LTX (Life Technologies) or

polyethyleneimine (PEI, Sigma Aldrich). HeLa, BHKdaikek293T cells were transfected
with PEI working solution (0.4 mg/ml PEI, 300 mM ®llain ddH:0O, pH 7 for Hek293T, pH
10 for HeLa, BHK). DNA-PEI complexes were prepanasing max. 200 ng DNA and 1.5 pl
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PEI in 20 ul DMEM for 96-well format or 24 pg DNAd 180 pl PEI in 600 pl DMEM for
10 cm culture dishes, and incubated for 15 min @nr temperature. Subsequently,
complexes were added to the cells and incubate®4oh at 37 °C, 5 % COand 95 %
humidity.

Transfection of A549 cells was carried out with dffgctamine LTX according to the
manufacturer’s protocol. Briefly, for 96-well forma00 ng DNA, 0.4 pul Lipofectamine LTX
and 0.1 pl PLUS reagent were diluted in 20 pl O (Life Technologies), incubated for

30 min at room temperature and added to the a&ll24 h.

2.2.3.4 Lentiviral transduction
Lentiviral transduction was performed to allow $aimtegration of genes in the genome of

desired cell lines. Lentiviral particles were preggth using the ViraPower lentiviral
expression systems (Life Technologies), accordmghe manufacturer’'s protocol. Briefly,
HEK293-FT cells cultured in T125 flasks were tramaséd with the ViraPower packaging mix
and desired pLenti/V5-DEST plasmids. Supernatactstaining virus particles were
collected 48 h and 72 h after transfection anddtesi cell fragments were removed by
centrifugation (3000 x g, 15 min, 4 °C), followed bitering through 0.45 pm pore size
filters. Subsequently, virus particles were conetl by ultracentrifugation (50 000 x g, 90
min, 4 °C), resuspended in 100 pl of 1 % BSA inRBS and stored at — 80 °C until further

use.

Cells were transduced, by adding 20 pl concentrptee particles (5 x 1Gransducing
units / ml) per well (12 well plate) and incubatied 24 h at 37 °C, 5 % CO2 and 95 %

humidity. Medium was replaced by fresh culture medR4 h after transduction.

2.2.3.5 Generation of stable cell lines

For the generation of stable cell lines, cells wém@nsduced with lentiviral particles

containing pLenti/V5-DEST plasmids coding for chamodies. After transduction, cells

were subjected to a two-week selection period &ppropriate antibiotics (hygromycin or

blasticidin). Single-cell separation in 96-well fga (1 cell / well), as well as cell sorting of
polyclonal cell lines with equal expression levelas performed by fluorescence active cell
sorting (FACS) (conducted by FACS core facility, Usmsity of Tuebingen, Hill campus).

For the selection of monoclonal cell lines and Engones were analyzed microscopically,

regarding the level of chromobody expression.
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2.2.3.6 Resazurin assay
A549 cells were transiently transfected with pladsncoding for VB3-CB, VB6-CB or GFP.

72 h post transfection, cells were incubated withuce medium containing resazurin (Sigma
Aldrich, 10 pg/ml final concentration) for 1 h. Blescence was measured at 570 nm and 600
nm with a PHERAstar plate reader (BMG Labtech). 8miid t-test was performed for

statistical analysis.

2.2.3.7 Wound healing and transwell invasion assay

For wound healing assays, A549-wt or A549 VB6-CB ceMse seeded in 12-well plates
and grown to 90 % confluence. Three scratch woyrstswell were applied with a 200 pl
pipette tip and non-adherent cells were washedetwitth PBS. Fresh medium with or
without 5 ng/ml TGH3 was added and cells were cultured for 48 h. Phasgast images
were taken immediately (0 h), 24 h and 48 h afteanding with a Cell Observer SD (Zeiss),
10 x magnification. Open wound areas were detemininmgh the TScratch automated

analysis software (Geback et al., 2009). For statisticallsis student’s t-test was used.

For invasion assays, polycarbonate membrane trdnswerts (8 UM pre size, 0.33 ém
Corning) for 24-well plates were coated with 0.4 miggrowth factor reduced Matrigel (BD
Biosciences) according to the manufacturer's guiesli A549-wt or A549 VB6-CB cells
were seeded at 5xi@ells per well on Matrigel-coated inserts in FB®ef medium in
presence or absence of T@RnNd 10 % FBS was added to the bottom wells of tlaenbers.
After 24 h and 48 h cells were washed with PBS dfixéth 100 % Methanol for 15 min and
stained with crystal violet (1 % crystal violet, ¥®ethanol in HO) for 30 min. Non-invading
cells were swiped off and phase-contrast image® waken with Cell Observer SD (Zeiss),

10 x magnification. The percentage of invadingelas determined with ImageJ software.

2.2.3.8 Immunocytochemistry

For immunocytochemistry cells cultured in pClear@éi plates were washed twice with 1 x
PBS and fixed with 4 % paraformaldehye (PFA) in RBS for 15 min at room temperature.
Subsequently, cells were washed twice with 1 x PBBkdocked and permeabilized with 3 %
BSA, 0.1 % Triton X-100 in PBS for 30 min. Incubatiovith primary antibodies or
ATTOA488 labeled nanobodies, diluted in 3 % BSA in RS carried out at 4 °C overnight.
After additional washing steps (3 x with 0.02 % Bren PBS, PBST), secondary antibodies
diluted in 3 % BSA in PBS were incubated for 1 haim temperature. Finally, cells were
counterstained with 0.02 pg/ml 4,6-diamidino-2-pfiedole (DAPI, Sigma Aldrich) for 1

min and washed 3 times with PBST. Multiwell platesrgvstored in PBS at 4 °C.
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2.2.3.9 Fluorescent-2-hybrid (F2H) assay
Based on dac operator system, the fluorescent-2-hybrid assay earied out to analyze

intracellular protein interactions as describedZbighadr et al. (Zolghadr et al., 2008). 7%10
BHK (clone2) cells were seeded in puClear 96-well gdaand transfected with plasmids
coding for one bait and one prey protein, label@t two different fluorescent proteins. 24 h-

interactions were analyzed microscopically.

2.2.3.10 Classic microscopy
For initial selection of the chromobodies and foflacalization studies, images were acquired
with an Axiovert 200M(Carl Zeiss Microscopy GmbH) amtD x magnificationn combination

with AxioVision 4.7.1.0 imaging software (Carl Zeigscroscopy GmbH).

Morphological studies of A549 wildtype (A549-wt) a@A549-VB6-CB were performed with
a Cell Observer SDOarl Zeiss Microscopy Gmbki10 x magnification in combination with the
Zen2 blue edition software (Carl Zeiss Microscopylibthn

Images for F2H analyses were acquired with an Iddpgess micro XL system (Molecular
Devices), 20 x magnification in combination with td¥press software (64 bit, 5.1.0.41,

Molecular Devices).

2.2.3.11 Fluorescence recovery after photobleaching (FRAP)
For fluorescence recovery after photobleaching (FR&#periments, HelLa cells cultured in

p-slide 8-well chambers were transiently transféoteth the plasmids coding for eGFP-
vimentin (GFP-VIM), VB3-CB or VB6-CB. FRAP recordings weaverformed with a Zeiss
confocal laser scanning microscope (CLSM 510 Meatajombination with the LSM510 4.0
SP2 software. Images were acquired using a 488 rgonAlaser and 63 x magnification. For
photobleaching the laser was set to 50 % outputl@dd% transmission to bleach a 5 x 5 pm
region of interest for 1.7 s. Confocal imaging sewmere acquired with 1 % laser transmission
and the pinhole opened to 1.5 Airy units. Geneydlyprebleach and 145 postbleach images
were recorded with 294 ms time intervals. Normalirzeean fluorescence intensities were

corrected for background and for total loss of feszence over time. Fluorescence recovery
curves were fitted with Origin 7.5 using an expdrerfunction, given byi(t) = A(l—e"‘t),

wherel(t) is the signal intensity dependent on tirAeis the end value of intensitl,is the

In0.5

time constant. Half-times of recovery were deteediby ¢, ,, = — For statistical analysis

two-tailed Student’s t-test was used.
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2.2.3.12 Time-lapse imaging
For time-lapse series, A549 VB6-CB cells were seededuclear 96-well plates in

antibleaching DMEM-gfp medium and stimulated wittGH (5 ng/ml) for 48 h.
Subsequently, TGB-was removed and cells were cultivated for add#ietb h. Images were
acquired in 3 h time intervals with of an ImageXq&enicro XL system (Molecular Devices),
40 x magnification in combination with the MetaXgsesoftware (64 bit, 5.1.0.41, Molecular

Devices).

2.2.3.13 Image segmentation and analysis

For high content analyses, A549 Actin-CB, Huh7_A@iA and A549 VB6-CB were plated
in uClear 96-wells plates and treated with TEGRnd/or WFA (see section 2.2.3.2). Images
were acquired with an ImageXpress micro XL systemd analyzed by the MetaXpress
software (64 bit, 5.1.0.41, Molecular Devices). Batomated nuclear segmentation, nuclei of
live cells were stained by addition of 2 pg/ml Hest83258 (Sigma Aldrich) to the cell
culture medium. Automated segmentation of vimestirdl actin was carried out using the
MetaXpress Custom Module Editor (CME 5.1) softwarel@dular Devices).

Prior to the segmentation of vimentin, images werressed using a Top Hat filter (size: 30
pixels, shape: circle). Subsequently, a modifiesioam of the “find fibers” tool was applied,
based on the fluorescence of VB6-CB to segment vimdiiters including identification of
single segments and branch points. Thereby thewolg settings were used: minimum fiber
width: 0.1 pm, maximum fiber width: 50 um, integsétbove local background (IALB): 150
grey levels. Fibers shorter than 20 fiber lengtlisuwere excluded from the final readout by
applying a filter mask. Nuclei were segmented byanseof the “Count Nuclei” tool (fast
algorithm, minimum width 6 pm, maximum width 40 piALB 500 grey levels). Eventually,
the total number of fiber segments was divided iy number of segmented nuclei of the
entire cell population. For each condition ~300scelere analyzed. Data derived from WFA
experiments were normalized to the untreated cbi@aaM WFA). Standard errors were
calculated from three independent experiments andeft's t-test was used for statistical

analysis.

Prior to the segmentation of actin stress fibergges were processed using a Top Hat filter
(size 5 pixels, shape circle). Stress fibers wegmented using an adapted version of the
“find fibers” tool based on the fluorescence of IA6EB. Settings were applied as follows:
minimum fiber width: 0.2 um, maximum fiber width: om, IALB: 200 grey levels. To
identify only straight fibers the ellipsed form tac (EFF = fiber length / fiber width) was

calculated and only fibers 3 fiber length units and EFE 5 were included for the final
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readout. Nuclei were segmented by means of the “Colutlei” tool (fast algorithm,
minimum width 6 pum (A549); 7 um (Huh7), maximum widtO um, IALB 500 grey levels).
Eventually, the total number of stress fibers wagddd by the number of segmented nuclei
of the entire cell population. For each conditid308 cells were analyzed. Standard errors
were calculated from three independent experimamd Student’s t-test was used for

statistical analysis.

38



RESULTS

3 RESULTS

To generate a chromobc-based cellular sstem that allows monitoring of endogenous E
markersmultiple steps were requirein order to visualize and quantify effects of E-

targeting compounds by gh-content imaging in real tin (Figure 3.). First, the antigen
occludin, SNAI1 and vimentin we produced for immunization and nanobody screeffijg
Subsequently, alpacas were immunized with the otsgeantigens (2) and a phagem
library comprising the wH repertoire of the immunized animals was generg8d This
library was used to scredor VyHs (hanobodie), specific for occludin, SNAI1 and viment
(4). Based on these selections, nanobodies andctespehromobodies were characterizel
various biochemical and cell biological assays (Binally, chromobod-based cellular
systems wer generated for high cont-imaging (6) and precise algorithms were develc
and validated to allowuantification of effects of EM-modulating compounds by means ¢

phenotypic hig-content imaging readout (
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Figure 3.1: Schematic overvievof the cevelopment and applications of nanobodies and abiboxties specifir

for EMT marker protein
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3.1 Selection of single domain antibodies (nanobodies)  against the
EMT marker proteins occludin, SNAI1 and vimentin

For the development of nanobodies specificthe EMT marker proteins occludin, SNA
and vimentin,the antigens required for alpaca immunization wen@lucec Therefore the
cytoplasmic CGterminal domain of occlud (aa372- aa522) as well ashe full-length
sequence of SNA and vimentin were fuseid a C-terminal Hig-tag(resulting constructs a
referred to as OCL-Hiss; SNAI1-His;, VIM-Hisg) and recombinantly produced E. coli

BL21. After immobilized metal affinity chromatography (IAC) followed by size exclusio
the three purified antigens ve pooled andanalyzed by SD-PAGE followed by stainin
with Coomassie Brilliant BlueFigure 3.3. Within ten weeks, one alpaca was repeat
immunized with the pool of purified antigens. Thidgeys after the last boost ~ 200 ml blc
were collected(concucted by StefarNiske, LMU Munich, followed by the isolation ¢
peripheral blood mononucle cells (PBMCs). The cDNA oPBMCs served as template
amplify the nanobody sequences, which were traresfeénto i phagemide librarcomprising
~ 2 x 10 cfu/ml, representing the yH repertoire of the immunized anim(conducted b

Jaqueline BogneChromoTel GmbH).

Figure 3.2: Antigens for immunization. Purified antigens

55- * VIM-Hisg

v VIM-Hisg, SNAI1-Hiss and OCLN-Hig were pooled and 2
35 of the pooled fraction was separated by -PAGE, followed
05 - SNAI1-His, by Coomassie stainin
15- " % OCLN-Hisg

In order to select nanobod, specific for EMT markers from this librarphage disple with

two panning cycle, followed by phage ELISA was performeTo this end, theroduction o

phagesexpressing the nanobody repertoire as fusionseopth coat protei, was induced b
infection with the Hyperphage M13K@plll. For each cycle of biopanni GST-tagged
occludin (aa372 aa522) and SNAI1LGST-OCLN, GS1-SNAI1) as well as/IM -Hisg were
passively absorbed to block polystyrene immunotudoes pr-cleared phages were adc
overnight. Lhbound phages were removed, followed by elutiogspeftifically bound phag,

which were used to reinfeE.coli TG1 cells. To test the specificity of the enriclebohes, a
least 47 monoclonal phageper antigen were analyzed by scphase phage ELIS/
Therefore, the antigens as well as the controlemmetGST for GS-tagged proteir and GFP-
Hiss for Hiss-tagged proteins were coated or-well microtiter plates. Later on, binding

the monoclonal phage clones was detected with a-conjugated antibodyspecific for the
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M13 coat protein (Figure 3.3). The results showt floa occludn 31 positive clones wit
signals at least fi\-fold higher than the respective negative controteneentified Figure
3.3 A), while for SNAI1 23 and for vimentin 21 positicébones were obtained (Figure B

and C). Thigndicaiesa successful selection of EMT marker specific nawlads
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Figure 3.3: Profile of ELISA measurements of euted phage clones binding to occludin, SNAI1 ¢
vimentin. (A) Occludin:Purified GSTOCLN, RFP (pos. ctr.) or GST (neg. ctr.) was imnlinbd on a '6-well
microtiter plate and 47 enriched monoclonal phagsslting from biopanning against occludaa372 - aa522)
were tested bELISA. (B) SNAIL: Purified GSTSNAIL, RFP (pos. ctr.) or GST (neg. ctr.) was imitip&d on
a 96well microtiter plate and7 enriched monoclonal phages resulting from biopan against fu-length
SNAIL were tested t ELISA. (C) Vimentin: Purified VIM-Hiss, RFP (pos. ctr.) or GI-Hisg (neg. ctr.) was
immobilized on a 9-well microtiter plate and 47 enriched monoclonahgd resulting from biopanning agair
full-length vimentin were tested ELISA. (A-C) Phages expressing ¢H specific for RFP served as positi
control (pos.ctr.For detection an HRP-conjugateeM13 phage antibody was used. Shown is the absoel

measued at 450 nir
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Since, due to the enrichment process, some ofddetified positive ELISA clones might
comprise identical amino acid sequences, analysali positive nanobody sequences were
performed. The alignment of the protein sequenasulted in two unique occludin-
nanobodies (OF6-NB and OG1-NB), six unique SNAIl-fmaies (SA2-NB, SB4-NB, ,
SG1-NB, SG6-NB, SF2-NB and SF4-NB) and eight uniqueewitin-nanobodies (VB3-NB,
VB6-NB, VC4-NB, VF6-NB, VE3-NB, VG1-NB, VG4-NB and VH3-NBJ-{gure 3.4). From
previous studies it is known thatyM domains carry hydrophilic amino acids in framekvar
(FR2) instead of the highly conserved hydrophobidnamacids of \4s that promote the
interaction with the Vs of conventional IgGs (Muyldermans et al., 1994rrhlsen et al.,
2000). These substitutions at the positions V37RB44E/Q, L45R and WA47G/L were
described as so-called hallmark residues (Vu etl897). While all occludin and SNAI1-
nanobodies, as well as the vimentin-nanobodies VB3WE3-NB, VF6-NB and VG1-NB
were verified as MH domains, closer inspection of the hallmark resgdtevealed that VB6-
NB, VC4-NB, VG4-NB and VH3-NB are ¥ domains most likely derived from conventional
1gGs.

The two occludin-nanobodies OF6-NB and OG1-NB ardlgigimilar and differ in only
seven amino acids located mainly in the CDR1 (FigudeA). Unlike SNAI1 and vimentin-
nanobodies, OF6-NB and OG1-NB exhibit an extended CIRRB comprising 14 amino
acids, including an additional cysteine residueeskh observations have already been
described for other ¥H domains suggesting a compensation of the ladikyhg chain by an
extended CDR3 that is stabilized by an additionaulfide bond between FR2 and CDR3
(Muyldermans et al., 1994, Desmyter et al., 1996 r@ih et al., 2003).

Sequence analyses of the six unique SNAIl-nanobadwealed that the CDRL1 regions are
rather heterologous, while CDR2 and CDR3 differ in nveatly one amino acid (Figure 3.4

B). In addition, minor varieties in the frameworki@ns exist.

As mentioned previously, only VB3-NB, VE3-NB, VF6-Ndd VG1-NB are MH domains
derived from heavy-chain-only antibodies (hcAbshilesr VB6-NB, VC4-NB, VG4-NB and
VH3-NB are ;s derived from conventional 1gGs of the immunizedneal. Apart from
relatively divers CDR1s and few single amino acichenges the MHs are broadly
homologous. By contrast the CDRs of thgs\are rather diverse and show small variances in

the total sequence length.
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FRL CDR1 FR2 CDR2 FR3 CDR3 FR4
OF6 QVQLVESGGGELAQPGGSLRLSCAASG FAIDLTTLG VFRQAPGKEREEVS Cl SASGVA TLYDDSVKGRFTI SRDDAKNTVYLQVNDLKPDDTAVYYCAA DGPDKLATDCREDSYDY WEQGTQVTVSS 126
OGl  QVQLVESGGGE.VQPGGSLTLSCVASG FTFDLSSMG WRQAPGKEREEVA Cl SASGVA TLYDDSVKGRFTI SRDDAKNTVYL QVNDLKPDDTAVYYCAA DGPDKLATDCREDSYDY WGEQGTQVTVSS 126
B
FRL CDRL FR2 CDR2 FR3 CDR3 FR4
SA2  QVQLVESGGGLVQPGGSLRLSCAFSG FSFDLHAIG WERQTPGKEREVA Al TKGG K TYHADSVKGRFTI SRDKGSNTVYL QUNSLKPEDTAMYYCAA GEVA- - - - - - - DQGYDN WGQGTQVTVSS 118
SB4 QVQLVESGGGLAQPGGSLRLSCAASG FAIDLTTLG WRQAPGKEREEVA Al LRGG K TYHADSVKGRFTI SRDKNTNTLYL QUNSLKPDDTGMYYCAA GEVE- - - - - - - DRGYDN WGQGTQVTVSS 118
SF2  QVQLVESGGGELVQPGESLRLTCWSG DTLDYYAVG WFRQAPGKERANI'A Al TRGG K TYHADSVKGRFTI SRDRVANVVYL QVBGLRPDDTAMYYCAA GEVA- - - - - - - DQGYDN WGQGTQVTVSS 118
SGl  QVQLVESGGGSVQAGDSLRLSCVASG STAVI SAMG WFRQAPGKERSEI A Al TRGG K TYHADSVKGRFTI SKDKTANTVYL QVRLLQPEDTAI YYCAA GEVE- - - - - - - GRGYDN WGQGTQVTVSS 118
SF4  QVQLVESGGGLVQAGGSLRLSCAASR - - SDLGAMG VWIRQAPGKERVEVA Al LRGG K TYYDDSVRGRFTI SRDKNTNTLYL QVDNLNADDTAMYYCAA GEVE- - - - - - - GRGYDN WGQGTQUTVSS 118
SG6  QVQLVESGGGSVQAGGSLRLSCWSG NIFSLNAMG VWIRQAPGKEREVA Al LRGG- K TYHADSVRGRFTI SRDKNTNTL YL QUNNLKPDDTGMYYCAA GEVE- - - - - - - DRGYDN WGQGTQVTVSS 118
*hkkkkkkkkk .*.* ‘k‘k‘k‘k:‘k. * ~:~k ‘k.**:***** *:* * % :** * **: ***:******:*: :‘k.:**** ‘k..:**.:***** * % % :**** *hkkkkkkkkkk
C
FRL CDRL FR2 CDR2 FR3 CDR3 FR4

VB3 QVQLVESGGGSVQAGDSLRLSCAASG NTFSI KVMG VWJRQAPGKEREEVA VSTNSGAS VNYANSVKGRFTI S| DSVKKTTYLQVNSLKPEDTAVYFCNA YDG- - - - - - - - - RYEDY YGQGTQVTVSS 117
VE3 QVQLVESGGG.VQPGGSLRLSCAASG STFRI RTMG WIRQAPGKZEEVA VSTNSGES VNYADSVKGRFTI S| DSVKKTTDLQVNSLKPEDTAVYYCNA YDS- - - - - - - - - DYLDY YGQGTQUTVSS 117
VF6 DVQLVESGGGLVEAGGSLRLSCAASG RTFSPYVMG WIRQAPGNEZEEVA VSTNSGAS VNYANSVKGRFTI SI DSVKKTTYLQUNSLKPEDTAVYFCNA YDG- - - - - - - - - RYEDY YGQGTQUTVSS 117
VGL DVQLVESGGGLVQAGGSLKLSCKASG STYSI BWG WIRQAPGKEREEVA VSTNSGAS VNYANSVKGRFTI SI DSVKKTTYLQUNSLKPEDTAVYFCNA YDG- - - - - - - - - RYEDY YGQGTQVTVSS 117
VB6 QVQLVESGGAVQSGGSLTLTCAASG FTFSAASMR WIRQUPGKERETVA TI DGTGAN SYYSESAKGRFTI SRDNARNTLRLQVNNLKPDDTAVYYCAN FG- - - - - - - R---- NY WEKGTQVTVSS 114
VCA  QVQLVESGGAE.VQPGGSLRLSCLASG FSFGSYRVH WIRQAPGKENENVS G SSGAGT TYYADSVKGRFTI SRDNAKNML YL QUNNLQPEDTAVYYCLG G - - - - - - - DWAD- - - - WBQGTQVTVSS 114
VG4  QVQLVESGGE.VQPGGSLRLSCVASG FTFSDYWWY WIRQAPGKENENVS G SPGG- T TTYADSVKGRFTTSRDNTRNTLYLQUNELKPEDTAVYYCAK DL- - - - - - - NVW/DSDDY WERGTQVTVSS 118
VH3  QVQLVESGGGLAQPGGSLRLSCAASG FTFSSYAMS WIRQAPGKERENVS G TSGGSS TYYASSVKGRFTI SRONTKNTLYLQVDNLKSDDTAVYYCAK A- - - - - - - - - WGSASSS RGQGTQVTVSS 117

ckkkkkkkk ok C ok kk ke ok kkk * kk kK- * k. * k. ok kkkkk Kk K .. Kkokk« ke - kkkkk. ok keckkkkkkkk

37 FN (VH)
44 /R (VHH)
45 [ (VHH)
47 ©/@ (VHH)

* fully conserved
strongly simlar
weakly simlar
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Figure 3.4: Amino acid sequence alignment of unigueanobodies specific for occludin (A), SNAI1 (B) orvimentin (C). Hallmark residues at the positions 37, 44, 45
and 47 (Kabat numbering (Kabat and Wu, 1991)) gfi\and \{; sequences are displayed as white letters on If\4gH) or dark grey () background and non-identical
residues are highlighted in light grey. * indicapessitions with fully conserved residues, : indgsatonservation between groups of strongly sirpilaperties and . indicates

conservation between groups of weakly similar prigs
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RESULTS

In summary, biopanning of the phagemide libraryiviet from an alpaca immunized with
recombinant occludin, SNAI1 and vimentin and subged screening by phage-ELISA,
followed by sequence analysis of the positive phagees resulted in a successful selection
of two unique occludin-nanobodies, six uniqgue SNA#hobodies and eight unique

nanobodies specific for vimentin.

3.2 Characterization and identification of intracel lular functional
EMT-chromobodies

For the development of a nanobody-based cellulal BMdel, the intracellular functionality
of fluorescently labeled nanobodies (chromobodgsgbsolutely indispensable. The general
strategy to characterize and select suitable EMiobadies was therefore to primarily
generate so-called “chromobodies” by fusing theirmpdequences of all unique nanobodies
to fluorescent proteins (e.g. eGFP) (Figure 17o)perform co-localization studies as initial
tests, these chromobodies were introduced in mammmaklls, together with expression
plasmids coding for the respective antigen, fused tdistinguishable fluorescent protein.
Only chromobody candidates that co-localize wita #dttopically expressed antigens were
selected for further validation by biochemical ar@l biological assays, including Western
blot, immunofluorescence, immunoprecipitation, astllular-immunoprecipitation and live-

cell imaging.

3.2.1 Occludin-nanobodies and -chromobodies

3.2.1.1 Preselection of occludin-chromobodies

Starting from 31 positive ELISA clones, sequencalysis showed that the two unique
sequences of OF6-NB and OG1-NB were strongly endicHgoth nanobodies were
genetically fused to eGFP, resulting in OF6- andl&@Bromobody (OF6-CB and OG1-CB),
and transiently expressed in mammalian cells. Tegtigate the intracellular expression and
distribution of OF6-CB and OG1-CB, HelLa cells were rams$fected with full-length
occludin fused to mCherry (mCherry-OCLN) and one ef ¢thromobody constructs (Figure
3.5 A). The images show that mCherry-OCLN was integkanto the tight-junctions among
endogenous occludin and predominately locatedeapklisma membrane of transfected cells.
While OF6-CB co-localized with mCherry-OCLN at the gtea membrane indicating
potential intracellular binding of the chromobodyeictopically expressed occludin, OG1-CB
showed no co-localization, but was rather diffusdigtributed throughout nucleus and

cytoplasm (Figure 3.5 A).
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In a next step, both chromobodies (-CB, OGX-CB) were singleexpressed in MDCK an
MCF7 cells Figure 3.5 B. These epithelial cell lines express high levalssndogenou
occludin at the jasma membrane, as illustrated by immunostainingaaiudin with a
conventional occludin antibodya-OCLN-IgG). Apart from a very slight accumulation
OF6-CB at the plasma memlne of MDCK cells, both occlud-chromobodies showed
rather diffuse distriutional pattern and no resemblance to endogenoctudie. This
suggests that only a minor fraction of (-CB binds to endogenous occludin in these ¢
while OG1CB does not recogni endogenot occludin at all.

A mCherry-
chromobody OCLN

!

OF6-CB 0G1-CB

Figure 3.5: Intracellularly expressed occludinehromobodies OF¢-CB and OG1-CB only partially co-

a-OCLN-IgG

OF6-CB
MDCK

0G1-CB
MCF7

localize with their respective antige. (A) Codocalizatior analysis of OF&B (upper panel) or OC-CB
(lower panel) with ectopically expressed mCh-tagged occludin (mChet-OCLN). Cc-localization sites of
OF6-CB and mCherl-OCLN at the plasma membrane are marked by whitevatrB) Cc-localization analysis
of occludinehromobodies with endogenous occluMDCK cells (upper panel) and MCF7 cells (lower par
were transfected wi OF6-CB or OGIEB or stained with an ar-occludin antibody {-OCLN-1gG) as control.
The white arrows mark accumulation of the chromgbatithe plasma membra Shown are representati

images from independent experiments (N = 3). Suars: 20 um.

Basedon these preliminary results the binding moietyhaf OFt-CB, referred to as OF-NB,

was subjected to further biochemical characteon

3.2.1.2 Functional characterization of OF6-NB/CB
Occludin is an integral membrane protein that dbuates to the stabilition of tight

junctions and barrier functicof cells Furuse et al., 19¢ Chen et al., 199). It interacts with
numerous binding partners (e.g. z-3, VAP-33, JAM and CMP) and is tightly regulated
a number of posttranslational modifications, whdgsregulation of occludin isoften
accompanied by diseassuch ascancer and inflammatory diseas(Feldman et al., 20(,

Raleigh etal., 201, Beeman et al., 2012n this contet, an occludinspecific nanobody fc
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biochemical applications would be of particulaest, even if the priority of this work w

to identify functional chromobodies for intracefiulapproache

Since OF6EB has been shown to partially-localize witl ectopically expressed occlud
OF6NB was found to be a promising candidate for biodbamanalyses. To investiga
OF6NB in immunological applications, it was recombirgrdgroduced inE. coli XL1 blue.
For efficient periplasmic protein expressiore coding sequence of O-NB was cloned intc
the bacterial expression vector pHENG6. The lagerquivalent to the pHEN4 vect(Arbabi
Ghahroudi et al., 19¢), but carries a @erminal His-tag instead of the HAag and genell
(Conrath et al., 20(). After affinity purification via immobilized metalaffinity
chromatography (IMAC, followed by size exclusion chromatogra, purity of OF¢-NB was
determined by SC-PAGE, followed by Coomassie Blue stain. Only fractions with

purities higher than 90 % were pooled and useth®following analyses (data not shov

To test whether OF-NB is applicable forWestern blot, the purified nanobody w
chemically coupled to the fluorescent dye ATTO488vpled as NHydroxysuccinimid
(NHS)-ester(referred as OFatrossg). For the experimental approach the purifie-terminal
domain of occludin (aa37— aa522) fused to GST (G-OCLN), as well as soluble lysat
derived from HEK293T cells expressing mCh-OCLN wereanalyzed by immunoblottin
using OF@rro4ss for detection(Figure 3.6 A) Clear signals at the expected sizes of ~ 45
for GST-OCLN and ~ 87 kDa for mChel-rOCLN suggest that Olarrosss recognizes

linear epitope located in the-terminal domain of occludi

°
2 o]
A :z 2 B
MCF7 lysate
100 - ’ mCherry-OCLN 2.5 5 10 g
70 - 55-1  w s occludin
. L]
55-
P~ GST-OCLN

Figure 3.6: Fluorescently labeled OF-NB recognizes occludin on Western blots(A) Purified recombinar
GST-OCLN and fulllysates of HEK293T cells expressing mCy-OCLN were sufected to SD-PAGE
followed by immunoblottin, using OF6-NB,conjugated with the fluorescent dye ATTO4(OF6atro4ss)
(N =3). B) Increasing amounts of soluble protein fractiderived from MCF7 cells @re subjected to SI-
PAGE followed by immunobilottir, using OF&rro4ss (N = 3). Shown are representative blots from indeeat
experiments. (N = 3).
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In addition, increasing amounts of soluble prot&ectiors of MCF7 lysate, containing
endogenous occludin were separated by -PAGE, followed by immunobt analysis
(Figure 3.6 I). Detection with OFfrrosse Showed signals with increasing intensities
relation to the total amount of loaded pro, as were observed with a conventional occlt
antbody (data not shown). This indicates that ‘ao4ss IS functional to detect denatur

endogenous occludin on immunobl

During the last years, various immobilized nanobedhave been shown to efficien
precipitate their respective antigens and have blesoribed repeatedly as efficient tools
(co-)immunoprecipitation studie(Rothbauer et al., 20, Fridy et al., 201, Traenkle et al.,
2015) Consequently, purified O-NB was coupled to functionalized sepharose be
thereby generating a -called OF6trap. For inmunoprecipitation, whole cell lysates frc
HEK293T cells, transfected with G-labeled occludin (GF-OCLN) or from MCF7 cells
expressing high amounts of endogenous occliwere incubated with the O-trap.
Subsequently, input, fle-through and bound frtions were subjected to S-PAGE,
followed by immunoblotting using antibodies agai@$tP and occludin for detectioFigure
3.7). The results show that G-OCLN (Figure 3.7 A) as well as endogenous occh
(Figure 3.7 B) was precipiled by the OF-trap and detectedh the respective bour
fractions. These findings indicate that (-NB recognizes and binds endogenous occl

A [ FT B B I FT B
70 -

' N ——
100 - M— e E GFP-OCLN 55 W . asmm occludin (MCF7)

Figure 3.7: Immunoprecipitation (IP) of occludin with OF6-trap (A) Immunoprecipitatio of ectopically
expressed occlud. Whole cell lysates of HEK293T cells expressingP-OCLN were incubated wit
immobilized OFE-NB (OF6-trap). Input (1), flowthrough (FT) and bound (B) fractions were subjette&D¢<-
PAGE, followed by immunoblottin specific using a GFP antibody for dction. 8) Immunoprecipitatio of
endogenous occludiMCF7 cells (lower panel) were incubated wthe OF6-trap andhput (1), flow-through
(FT) and bound (B) fractions were subjected to -PAGE, followed by immunoblottin, using a conventional

occludinantibody for detectio (A, B) Shown are representative blots from independergraxpents (N = 3

Since initial co-localization studies have shown a potential int&gwac between th
intracellular expressed O-CB and occludin, this was studiby a seconthiochemicalassay,
called intracellule-immunoprecipitation (I-1P). For this approach the chromobody
expressed in living cells arforms complers with its cognate antigen. Subsequently cells
lysed and the chromobody is precipiti, using its luorescent moiety as an affinity tag. T
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bound fraction is analyzed by Western blotting gsemtigen and chromobody speci

antibodies.

To test whether the O-CB is functional in ICH, HEK293T, cells were «transfected witt
mCherryOCLN and OF-CB or GFP as negative control. Soluble protein fractiohs/sed
cells were subjected to pulldown experiments ushey GFI-trap to precipitate the GF
moiety of the chromobody as an affinity tag. Sulosedly, input, flov-through and boun
fractions were anyzed by immunoblotting with antibodies against G&iel occludin. Th
results show that ectopically expressed mCI-OCLN as well as endogenous occludin \
clearly enriched in the bound fractions of the «trap after pulldown of OF&B, compared
to the lmund fractions of GFP aloneFigure 3.). This indicates that OF6B binds tc
overexpressed and endogenous occludin in livints.c&€his is somewhat surprising, sir

intracellular bindinccould notbe visualized by fluorescence microsce

I FT B | FT B
- PP |
; -! 4

70 -

55 . 3 occludin

55 -

OF6-CB
35-
05 GFP

Figure 3.8: Intracellular -immunoprecipitation (IC-IP) of endogenous occludin with OF-CB. Lysates from
HEK293T cells, co-epressint mCherryOCLN together with GFP (left panel) or C-CB (right panel were
subjected to immunoprecipitatiusing the GFPrap. Input (I, flow-through (FT)and bound fractions (B) we
analyzed by immunoblting with antbodies against mChel (upper panelpccludin (middle paneland GFP

(lower panel)Shown are representative blots from independerdgraxents (N = 3

Taken together, clracterization of the occluc-nanobodies,obtained by phage displ,
resuted in one functional occlud-nanobody OF-NB, which is applicable in Western bl
and immunoprecipitation. In the chromobody fornte OF-CB binds to occludin in living
cells as shown bintracellula-immunoprecipitatios. However, image analyses indicated

it is not suited to visualize endogenous occludifiving cells by microscop
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3.2.2 SNAIll-nanobodies and -chromobodies

3.2.2.1 Preselection of SNAI1-chromobodies
Potential SNAI1-specific nanobodies were conveited the chromobodies SA2-CB, SB4-

CB, SF2-CB, SF4-CB, SG1-CB and SG6-CB by genetic fusioadf aanobody sequence to
eGFP, as described in the previous section. Tostigade the intracellular expression and
distribution of all six SNAI1-chromobodies, HeLallsewere transiently co-transfected with
mCherry-tagged SNAI1 (mCherry-SNAI1) and one of theomobody constructs (Figure 3.9
A). Since SNAIL is a transcription factor and coie@s a nuclear localization signal (NLS)
(Mingot et al., 2009), ectopically expressed mCh&NAI1 was mainly located in the
nucleus of transfected cells (Figure 3.9 A). All Alllchromobodies could be readily
expressed and co-localized with mCherry-SNAI1 witkiie nucleus, suggesting potential
intracellular recognition of ectopically express&NAI1l. However, all chromobodies
additionally exhibit a diffusive distribution in éhcytoplasm of transfected cells (Figure 3.9
A).

To investigate whether the SNAI1-chromobodies indexognize endogenous SNAIL, each
chromobody as well as GFP was single-expressedeia Kells (Figure 3.9 B) and the
distributional pattern of each chromobody was camgao GFP and to antibody stainings
with three different 1gG antibodies, specific foN&I1 (Figure 3.9 C). All SNAI1-
chromobodies were distributed throughout the entiel and showed a slight nuclear
accumulation, very similar to solely expressed G&rprisingly, the patterns of the three
IgG antibodiesa-SNAIL, Sn9H2 and H130 strongly differed from eaather, even though
they are not stated to address distinct SNAIL ivast Whilea-SNAI1 was mainly located in
the cytoplasm of the cells, Sn9H2 showed a cleateaun staining and H130 equally stained
cytoplasm and nucleus (Figure 3.9 C). These obBensallow no reliable interpretation of
the “real” localization of endogenous SNAI1 andréfere cannot be used for a comparable
analysis of the chromobody distributions. In aduhél studies with A375 cells, a cell line
described to express high levels of endogenous $NK&jita et al., 2004), similar results

were obtained (data not shown).

Based on these findings an additional experimemiataach had to be applied to investigate,

whether the selected SNAI1-nanobodies recognizebar@tISNAIL in living cells.
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A mCherry- B C
chromobody SNAI1 merge

a-SNAI1

Sn9H2

H130

- J—

Figure 3.9: SNAI1l-chromobodiesexhibit no clear intracellular binding. (A) Co-expression. HelLa cells we
co-transfected witlone of the followincchromdodies: SA-CB, SB4-CB, SF2-CB, SF&B, SG-CB or SG6-
CB (green) and mCher-labeled SNAI1L (mCherngNAIL, rec). (B) Sinde expression of SNA-chromobodies
in HelLa cells. C) Controls. HeL cells expressingsFP (GFF or stained withthree differentanti-SNAI1
antibodies ¢-SNAI1, Sn9H2 and H1?). (A-C) Shown are representative images from independemriexents
(N =3). Scale bar0 um

Recently, with theso-called fluorescent twbybrid (F2H) assay, a novel approach
visualize proteirprotein interactions in living cells, has been deped (Zolghadr et al.
2008) Based on a modifielac repressor system stably integrated into the Baby dtten
Kidney (BHK) cell line, transient transfection of falorescerly labeled bait construc

comprising thdac-repressorl(acl), leads to focal enrichme of the fluorescenc at a defined
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spot. No interactic between bait and prey prot is indicated by a defined spot of the t
protein, but diffuse distribution of e prey constru, labeled with a distinguishab
fluorescent prote, whereas an interaction becomes visilas colocalization of both

fluorescent signa, derived from théait and prey protein at the precise .

The previos results showed that thSNAI1l-chromobodies somehow -localize with
mCherrySNAI1 within the nucleus of double transfected Hekdls. This might be due to :
intracellular interaction of each chromobody arsdaibtigen, but could also be explained
coincidental distbution of both constructs. To test, whether the SMchromobodies
directly interact with mCher-SNAIL in living cells, a modified F2H assay was applied

performing triple transfection experimenFigure 3.11).

A chromobody mCherry- SG6-CB mCherry-
+ Lacl-GBP SNAI1 merge + Lacl-GBP SNAI1 merge

.
.

Figure 3.10: F2H analysis of SNAI1-chromobodies SA2-CB, SB4-CB, SF2-CB, SF&B, SGI-CB (A) and

SG6-CB (B). BHK cells containing lac operator repeats wereldripansfected wittLacl-GBP, one of the

A4

chromobody construc and mCherrysNAIL. Chromobodies were immobilized to the lac rapar array
mediated bylacl-GBP, resulting indefined spots (highlighted by white arro chromobody - Lacl-GBP).
Chromobodies binding to mChe-SNAIL can be detected as-localization of defined spots in both chanr
(highlighted by white arrows, middle column, mCly-SNAI1). Shown arerepresentative images fr
independenéxperiments (N = 3). Scale Is: 20 um.
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Each chromobody construct (bait) was immobilizedtite lac operator array through-

transfection with an invisible construct, compresithe GFP binding protein fuseo Lacl

(Lacl-GBP). Hence, both constructs together (chromobodLacl-GBP) appead as a
distinct green spot in the nucleus. Transfectiothefthird construct mChel-SNAIL (prey)
resulted in a dispersed distribution in presencthefchromobodies S~CB, SB«CB, SF2-
CB, SF4€B and SG-CB, suggesting no interaction between these tructs Figure 3.10
A). By contrast, transfection of mChe-SNAI1 and SG-CB (+ Lacl-GBP) showed a foc:
enrichment of both chromobody and mCh-SNAIL1 at the same defined positicFigure
3.10 B. This indicates an interaction between these toocts nd stromgly suggests the
SG6-CB, butnone of the other SNA-chromobodies, recognizes ectopically expre:

SNAIL in living cells

3.2.2.2 Functional characterization of SG6-NB/CB

To verify intracellular binding of SCGCB to mCherrySNAIL, intracellula-

immunoprecipitation (I-1P) was performed. Therefore, HEK293T cells wer-transfected
with mCherrySNAIL1 and SG-CB or GFP as negative conl. Soluble protein fractions wel
subjected to pulldown experiments, using the -trap in combination with the FP moiety
of the chromobody as an affinity talnput and bound fractions weithen analyzed by
immunoblotting with antibodies agairGFP Eigure 3.1, lower panel) andnCherry Figure
3.11, upper panel)The results show that GFP as well as -CB were pecipitated in the
respective bound fraction. While only a miramoun of mCherrySNAI1 was detected in tf
bound fraction of GFP, indicating a slight unspecihteraction between mChe-SNAI1

and GFP, mCher-SNAI1 was strongly cqrecipitated in thebound fraction of SCG-CB.

These findings strongly support the results of H2#1 experiments showing that S-CB

intracellularly binds to ectopically expressed SMAUnfortunately, duto the lack of reliabl
SNAI1 antibodies, the I-IP results provide nanformation, whether SC-CB also binds t

endogenous SNAIL.
| FT B I FT B

70- m % Figure 3.11: Intracellular-immunoprecipita-
- | mCherry-SNAI1 ]
55 -— .--ﬂ.q tion (IC-IP) of ectopically expressed SNAI:

i"m SG6-CB with SG6-CB. Lysates frorHEK293T cellsco-

35 expressing mCherrgNAI1L and SG-CB or

- | ' :
25_‘ . . sl GFP GFP were subjected to immu-precipitation

with the GFP-Trap. Input (Iflow-through (FT)
and bound fractionB) were analyzed by immublotting with antibodies against mCherfypper panel) an

GFP (lower panel)lShown are representative blots from irendent experiments (N = 3).

Regarding the dissatisfying results for commercialgilable SNAI1 antibodies, there is
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substantial need for SNAI1 specific binding molesufunctional in biochemical approact
including Western blot, immunoprecipitationd immunofluorescence. Hence, a nanok

covering these applications would be a highly viale&ool for researchers in this fie

To test whether SC-NB is functional in the mentioned biochemical apgiions, the
nanobody was produced and purified f bacteria as described for C-NB in section
3.2.1.2. Subsequently, purified S-NB was immobilized on sepharose beads, the
generating a «called SG6rap. For functionality tests, whole cell lysatdsHEK293T cells
transfected with GF-SNAI1 were irtubated with the SC-trap. Subsequently, input, fle-
through and bound fractions were subjected to -PAGE followed by immunoblottin
(Figure 3.12. The results show that G-SNAI1 was only partly detectable in the bot
fraction of the SG-trap. Repeatk experiments showed no antigen enrichment in thand
fraction of the SG-trap under any conditions. From that it may be tated that thre is
only a transier interaction between the S-NB and SNAIlor that immobilization of th:

SG6NB results in a onfunctional binding molecul

Figure 3.12: Immunoprecipitation (IP) of ectopically expressec
SNAI1 with SGe-trap. Whole cell lysates of BK293T cells expressin
S e o GFP-SNAIT GEpSNAIL were incubate with immobilized SG-NB (SG6-trap).
Input (1), flow-through (FT) ad bound (B) fractions we subjected to

SDSPAGE followed by immunoblotting. Antibodies specifor GFP were used for detect (N = 3).

Finally, the applicability of a fluorescently labeled S-nanobody (SG&ro4sc) was tested in
Western blot ar immunofluorescence (IF).Extensive analysesapplyin¢ different
experimental outlines, showed that {atrosse iS not functional in any of these applicatic

(data not showr

In summary, c-localization studies with SNA-chromobodies and mChe-SNAI1 allowed
no reliable interpretation on the functionalitytbé tested chromobodies. By performing F
and IC{P studies, SCG-CB was found to recognize ectopically expressed St
intracellularly. SG-NB precipitates low levels of ectopically express8tlAll in IP

experiments, but is not applicable for other biooloal applications. Due to the lack

reliable SNAI1 antibodies, it remains unclear, vileetSG-CB also binds to endogeno
SNAI1 and consequently S-CB was not used any further with regard to envisaged
intracellular EMT studies
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3.2.3 Vimentin -nanobodies and - chromobodies

3.2.3.1 Preselection of vimentin-chromobodies

To preselect suitable candidates, in order to traoephological changes of vimentin in
cellular EMT chromobody model, potential vimenspecific chromobodies were genera
baed on the eight unique vimer-nanobody sequences. Intracellular expression
distribution of all GFl-labeled chromobodies were analyzed in living calisdescribe for
occludin- and SNAI-chromobodies. Therefarddela cells were either -transfected witt
mCherrylabeled vimentin (mCher-VIM) (Figure 3.13 4 or transfected with a sing
chromobody construciFigure 3.13 B. Cells expressing GFP only or stained with an

antibody against vimentin served as rols (Figure 3.13 ().

A mCherry- mCherry-
chromobody VIM chromobody

a-VIMHOG
L)

Figure 3.13:Intracellularly expressed vimentin-chromobodies VB3-CB, VB6-CB and VG1-CB co-localize
with vimentin. (A) Cc-localization analysis of chromobodies with ectoffjcaxpressed vimenti HelLa cells
were co-transfectedith one of the following chrommodies: VB-CB, VB6-CB, VC4CB, VE:-CB, VF6-CB,
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VG1-CB, VG4-CB or VH3-CB and mCherry labeled viman{mCherry-VIM). B) Single expression of
vimentin-chromobodies in Hela cells. Structuresyirgéscent of the midbody are marked by white arro{@3
Controls. HelLa cells were transfected with GFP (faéistained with a conventional vimentin antibgdyvIM
IgG). Shown are representative images from indegenekperiments (N = 3). Scale bars, 20 um.

Image analysis revealed that mCherry-VIM assemioles endogenous vimentin structures
and was localized in perinuclear region of the plgem in the majority of transfected cells.
Remarkably, most of the eight chromobody candidaties not co-localize with those
structures. While the chromobodies VC4-CB, VF6-CB and4\GB were rather diffusely
distributed similar to solely expressed GFP, VE3-GRl &/H3-CB strongly aggregated
independently of presence or absence of co-exmtea&herry-VIM. Only the chromobodies
VB3-CB VB6-CB and VG1-CB truly co-localized with mCherry® (Figure 3.13 A) and
displayed a filamentous pattern that resemblesdtbiibution of endogenous vimentin in
single transfected HelLa cells (Figure 3.13 B). Tduggests that these three chromobodies
recognize ectopically expressed as well as endagenamentin in living HelLa cells.
However, for VG1-CB focal enrichment of the chromopoiiliorescence between the
majority of dividing cells was observed (Figure BR, white arrows), indicating that VG1-
CB recognizes additional structures apart from vimege.g. structures of the midbody
reviewed in Steigemann and Gerlich, 2009). Conseatyyemly VB3-CB and VB6-CB were
identified as most promising candidates for thdofeing biochemical and cell-biological

studies.

3.2.3.2 Biochemical characterization of vimentin-nanobodies VB3-NB and VB6-NB

In the previous section VB3-CB and VB6-CB were identifias potential vimentin-
chromobodies for the intracellular envisaged applims. Since the assumption that the
chromobody binding moieties VB3-NB and VB6-NB recogniamentin, is based on optical
microscopic analysis only, the following sectiorcdses on detailed characterization of both
nanobodies on a biochemical level. To this end, WE3and VB6-NB were recombinantly

produced and purified as previously described f66®IB in section 3.2.1.2.

In the first part of the biochemical characteriaatiof VB3-NB and VB6-NB, the purified
nanobodies were chemically coupled to the orgapecAITTO488 (VB3tr0488 VB6ATTO489)
resulting in a degree of labeling (DOL) of 1 for VBB and 0.8 for VB6-NB. To test,
whether VB3rrosss and VBGrrosss are applicable to detect vimentin in direct
immunofluorescence, co-staining experiments with Af TO488-labeled nanobodies and an

established vimentin antibody were performed (Fegaii4 A-C).
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A B

a-VIM IgG merge VB6arroue  a-VIM IgG DAPI

VB3ATTO4BB

MDA-MB-231 MDCK
MDA-MB-231  MDCK

(9]

VB6-VB6 1110085 G-VIM 1gG

S| VB6-VB6,4 0458

anti-

55 — — D —— . .
o vimentin

Figure 3.14: Immunofluorescence and immunoblotting with dy-labeled vimentin-nanobodie:. (A-C) Co-
staining ofHeLa, MDCK and MDA-MB-231 cells with VB:atto48s (A), VB6aT10488 (B) and VBE-VB6atr04s88
(C) together with a conventional a-vimentin antibody ¢-VIM-1gG). HeLa, MDCK and MD/-MB-231 cells
were fixed and stained with the respective ATTC-labled nanobody (green). Fico-stainin¢ a-VIM-IgG
(clone V9) was used (red). Nuclei were stained Vi¥dPI (blue). Shown arerepresentative images fre
independent experimés (n = 9; N = 3)Scale bars: 20 ui (D) Comparativemmunoblot analysis cvimentin
using VB6-VB6&ro4s: fOr direct detection oa-VIM- IgG as contro 20 g of soluble protein fractioiderived
from HelLa, HEK293T, MDCK or A549 ce were subjected to SSPAGE followed by immunoblotting. Fc
detection VB6-VBGrro4se Or a-VIM-1gG (clone V9) were used (N =

For costaining, three cell linc from different origins were test: HeLa and MDCK, botl
originating from epithelial tissue (cervix or kidneand epresenting an epithelial phenoty
yet expressing distinct levels of vimen(Cogli et al., 201, Phua et al., 200%and MDA-
MB-231, originating from metastatic tissue and fredqiyedescribed as cell line with
mesenchymalike phenotype, expressingcarious mesenchymal marker proteins incluc
vimentin(Vuoriluoto et al., 201). The results show that Viatrosss did not colocalize with

a-VIM-IgG, but was rather localized in the nucleus of MDCK celigidfusely distributed ir
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nucleus and cytoplasm of HeLa and MDA-MB-231 cdisgure 3.14 A). By contrast,
VB6aTT0488 Clearly co-localized withu-VIM-IgG in all cell lines, indicating that VB&roass
recognizes vimentin in these cells (Figure 3.14 B).repeating experiments, residual
background signals were detected with YB64ss TO increase the avidity of the binding
molecule, a bivalent nanobody was generated, bgeximg two identical VB6 domains by a
flexible (Glys,Ser} linker. Co-staining with the ATTO488-labeled bivaienanobody VB6-
VB6atT0488 anda-VIM-IgG showed a broad signal overlap at vimeritiaments in all tested
cell lines (Figure 3.14 C). Moreover, compared ®6)rro4ss, Staining with VB6-VB&@rrto4ss
was drastically improved, distinguished by an iasee in signal intensity at filamentous

structures and a concomitant decrease of unspéeifikground.

Another application for dye-labeled nanobodies he tirect detection of proteins in
immunoblotting. To test whether the vimentin-nangiee are functional in Western blot,
20 pg of cell lysates from four cell lines expregsidiffering levels of vimentin were
separated by SDS-PAGE, followed by immunoblottiighile in one experiment vimentin
was detected with a control vimentin antibodyMIM-1gG), in a second experiment VB6-
VB6atT0488 Was used for detection (Figure 3.14 D). The resstiow that through direct
detection with VB6-VB@rro4ss Similar binding patterns as witrVIM-IgG in combination

with a fluorescently labeled secondary antibody evebserved, indicating that VBG6-
VB6aTT0488 rECOgnizes denatured vimentin in immunoblottingy dignals in Western blot
analyses could be detected with the monovalentbw@ies VB3 rro4ss andVB6atTo4ss (data

not shown).

To extend the biochemical characterization of theewntin-nanobodies, VB3-NB, VB6-NB
and VB6-VB6-NB were covalently immobilized on sephardseads generating so-called
vimentin-traps (VB3-trap, VB6-trap and VB6-VB6-traph the following section, these
vimentin-traps were tested for their ability to gptate endogenous vimentin as well as
ectopically expressed vimentin domains from a nundfecell lysates (Figure 3.15). Equal
amounts of the soluble protein fractions derivemhifrHeLa, HEK293T, MDCK and A549
cells were incubated with equal amounts of thecagid vimentin-traps. Input fractions as
well as bound fractions were subjected to Westinamalysis to detect possibly precipitated
endogenous vimentin (Figure 3.15 A). The resultewshthat all nanobodies bound
endogenous vimentin, but with varying efficiencigge highest amounts of vimentin were
detected in the bound fractions of VB3-trap indemenly of the origin of the lysates. By
contrast, both VBG6-trap and VB6-VB6-trap, bound onlinon amounts of vimentin even
though slightly more vimentin was precipitated WtB6-VB6-trap than with the monovalent
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VB6-trap. The data resulting from the previous biochemiharacterization of the vimen-
nanobodies elarly suggest that both, V-NB and VB¢NB, bind to endogenous viment
However, it is not explained which domain is addeg by the nanobodies.

In the next step it was analyzed ether VB3CB and VBt-CB bind to a distinct domaiof
vimentin. In sectionl.2.4 of the introduction, the structure and medras of assembly ar
disassembly of vimentin filaments are describedefBrj the vimentin monomer consists
an N-teminal head domain (aa— 95), a central helical rod domain (aa— 407) and a -
termminal tail domain (40¢& 488). To identify the binding site of VI-NB and VB¢-NB, the

three mentioned vimentin domains were geneticalbefl to GFPFigure 3.15 B.

A bound fractions B C bound fractions
PR @'&% NI @"\Q)b
PP KRR RS
: 100 -
55 BT T . Hela GFP vim [y — GFP-VIM
3 1 466 70 -
55 ~  HEK293T erelTHIED y —1 |GFP-head
1 85 35 - [
= 70- — . a—
MDCK s rod -- == GFP-rod
96 407 55.- 4

55 - S
55 F ‘—'J"" ~ A549 GFP a tail Y GFP-tail

408 466

Figure 3.15 Immunoprecipitation of vimentin with immobilized vimentin-nanobodies (vimentin-traps).

(A) Precipitation of endogenous vimentin. After inatibn of the protein lysates from HelLa, HEK293T, ®IK

and A549 cells with the VE-, VB6-, VB6-VB6+trap or a no-related trap (GFP-trap, ctr)pput and boun
fractions wereseparatedy SDS-PAGE andnalyzed by immunoblot with-VIM-IgG (clone V9. (N = 3). 8)

Schematic overview ofimentin domains fused to GFRC)(Vimentin domain mappinddEK293T cells were
transfected with the indicated constructs and stbieto immunogecipitation with vimentisraps or with a
non-related trap (ctfpllowed byWestern bloanalysis of input and bound fractions with an-GFP antibody.
(N =3).

For the domain mapping, immunoprecipitation witlsdies derived from HEK293T ce
expressing the GF-fusion constructs Rigure 3.15 I) and the immobilized viment-
nanobodies was performed and respective input andhd fractions were analyzed

Western blot using an antibody against GIFigure 3.15 (). As expected, all nanobodi
precipitated fulllength vimentin. Moreover, the results revealed thihtnanobodies als
bound to the rodlomain, while none of the nanobodies precipitatedhtead or tail domail
These findings indicate that the epitopes of -NB and VB¢-NB are both located in the r«

domain of vimentin
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Taken together, the biochemical characterizationthed identified vimenti-nanobodies
confirmed that VB-NB and VB6NB both recognize endogenous vimentin. Moreo
additional studie, performed by Ulrich Rothbau have shown that bothanobodies bind
their antigen with high affinities (VB3: 11 nM; VB&7 nM) (datanot showl). Yet, the two
nanobodies differ regarding their applicability fire tested methodWhile immobilized
VB3-NB efficiently binds natively folded vimentin iimmunoprecipitation, VBartoasss IS

more applicable for direct immunofluorescence stgiof vimentin in fixed ces. Generation
of a bivalent VBtVB6arto4ss Strongly improved the visualization of vimentin

immunofluorescence staining and allowed theection of vimentin in immunoblottin

experiments.

3.2.3.3 Intracellular characterization of vimentin-chromobodies VB3-CB and VB6-CB

In section 3.2.3.1 VE-CB and VB6E€B were shown to visualize vimer-like filamentous
structures in HelLa cells. The subsequenthemical characterization has proved vimentii
target of both binding molecules. Consequently, fillowing section focuses on detail
analyses of intracellular binding properties andctionality of VB:-CB and VB¢CB.
Thereby, intracellular localizion and distribution as well as effects of the chobodies or

cell viability are addressed in particu

As described previoushintracellularimmunoprecipitatio (IC-IP) is a powerful method 1
analyze chromobody targets in living cells. To tesbhethe VB3-CB and VB(-CB
intracellularly bind to vimentin, HEK293T cells veetransiently transfected with plasm
coding for VBI-CB, VB6-CB or GFP as a negative control and soluble proteictibns were
subjected to pulldown analysis using the Trap as degibed in the previous sectior
Subsequently, input and bound fractions were aedly®y immunoblotting, using antibodi

against vimentin and GFIFigure 3.16).

Figure 3.16: Intracellular-immunoprecipitation

GFP VB3-CB VB6-CB (IC-IP) of vimentin. Lysates of HEK293T cel

' B ' B ' B expressing indicated chromobodies (\-CB; VB6-

55 - T— —_— w— e Vimentin - CB) or GFP were subjected to immunoprecipita
— with the GFP¥rap. Input (I) and bound fractions (

35. were analyzed by immuncot with a-VIM-IgG

GFEP (upper panel) and an@FP antibody (lower pane
25 - —— o
— S— Shown are neresentative immunoblots fro

independent experiments (N =
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Detection with a GFP antibody (lower panel, GFReadly exhibits the enrichment of GFP
well as both chromobodies in the respective bouactibns. Moreover, the results show t
vimentin was c@recipitatel with VB3-CB and VB(-CB, while no vimentin was detected
the bound fraction of the negative control (uppangd, vimentin). This indicates speci

binding of both chromobodies to vimentin upon ingltular expressio

To test whether intracellular chromobody expression mightveh cytotoxic effects, ce
viability was measured by performing a resaz-based assay. To this end, A549 cells v
transfected with plasmids coding for V-CB, VB6-CB or GFP as control and grown
culture media, while resazurin was added 72 h aftanstection. Since viable ce
continuously reduce the blue colored resazurinht red colored resorufin, cell viabilit
deduced by this color change was measured aftandulbbation with resazurirFigure 3.17).
The results show that compared to the control (GtP¥ignificant changes in cell viabili
could be determined for VI-CB and VB6-CB.

120 - Figure 3.17: Resazurin assa A549 cells were transientlyansfected wit
100 I + T VB3-CB, VB6-CB or GFF, grown for72 h and incubated with resazu
=< 80 reagent for 1 h at 37 S@bsorbance was measured at 570 nm and 60(
% 60 Depicted viability values represent relative meaonrescence intensities a
S standard deviation determined for transfec triplicates (+ stds. Viability
* of GFP{ransfected cells was set to 100 %. For statistinalysis Student’

GFP VB3-CB VB6-CB t-test was used.

As mentioned above, a considerable number of studi vimentin currently rely o
fluorescently labeled vimenti(Chang et al., 20(, Kajita et al., 2014)However, it has bee
reported that ectopic expression of vimentin induckanges in cell shape, motility &
adhesion and therefore might not reflect the distion and dynamic organization
endogenous vimenti(Mendez et al., 2010)To compare the intracelar distribution of the
vimentinchromobodies and fluorescently labeled vimentinK-VIM), a statistical relevar
number of HelLa cells expressing C-VIM, VB3-CB or VB6-CB were analyzed b
fluorescence imagincFigure 3.18. All constructs visualized filamentous structyresit a
large number of cells expressing (-VIM exhibited bright fluorescent granules, resuit
from unspecific accumulation of overexpressed mofFigure 3.18 A). Static evaluation
including the information of more than 300 cellsr monstruct, revealed that G-VIM
formed aggregates in ~ 80 % of transfected cellgilewthe percentage of cells wi
fluorescent granules was significantly decreaseshugxpression « VB3-CB (~ 25 %) ol
VB6-CB (~ 14%) (Figure 3.18 B).
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Figure 3.18:Vimentin-chromobodies have a low tendency to aggregate upartracellular expression. (A)
Representative images of Hela cells expressing-VIM, VB3-CB or VB6-CB from three independe
experiments. Scale bar: 20 urB) Quantification of cells with fluorescent aggreggmtupon expression of G-
VIM, VB3-CB or VBE-CB. Columns represent the percentage of cells ajspy fluorescent granules (to
number of analyzed cells > 300). Valuepresent the means of three independent transfsctiostds. Fo

statistical analysis C-squared test was used, ***P < 0.C

During the last decade, it has been shown thathobibodies with transient binding propert
are highly suited for intracellur visualization of endogenous proteins, since terisinding
is likely to be accompanied by minimal interferemaéh the distribution and function of tt
target structure(Rothbauer et al., 2006Jor intrabodies targeting other cytoskeletal e
structures, such as lamia-tubulin and Factin, intracellular imding properties have be:
investigated by fluorescence recovery after phetdhing (FRAP (Rothbauer et al., 20,
Cassimeris et al., 20, Panza et al., 2015]herdoy, small regions within cells expressini
fluorescently labeled intrabody are bleached amoréiscence recovery is measured over t
A fast recovery indicates a trarnt binding mode, given that t target structur itself
exhibits only minor dynams. Here, FRAP analysis was applied to investigateaaatiular

antigenbinding dynamics of the vimen-chromobodiesFigure 3.19).

Defined regionsin HelLa cells expressing VICB, VB6-CB or GFIVIM were
photobleache@nd tuorescence recovery within ttindicated regionsvas measured ovi
time (Figure 3.19 /). In agreement with previous studies, describinglav turnover o
fluorescently labeled vimentin within several mesi(Chang et al., 20(, Helfand et al.,
2011) only ~ 10 % of GF-VIM fluorescence recovered after 30 s. Compared k&-VIM,
significantly higher total recoveries were deteradrfor both chromobodies. Total recov:
obtained for VB-CB amounted ~ 60 %, while VI-CB fluorescence recovered to ~ 85
within the same time perio(Figure 3.19 I). This illustrates thathe high fluorescence
recoveriesobtained for bot chromobodies reflect a rapid association/dissamatate ancds
not due to the dynamic turnover of endogenwimentin filaments.Nevertheless, the

differing total recoveries and half times of recgveneasured for VB-CB (t1» = 4.3 s) and
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VB6-CB (112 = 3.9 s) demonstrate a slightly faster recoverg &aid indicate a more transie
binding mode of VB-CB compared to VBEB. Hence, VB6-B was selected for a
following intracellular application

A prebleach bleach

VB6-CB

il |I\IIHHI\IHI\I\HIIHWH
|IHH|||!||\||I!|V|§|i|||||I\HIIIHIIIVV||\|!|!||H||W||\

T e ]
IEL:::::::::nlllulll||||lIII|I|IlllllllI|||||lllilll|||I|lll|ll|||||||||||||||||Ill"ll

normalized mean intensity [%]

VB3-CB

II?
T I

=
E‘l_ 0 5 10 15 20 25
time [s
& [s]
VB6-CB  www \/B3-CB e GFP-VIM

Figure 3.19 Fluorescerce recovery after photobleaching analysis of vimenti-chromobodies and GFI-
VIM. (A) Hela cells expressing VI-CB (green), VB3B (red) or GFP-VIM (blue)were photobleacld
within the indicated regions (white box) and imagee recorded over time. Shown are representpteedc
color images before andter photobleaching. Scale ba®) um. B) Quantitative evaluation of FRAP de¢
showing mean values of fluorescence recowithin photobleached regio of ten individual cell. VB6-CB
(green)recovered to 84.1 + 3.1 % with a halftime of 3.9h& recovery of VB-CB (red)amounted to 58.4
19.5 %with a half time of 4.3. (n = 10; N = 1) Data are represented as mac stds. For statistical analys
students test was used, ***P<0.0C

Finally, it was ested whether VE-CB is suitedto visualize vimentin in higher resolution
different celltypes. Hence, the chromobody was introduced irouarcell lines or cell type
including HelLa cells and primary human hepatocytéB6-CB expressing cells we
subjected to confa@l microscopy (Figure 3.20). T images showed clear outline of cellule

vimentin fibers in all tested cell

Figure 3.20: Confocal images of ¢

hepatocyte

HelLa cell and a primary human
hepatocyte expressing VB-CB. (A)
Hela cells were transfected with V-
CB coding sequence.B) Primary
hepatocytes were transduced w

lentiviruses codig for VBE-CB.

Shown are representative confo
images from independent transfections/transduciic = 15; N = 3). Scale bars: 20 u
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In summary, the results of the intracellular chteazation of the vimentin-chromobodies
revealed that both, VB3-CB and VB6-CB, recognize vimeapon intracellular expression.
Moreover, both vimentin-chromobodies show no cytmoeffects and can be solubly
expressed in living cells without unspecific accletion. FRAP analysis revealed that VB6-
CB binds to vimentin more transiently that VB3-CB. Sitlte more transient binding mode
of VB6-CB might influence the functionality and dynamérganization of endogenous
vimentin to a lower extent, this chromobody waseskdd for all further intracellular

approaches. Taken together, VB6-CB is suggested ta beghly suited novel tool for

intracellular imaging of the EMT marker protein \antin.

3.3 Development of chromobody-based EMT models for high
content imaging
As mentioned previously, epithelial-mesenchymahgrion (EMT) is a highly dynamic
process that occurs during metastasis formatiorh@Rason et al., 2012, Thiery and Sleeman,
2006, Lamouille et al., 2014). In this context, tlentification of novel compounds that
modulate EMT during tumor progression is of patticuinterest for novel therapeutic
approaches, targeting the formation of metastdsedate, screening strategies to select novel
EMT affecting compounds mainly rely on endpointdeats regarding gene expression, cell
viability and migration (Gupta et al., 2009, Liadt, 2011, Chua et al., 2012). Hence, there is a
high demand for assays depicting the dynamics of EMdisease relevant cellular models in

real time.

In the previous sections detailed biochemical agltilmological analyses of novel identified
nanobodies and chromobodies against the EMT mapketeins occludin, SNAI1 and
vimentin were performed. The data conclude thabhadies and chromobodies against these
cellular targets are applicable as biochemical are tools including Western blot,
iImmunoprecipitation or intracellular-immunoprecgiion. However, image analysis of cells
expressing occludin and SNAI1 specific chromobodiredicated that none of these
chromobodies are suited to visualize dynamic charggehe respective target structures in
cells undergoing EMT. By contrast, characterizatbmanobodies and chromobodies against
vimentin revealed a broad applicability of thesadig molecules to target and trace this
EMT relevant target in many biochemical and cetlidasays. Remarkably, visualization of
endogenous vimentin structures with VB3-CB and VB6-CB dfers new opportunities to

study the dynamic EMT process in living cells.
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To achieve a more detailed insight into structateinges of the cytoskeleton upon EMT, a
previously described chromobody, specifically taéirge filamentous actin structures was
additionally applied. Recently, the functionality ¢iis commercially available actin-
chromobody (Actin-CB, ChromoTek GmbH) has been pramedarious eukaryotic systems
(Rocchetti et al., 2014, Panza et al., 2015). Infttlewing section, the vimentin specific
chromobody VB6-CB as well as the actin specific chsbody Actin-CB were selected for

the development of cell-based EMT models.

3.3.1 Vimentin-chromobody-based EMT model

As described in the introduction, vimentin is a srehymal marker protein which is not

present in primary epithelial cells and shows aniyor expression levels in some epithelial
derived cancer cell lines. By contrast, vimentihighly expressed in cells with mesenchymal
origin (e.g. fibroblasts) and becomes enrichedpgithelial cells, undergoing EMT. Hence,

vimentin is a highly relevant EMT biomarker. To niton dynamic changes of endogenous
vimentin in a stable and reliable live-cell syst®86-CB was selected to generate a cell-
based EMT model.

During the last decade, the lung cancer cell lisd®has been frequently used to study EMT
in tumor progression (Kawata et al., 2012, Liulet2013, Kim et al., 2014, Pan et al., 2015).
In this context the well described transformingwvgito factorpy (TGF3) is widely deployed to
induce EMT through SMAD-dependent transcriptionaivation (see section 1.3). To study
dynamic rearrangements of vimentin during EMT-ediaprocesses in living cells, VB6-CB
was introduced into A549 cells. Initially testedrisient transfection of A549 cells with a
VB6-CB coding expression plasmid resulted in strongrexpression of the chromobody in
many cells as well as a large heterogeneity regariitercellular expression levels (data not
shown). To achieve more moderate and uniform egpreslevels, VB6-CB was stably
introduced in A549 cells using a lentiviral transtion system. Transduced cells were
subjected to selective pressure by adding antdsioti order achieve stable integration of the
VB6-CB sequence in the genome of A549 cells. Singdls,cgtably expressing VB6-CB and
displaying diverse expression levels, were separateo 96-well plates by fluorescence
activated cells sorting (conducted by FACS facilityl, campus, University of Tuebingen), to
develop a number of monoclonal cell lines. To miaerbackground fluorescence of unbound
chromobody, a cell line with a low overall expresslevel of VB6-CB (A549 VB6-CB) was

selected.
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In section 3.2.3.2 was shown that expression of V-CB is not cytotoxic in general. To te
whether stable integration of the chromobody carsthas an impact on cellular physiolc
particularly in response to T(p stimulation, a set of experiments regarding

morpholayy, migration and invasion was performed. Therebg thromobody cell lin
A549 VB6-CB was compared to the original ASwildtype cell line (A54%-wt). In a first
attempt, A54-wt and A549 VB6EB were seeded at different densities and stimubatdd
TGF$ for 72 h Figure 3.2). Both, A54¢-wt and A549 VB6EB cells, underwer
morphological changes from a small epithelial celhape to a larger spin-like
mesenchymal phenotype. Moreover, the morpholodyotti cell lines did not differ in any «

the analyzd conditions

A549-wt A549 VB6-CB

+ TGF-

high density

low density

Figure 3.21:Cell morphology of A54¢-wt and A549 cells in response to TG-p. A549-wt and A549_VB6-wt
cellswere plated at high (upper panel) and low densft@ger panel) and left untreate- TGF{3) or stimulated
with 5 ng/ml TGI-p (+ TGF{). Phase contrast images were taken 72 h.Shown are representatiphase

images of independent experiments (N . Scale be: 100 um.

In a second attempt, the migratory and invasivemqal of A54¢wt and A54-VB6-CB cells
were compared by peorming wound healing and transwell invasion asgFigure 3.22). For
the wound healing assays A-wt and A549 VB-CB cells were grown to confluence &
open wound areas were determined 24 h and 48 hvedtending in absence or presence
TGF (Figure3.22 A). The results shomo significant differences between the two cekké
regarding cell migration. For transwell invasiorsags, A54-wt and A549 VB-CB cells
were cultured in polycarbonate transwell insertd kft untreated or stimulated with 'F-

for 48 h. After staining of invading cells with &tal violet, the percentage of invading c
was determinecFigure 3.22 B. While the absolute percentage of invading oeliined fol
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A549-wt, under unstimulated as well as under stimuliconditions,was significantly highe
than for A549 VBI-CB cells, the relative increase of invading cellsasponse to TC-p was
nearly identical for A54-wt (~ 2.8 fold) and A549_VE-CB (~ 2.9 fold).

A 70 B 40 ¢
= L Owt; nt
S eo E Bt TGF-p Pl _} ont
350 : ”
5 BVBS; nt = B TGF-p
- 40 Q
c EVB6; TGF-p 20
830 £
2 i
c20 r S 10 |
g =
210
0 0
24 h vs. Oh 48hvs.0h WT VB6

Figure 3.22: Migrative and invasive potential of A529-wt and A549 VB6-CB cells.(A) Wound healin¢
assay. A549t and A549 VB-CB cells were grown to 90 % confluence. Scratch ndsuwere applied ar
phase contrast images were taken 24 h and 48 twadtending in the absence or presence of - (5 ng/ml).
Shown are the percentages of the remaining open dvateas after 24 h and 48 h relative to the 0 hesa{24 |
vs. 0 h and 48 h vs. 0 h, upper pa, (n = 3; N =3). Pralues of statistical analysimply no significant change
(data not shown).B) Invason assay. A54%t and A549 VBK-CB cells were cultured in a matri-coated
transwell insert and left untreate- TGF) or stimulated witt5 ng/ml TGFB (+ TGFf) for 48 h. Invading
cells were stained with crystal violet. Shois the percentage of inving cells determined with Imag, (n =9,
N = 1). For statistical analysis studeni-test was used.

In combination with resul provided by Bjoern Traenk, showing that the overall response
TGF{ regarding gene expression of the E-related marker (nes Eeadherin, SNAI1 an
Slug is highly similar between A5-wt and A549 VB-CB cells (data not showi, the
obtained data sets clearly indicate that stabkerimm of the VBK-CB construct in the genon

of A549 cells does not affect ENrelated process.

To investig&e the induction of vimentin in response of 1-, A549_VB6-<B cells were lef
untreated or stimulated with T¢-p for 72 h and vimentin was analyzed via immunobigt
and fluorescence microscopFigure 3.23. Soluble protein fractions of respective lyse
were separated by SFPAGE, followed by Western blot analysis with anties agains
vimentin and GAPDH for detection. Compared to thedlng control(GAPDH), only minor
amounts of vimentin were detec in nontreated cells, while vimentin protein levels w
highly increased in samples upon incubation with=-f (Figure 3.2 A) Microscopic analysi
of the chromobody fluorescence in A549 -CB cells showed only weak fluorescent sigr
in non-treated cH (Figure 3.23 B) Moreover, in these cells the chromobody was afl
exclusively located in the perinuclear region. Bynirast, in cells stimulated with T
VB6-CB visualized extended vimentin filaments throughthg entire cytoplasm. The
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observabns are in accordance with previous studies desgribTGF-p-induced
rearrangements of viment(Tirino et al., 201). In addition, SIRNA experiments perform
by BjoernTraenkle shwed that knockdown vimentin was reflected by difwubstribution of
VB6-CB (data not showr

A -TGF-p +TGF-p B - TGF-B + TGF-B

55- w4 Vimentin

35 W— e G APDH

Figure 3.23:VB6-CB visualizes distribution and reorganization of vimertin. (A) A549 VBE-CB cells were
left untreated { TGF{) or stimulated with TG (5 ng/ml) for 72 h.Cell lysateswere either subjected
immunoblot analysis withu-VIM-IgG and a-GAPDH antibod (N = 3). B8) Fluorescence microscopy
A549 VB6-CB cells left untreated (- TGB) or stimulatd with TGF$ (5 ng/ml) for 72 . Shown are

representative images (N =1

To test whether vimentin rearrangements may alsenbaitored in real timetime-lapse
analysis was applied. To that end, A549 -CB cells were contimusly recorded in 3

intervals over four days. Thereby, T-f was added to the culture medium at the begin
of the time series and not removed for 48 h. Sulpseity, the culture medium was chang
to TGF$-free medium and left for additional 45 Figure 3.24) The results showed

characteristic redistribution of vimentin filamentgon TGI-f stimulation and remova
Thereby, perinuclear vimentin in cells at the begig of the time lapse h) extended into
filamentous fibers throughout the cytopm upon treatment with TC-f up to 48 h.
Subsequent removal of T« lead to the reverse process and extended vimélaiments

nearly disappeared after 9:

+ TGF-p - TGF-B

Figure 3.24 Time-lapse microscopy.A549 VB6-CB cells were stimulated with TGB (5 ng/ml) for 48 h.

Subsequently, TC-p was removed and cells were cultivated for add#iatb h.Images were record in 3 h

intervals, shown are representative images atatelictime point (N = 4). Scale ba20 um
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Taken together, the comparative studies of A54%wat A549 VB6-CB cells regarding cell
morphology, migration and invasion have shown thigble integration of the VB6-CB
construct into A549 cells has no impact on theitghilf the cells to undergo EMT. Moreover,
time-lapse analyses demonstrate that dynamic reggnaents of endogenous vimentin can be
readily traced by the chromobody fluorescence osingle cell level. Consequently, the
A549 VBG6-CB cell line well suited to study vimentinrtdhg EMT.

3.3.2 Actin-chromobody-based EMT model

Actin is one of the best described cytoskeletaltggns and plays major roles in
cytoarchitecture, cell adhesion and migration (Yguthi and Condeelis, 2007, Parsons et al.,
2010). During the process of EMT, actin has beawshto relocate from cortical actin at the
plasma membrane of epithelial cells to actin stfibess in mesenchymal cells (Haynes et al.,
2011). Recently, an actin specific chromobody hagnbelescribed to visualize full
localization dynamics of endogenous actin in livecedls and whole organisms (Panza et al.,
2015). Here, the actin-chromobody (Actin-CB) is ugeddevelop EMT-relevant cellular

models that can be applied for high-content imagtoglies.

To investigate the dynamic distribution of endogenactin in EMT-related processes, Actin-
CB was introduced in two EMT-relevant cell lines: Himve described epithelial lung cancer
cell line A549 and the epithelial hepatocarcinongdl ine Huh7. While A549 cells are
commonly used to study EMT in tumor progressioalesady described, Huh7 cells are often
applied in studies that address EMT during hepa#differentiation (Godoy et al., 2013,
Meyer et al., 2013). As explained previously, inglular expression levels of chromobodies
upon transient transfection widely differ withintencellular populations. Hence, A549 and
Huh7 cells were transduced by means of a lentigyatem, followed by selective pressure
with appropriate antibiotics, in order achieve fahtegration of Actin-CB in the genome of
the respective cell lines. Similar to the previguséscribed generation of stable A549 VB6-
CB cell line, fluorescence-activated cell sorting wesformed to obtain polyclonal pools
with equal intercellular expression levels. To miide side effects, due the background
fluorescence of unbound chromobody, a cellular pwath relatively low Actin-CB

expression levels was selected for A549 and Huhg i@spectively.

To investigate actin visualization with Actin-CB ihet selected cell systems, co-localization
studies were performed to compare the distributibthe stably expressed chromobody to

classic actin staining with phalloidin. The latiera natural toxin that binds filamentous actin
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with high affinity and seles as a weléstablishe actin probe {Wulf, 1979 #762;Hayne
2011 #63;Shankar, 2015 #127. Fixed A549 /-CB and Huh7_ActineB (green) cells wer
stained with phalloidi-Alexa555 (red) as well as DAPI for visualizationtb&é nuclei (blue
(Figure 3.25A). Microscopic analyses showed that both, A-CB and phalloidin, wer
clearly enriched at the plasma membrane of A549n-CB and Huh7_Acti-CB cells and
broadly colocalized within every cellThis indicates soluble expression of functionalii-

CB inboth cell lines and reliable visualization of adtynthe chromobod

A Actin-CB phalloidin DAPI merge B

Figure 3.25: Expression of Actir-CB in diverse cell types.(A) A549 ActinCB or Huh7_Acti-CB cells
(green) were fixed and stained with phallo-alexa555 (red) and Dapi (blusShown are representative imay

A549_Actin-CB

Huh7_Actin-CB

Actin-CB

of independent experiments (N = 1(B) Primary hepatocyte expressing A-CB via lentiviral transductio
and stained with DAPI (n = 8; N = 3). Scale b 20 pm

With regard to future studies of EMT during hepatedifferentiation, Acti-CB expression
was also tested in primary hepatoc. Introduction of the Acti-CB in these cells we
performed by lentiviral transduction. Analyses Hyofescence microscopy showed t
Actin-CB visualizesendogenous actin even in priry cells without obvious effects on ce

morphology (Figure 3.25 E

Next, it wastested whether TGB-dependent relocalization of actin during EMT can
monitored ly means cthe cellular actirchromobody models. To this e A549 Actin-CB
and Huh7_Acti-CB cells were left untreated or stimulated with - and analyzed by
fluorescence microscopy at 72 h Figure 3.2). Live-cell imagesshowed that in untreate
A549 ActinCB and Huh7_Acti-CB cells, chromobody fluorescence was diffus
distributed witlin the cytoplasm, but strongly enriched at the psnembrane outlining tf
respective localization of endogenccortical actin. Upon treatment with T(-B increased

formation of actin stress fibers was observed. Huggests that the previously descd
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characteristic redistribution of actin upon T-B-induced EMT {Haynes, 2011 #63} can
traced and monitorecy the fluorescence signal oictin-CB in both cell lines.

- TGF-B + TGF-B

Figure 326: Actin-CB visualizes TGF-B induced

reorganization of endogenous actin. Fluorescence
microscopy of A549 Acti-CB and Huh7_Acti-CB cells left
untreated { TGF{3) or stimulated with TGE- (5 ng/ml) for 72
h. Shown are representative images of independentiengrats

(N =15).

A549_Actin-CB

Huh7_Actin-CB

In summary, the results in this section showt the cellular models, A549 Ac-CB and
Huh7_ActinCB, can both be applied to study E-relevant dynamic rearrangements

endogenous actin on a single cell le

3.4 High-content imaging with actin - and vimentin- chromobody
models

Currently, most approachd¢o perform higheontent imaging rely on endpoint stainings
fixed and permeabilized samples or on ectopicatigressed fluorescently labeled prote
that in many cases do not reflect the distribuma dynamic organization of endogen
proteins. Hee, the acti- and vimentinehromobody models A549 Ac-CB, Huh7_Actir-
CB and A549 VB-CB were adapted for higtentent imaging and phenotypic screening
order to quantify morphological changes of endogenactin and vimentin in a statistica

relevanthumber of cells

To establish a phenotypieadout based on the fluoresc signals of ActinEB (Figure 3.27
A) and VB6-CB Figure 3.27 I), appropriate segmentation masks were developied tise
MetaXpress custom module editor (CME). For thispresenttive images of living
A549 Actin<CB, Huh7_Acti-CB and A549 VB-CB cells cultured in Hoecl-containing
medium for nuclear staining were repeatedly ana. Therebydistinct paramete were
alteredto obtain optimized segmentation masks for eachpemtment. Figure 3.2. A shows a
representative raw data image of Hoe-stained Huh7_Acti-CB cells. Based on tt

fluorescence signal of ActCB in this image, actin stress fibers were automidyic
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recognized and segmenteFigure 3.27 A’, A”). Hoechststaining was used to segment
nuclei Figure 3.27 A’™), resulting in a final readout comprising the n@mbf stress fiber
per cell. For the readout of vimentin, the netwofkvimentin fibers Figure 3.27 B) was
automatically recognized and segmd within raw data images of Hoec-stained
A549 VB6-CB cells Figure 3.27 B. Moreover,branch pointswere detected to sepatr:
vimentin fibers into individual fiber segmenFigure 3.27 B’) and nuclei segmentation w
performed based on the Hoechstnal (Figure 3.27 B™). The final vimentin readot
comprises the number of fiber segments per cedyethy allowing the comparison

spatiotemporal changes of vimentin structures andltifgrent cellular treatmen

L o
y
t

Actin-CB

Figure 3.27: Image segmentation of acti- and vimentin-chromobodies for phenotypic readour (A)

Representativeaw dataimage of live Huh7_ActirCB cells showing actirffigreen) and nuclezstaining with
Hoechst (blue). A’) Automated segmentation mask actin stress fibers based dwtin-CB signal using
MetaXpress Custom Module Editor (CME) softw. (A”) Enlargedactin stress fibesegmentation. X )

Automatednuclei segmentation mask d¢iuh7_Actir-CB cells based on Hoechst stair. (B) Representative
raw dataimage of live A549 VB-CB cells showing vimentin filaments (green) and leacstaining with
Hoechst (blue). B') Automated segmentation mask of vimentin filamebésed on VB-CB signal using
MetaXpress Custom Module Editor (CME) softw. (B”) Enlargedsegmentation of filament mask (re

including fiber segments (een) andbranch point (blue). 8
A549 VB6-CB cells based on Hoechst stainir§cale bars: 20

) Automated nucleisegmentation mask

To investigate proper applbility of the develope actinchromobody cell lines, th
established readouts were tested to measure thetiod of EMT by treatment with TC-p.
A549 ActinCB and Huh7_Acti-CB cells were left untreated or stimulated with - and

images were recorded after 72 h of treatn Subsequently, phenotypic actin readout
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applied on the recorded images and the number th atress fibers in untreated a
stimulated A549_Acti-CB (Figure 3.28 A and Huh7_Acti-CB (Figure 3.28 I) cells was
determined. Quantitative analysis showa five-fold increase of actin stress fibers
A549 Actin-CB cells Figure 3.28 AJ, while in Huh7_Acti-CB cells the average number
actin stress fibers increased onl 3fold upon treatment with TC- (Figure 3.28 B).
Notably, the overall level of tin stress fiber in Huh7 cells was clearly highkart in
A549 Actin-CB cells
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Figure 3.28: Quantitative analysis of actir upon TGF-p treatment. (A) Live-cell images of A54CActin-CB
cells left untreated (FGF-B) or stimulated with TGE- (5 ng/ml) for72 h Shown are raw data images (ima
and the respective segmentatioractin stress fibers (mask). Scale bar: 20 [A’) Quantification of vimentir
fibers in >100 A549Actin-CB cells under unstimulatedTGF-f) and stimulated (+ TGB} conditions Values
represent the means + s.e.m. of three independpstiments. For statistical analysis studer-test was used,
***P<0.001. (B) Live-cell images of Hul_Actin-CB cells left untreated- TGF{3) or stimulated with TG-p (5
ng/ml) for 72 h Shown re raw data images (image) and the respective sggtitn of actin stress fiber
(mask). Scale bar: 20 umB’) Quantification of vimentin fibers in >10Huh7_ActinCB cells under
unstimulated (-TGH) and stimulated (+ TC-B) conditions Values representhe means + s.e.m. of thr

independent experiments. For statistical analyagent’s -test was used, ***P<0.0C

The vimentin readout was examined in a -lapse experiment using A549 V-CB cells
(Figure 3.29. To this end, cells were cultured insence or presence of T-p and
fluorescence images were recorded after 24 h, 48dh72 h. Segmentation of the recor
images resulted in masks, showing few and smallemiin fibers within images of n-

stimulated samples, while visibly more and larfibers were segmented after 24 h 1-
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treatment Figure 3.29 /). Quantification of vimenti fiber segments per cell revealec
sevenfold increase after 24 h stimulation compared ® nior-treated control Figure 3.29
A’). This effect was even increasafter 48 h and 72 h treatment, showing spaciougniim
fibers, covering broad parts of the imaFigure 3.29 B, (). Quantitative analysis after 4€
and 72 h treatments resulted in &fold increase of fiber segments per cell compacethé

non-stimuéted controlsFigure 3.29 B’, C).
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Figure 3.29: Quantitative analysis of vimentin upon TGF-p treatment. (A-C) Live-cell images of
A549 VB6-CB cells left untreatec- TGF{3) or stimulated with TG-p (5 ng/ml) for24 h \A), 48 h 8) or 72 h
(C). Shown areaw data images (image) and the respective segtitentd vimentin fibaes (mask). Scale bars:
20 um. A’-C’) Quantification of vimentin fibers in >100 cellftex treatment with TG-p for 24 h &’), 48 h
(B’) or 72 h C’). Values represent the means eem. of three independent experiments. For stedistinalysis
student’s ttest was used, **P<0.01, **P<0.0(

Finally, it wasinvestigated whethethe developecchromobodybased cellular models a
suited to study and quantify the effect of EMT miading compounds. One of the recer

described vimentin targeting composs is the steroidal lactone Withaferin A (WFA)
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Withaferia somnifera. WFA has been shown to exhibit «tumor and antangiogenesis
activity in vivo (Shohat et al., 19t, Mohan et al., 200) and tocovalently modify vimentir
by inducing dominant negative effe(Bargagn-Mohan et al., 2007)Moreover, WFA ha
been described to promote phosphorylation and glismu of vimentin(Thaiparambil et al.
2011)and to inhibit TG induced EMT in epithelial breast cancer c(Lee et al., 201).

To test whether it is possible to verify effects wientir-targging small corpounds by
means of the viment-chromobody model, redime highcontent imaging upon treatme
with WFA was performed. For detailed quantificatioh the cellular effects upon WF

treatment the phenotypic readout described abogeappliec

A549 VB6-CB cells were treated with increasing concentratioh8/FA and continuousl
imaged for 24 h. Therebeffects of WFA were investigated in cells expressing diffet
levels of vimentin, by addition or omission of T-p to the culture medium 16 prior to the
incubation with WFA. Quantitative analysis of vintienfiber segments per cell reveale«
time- as well as a do-dependent reduction of vimentin caused by WFA isealce o
presence of TGB-(Figure 3.30).
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Figure 3.3Q Withaferin A induces dose- and timedependent decrease of vimentinA549_VBE-CB cells
were exposed to increasing concentrations of WatirafA (WFA) in absenc(- TGF) or presence of T(-B
(+ TGF) and subjected to tir-lapse microscopy for 24 h. The effect of W-treatment on vimentin fibe
segments was quantified in >100 cells after Oln, 8 h, 12 h and 24 h. Shown are relative humblessgment:
per cell representing the means + s.e.n three independent experiments. Statistical analysithe dos-
dependency was performed using studertest with reference to the untreated control (0\WW®#A), *P<0.05,
**P<0.01, **P<0.001.

While after 24 h WFA treatment, independently o¢ tsamploed WFA concentration, n
significant reduction of vimentin could be obseryvafter :h, 6 h and 12 h, vimentin fib
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segments were significantly decreased upon tredtmigim 250 nM and 500 nM WFA. This
indicates that the effects of WFA were completedgavered after 24 h. Furthermore, the
strongest decrease of vimentin fiber segments veasroed after 6 h and 12 h, showing a
two-fold reduction of vimentin in presence of T@Fand a ten-fold reduction in absence of
TGF{. Overall, the results conclude that high-contemaging of the vimentin-chromobody
model allows precise quantification of dose- anthetidependent compound effects

independently of the initial level of vimentin.

To summarize, both actin-chromobody models A549inPACB and Huh7_Actin-CB as well
as the vimentin-chromobody model A549 VB6-CB can hdieg for high-content imaging
studies, thereby allowing a reliable segmentatioactin stress fibers or filamentous vimentin
respectively. Induction of EMT by treatment with Fg could be quantified with all three
chromobody models. Moreover, time- and dose-depereféects of the vimentin-modulating
small compound WFA were quantitatively detecteddmsl-time high content imaging of the

vimentin-chromobody model.
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4 DISCUSSION

The cellular reprogramming process, epithelial-mebgmal transition, is of particular
interest for the development of anti-metastatiagdheutics. In this context, novel strategies
that enable real-time analysis of EMT biomarkeesraquired that deepen our insight into the
complex regulation of this dynamic process. In tthiesis, nanobodies against the EMT
marker proteins occludin, SNAI1 and vimentin wesngrated and analyzed regarding their
applicability in biochemical as well as cell biologl approaches. The occludin-specific
nanobody OF6-NB is a powerful tool for biochemicppkcations particularly for pull-down
experiments, yet is not appropriate to detect eadogs occludin in living cells. Functionality
of the SNAIl-specific nanobody SG6-NB and chromobds@6-CB are restricted to
ectopically overexpressed Snail, while the recagmibf endogenous Snail remains unclear.
Two functional nanobodies, VB3-NB and VB6-NB, were deped and applied for
biochemical detection and precipitation of vimentwhile their chromobody formats VB3-
CB and VB6-CB are functional to trace endogenous vimentiliving cells. Based on the
highly soluble and transient binding of VB6-CB and threviously described Actin-CB,
EMT-relevant cellular models were generated angtadafor high-content imaging. These
models allow live-visualization of actin and vimentedistribution during EMT in real-time
as well as quantitative detection of the effectshef EMT inducer TGH- and the vimentin-
modulating compound Withaferin A (WFA). In the fmiling section the observed results are
critically discussed in the context of the currstatte of the art in the field of nanobodies and
EMT.

4.1 Nanobody selection process

To study spatial and temporal dynamics of cellgescesses, such as EMT, a number of
intracellular affinity reagents have been descritiet allow tracing of endogenous cellular
target structures (see section 1.5). One advawmtaipese recombinant binding formats is that
they can be easily selected form generic libratieshis thesis specific nanobodies against the
EMT-markers occludin, SNAI1 and vimentin have beetected via phage display. Phage
display is the most robust and frequently usedestng technique, nonetheless nanobodies
can also be selected by mRNA display (Doshi et24l14), ribosome display (Yau et al.,
2003), bacterial display (Fleetwood et al., 2018yeast display (Koide and Koide, 2012).
Recently, a novel approach has been described Hoatsadirect selection of nanobody
sequences form the animal serum, without intermnmgdéxpression systems (Fridy et al.,
2014). Most commonly, nanobody selection is basedilwaries derived from immunized
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animals (Lauwereys et al., 1998, Van Audenhovd.ef@13, Pardon et al., 2014), while in
some cases naive libraries from non-immunized dsitmave been applied (Monegal et al.,
2009, Jobling et al., 2003).

Starting from a WH phage library, comprising 2xi@fu/ml, a clear enrichment of specific
phages was obtained for each antigen after twoipgmycles in this study. This is consistent
with other studies, generally describing one or paaning cycles for selection of nanobodies
from libraries derived from immunized animals, degieg on the magnitude of the hcAb-
mediated humoral response (Rothbauer et al., 2Q06pR et al., 2014, Traenkle et al., 2015).
Due to the larger diversity, at least two or moeaming cycles are required for nanobody
selection from naive libraries (Groot et al., 2006bling et al., 2003). For all antigens a
satisfying number of specifically binding nanobadierere obtained after phage ELISA,
hence, no more than 47 clones were tested pereantijl selection technologies mentioned
above are suited to identify high-affinity bindimgolecules, however, they are not able to
predict functionality within living cells. Since major focus of this work was to generate
chromobodies for intracellular usage, the subsegeeftection strategy of nanobodies,
positive in phage ELISA, was implemented by simpteacellular co-localization studies as
well as the fluorescent two-hybrid (F2H) assay.gdttrategies to identify binding molecules
within living cells have been described as welleThtracellular antibody capture technology
(IACT) combines the phage display technology witmadified yeast two-hybrid (Y2H)
assay, allowing the selection of binding molecdlesctional in yeast (Visintin et al., 1999,
Visintin et al., 2002). An altered bacterial twobnigl system was developed to enable a one-
step isolation of nanobodies functional in bactéAallis et al., 2012). Since antigens derived
from E. coli comprise no posttranslational modifications andspee adsorption on solid
surfaces sometimes leads to structural deterioratinother approach, describing a modified
technique of the classic phage display using nigtif@dded and freely accessible proteins
produced in mammalian cells has been developedi@thals, 2013). However, functional
expression of all these selected binding molecnl@sammalian cells is not ensured and still

requires additional and careful intracellular vatidn.

4.2 Diversity of nanobody sequences

The variety of b lymphocytes producing specificilaodies is indispensable for the defense
mechanisms of the adaptive humoral immune systdrareby, the random combination of
variable (V), diversity (D) and joining (J) geneso(called V(D)J recombination) is an

underlying process during b cell maturation. Foe tformation of heavy chains of
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conventional tetrameric antibodies as well as ddvigechain-only antibodies, the alpaca
genome comprises three V gene subgroups (IgHV1VRtnd IgHV3), with IgHV3
containing 17 members of the;M set (divided into 6 subsetsF) and 54 members of the,V
set (divided into 12 subsefsK), seven D genes (R — D47) and seven J genei 13- 47)
(Achour et al., 2008). In a first step, D and Jmsegts are combined, while in a second step a
V gene joins the assembled DJ sequence to fornmplete \(4H or Vy exon (Nguyen et al.,
1999). In heavy chain variable domains CDR1, FR2 anBZ&re encoded by a V segment,
while the CDR3 loop is formed by recombination of I, and J segments, resulting in
increased sequence variability within this regidfu(et al., 1993).

Analysis of all the unique nanobody sequences el section 3.1 revealed significant
differences. The two occludin-nanobodies are endobl the same V gene of IgHV3
subgroup and WH subsetD marked by the hydrophilic hallmark residues Phe3iu44,
Asp45 and Gly47 in FR2 (Achour et al., 2008). Thgane of the SNAI1l-nanobodies SA2-
NB, SB4-NB, SF2-NB and SG1-NB belong to thgh/subsetE (Phe37, Glu44, Asp45,
Leud7), while SF4-NB and SG6-NB are derived frore ¥yH subsetB (Tyr37, Glu44,
Asp45, Leud7) of IgHV3 (Achour et al., 2008). Asmtiened in the results section, the four
vimentin-nanobodies VB3-NB, VE3-NB, VF6-NB and VGBMre \{;Hs, including V genes
derived from \4H subsetA (Tyr37, GInd4, Asp45, Leu47) of IgGV3, while thanobodies
VB6-NB, VC4-NB, VG4-NB and VH3-NB are encoded by Vngs of the IgGV3 V set,
including the hydrophobic residues Val37, Gly44ud® and Trp47 in FR2 (Achour et al.,
2008). During the generation of the phagemide Mgrgprecise preparation of DNA
fragments, coding for heavy chains of hcAbs (IgG#;3), should ensure that onlyyM
domains are included in the library and selectegligge display and ELISA (Schmidthals,
2013). Thereby, three subsequent PCR reactions dmgmed to amplify the gene segments
coding for the VH repertoire. The first PCR is specific for all heahains of conventional
IgG1, IgG2, and IgG3, resulting in PCR products wiififierent lengths, since the hcAbs lack
the Gy1 domain. Only the shorter PCR product, derived flamAbs serves as template for
subsequent PCR amplifications specific for the végi@omains. Hence, contamination with
DNA fragments coding for heavy chains of converdiolgGs (IgG1s) during the second
PCR amplification step is the likeliest explanationthe selected ysequences.

The varying length and high diversity within the CDR8ps of the identified sequences is
largely set by the integration of the D genes (Wale 1993). An elongated CDR3 loop,
often described for y\H domains (Muyldermans, 2013), was only observedHe occludin-
nanobodies, both comprising identical D genes \aithadditional cysteine residue (Figure
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3.4). It can be assumed that this CDR3 loop is stakilby the formation of a disulfide bridge
mediated by the additional cysteine, which might decial for correct folding and
recognition of the antigen. Hence, improper foldofgOF6-CB in the reducing environment
of the cytoplasm might be one reason, why this miolwody is only partially functional
within living cells. All Snail nanobodies share tsame D segment indicated by nearly
identical CDR3s. By contrast, withing¥1 sequences of the vimentin-nanobodies, CDR3 of
VES3 is derived from another D segment than VB3, \@RE VG1, and the Ysequences each
comprise largely diverse CDR3s indicating recombaratof different D genes. Sequence
analyses of CDR3 and FR4 regions revealed that @tteel nanobodies contain the same J

gene, 44, occurring most frequently injVas well as in MH sequences (Achour et al., 2008).

Beyond V(D)J recombination, other mechanisms sucbkoasatic hypermutations (reviewed
in French et al., 1989) and imprecise joining esemnesulting in addition or loss of
nucleotides at the junctions of recombined segmémgiewed in Schatz et al., 1992),
increase the diversity of the selected nanobodreb explain varieties within sequences

derived from the same V, D or J genes.

4.3 General applicability of the developed nanobodi es and
chromobodies

The main focus of this work was to generate a gsydteat allows intracellular tracing of

endogenous EMT-markers in living cells. Among thdentified nanobodies and

chromobodies only VB3-CB and VB6-CB are fully functiofai intracellular applications,

while occludin- and SNAI1-chromobodies are notexlito trace endogenous targets within

living cells.

Occludin is an integral transmembranic componentcelfular tight junctions between

epithelial cells (Furuse et al., 1993). As mentobiadove, the malfunction of the developed
occludin-chromobodies might be explained by inodtrfelding in the reducing environment
of the cytoplasm. Another reason might be that wittells, the chromobody epitope is
inaccessible. In intact tight junctions, occludgkinown to interact with many other tight
junctional proteins, including the three ZO progeidAM, VAP-33, JEAP and CLMP

(reviewed in Feldman et al., 2005). Thus, intemactof one of these proteins with the
cytoplasmic C-terminal domain of occludin might mashe chromobody. When

overexpressing occludin, some epitopes might beessiole, assuming that the ectopic
occludin concentration is much higher than the eatration of endogenous interaction

partners. This might explain that OF6-CB co-localiseh mCherry-OCLN, but not with
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endogenous occludin  (Figure 3.4). Surprisingly, raogllular-immunoprecipitation
experiments indicated intracellular binding of OEB-to ectopically expressed as well as
endogenous occludin (Figure 3.6). This might belarpd by the disruption of tight
junctional protein complexes leading to increaseckasibility of the epitope upon cell lysis.
Moreover, OF6-CB may bind to endogenous occludin iwitlving cells, yet in a minor
extent, so it is not detectable by fluorescencerasmopy, but by IC-IP followed by
immunoblotting, which is much more sensitive, doe énrichment of the antigen. OF6-NB
was shown to efficiently precipitate and detectledicn in immunoprecipitation and Western
blot experiments (Figure 3.5 and 3.6), leadinghi® assumption that OF6-NB recognizes a
linear epitope rather than a conformational stmgtas was shown for most nanobodies
described so far (De Genst et al., 2006).

The high performance of the OF6-NB and OF6-CB in unoprecipitation experiments as
well as in IC-IP studies might facilitate the idiénation of novel binding partners of
occludin. Additionally, several nanobodies haverbescently applied as chaperones for the
crystallization of complex biological structurescluding integral transmembrane proteins
(Conrath et al., 2009, Rasmussen et al., 2011, Patdaln, 2014). Hence, OF6-NB might be
useful to stabilize the overall structure of ocatudlone or in complex with other proteins.
This would expand the knowledge significantly, girmnly the structure of the cytoplasmic C-

terminal domain of occludin has been elucidatedat® (Li et al., 2005).

The canonical EMT marker and transcriptional reppe$SNAIL is of great interest for cancer
research, particularly regarding its role in thevelepment of metastases, acquisition of
cancer stem cell-like properties and resistanaghtamotherapeutic drugs (reviewed in Wang
et al., 2013b and Kaufhold and Bonavida, 2014). Msiatlies addressing SNAI1 apply
measurements on mMRNA levels (Moreno-Bueno et al.9,20hou et al., 2014), since SNAI1
protein levels are difficult to detect in Westerotbor in immunocytochemical (IHC) and
immunohistochemical (ICC) assays (Zhou et al., 20@& et al., 2006, Qiao et al., 2010).
This is explained by the high instability of the SNl protein, combined with a lack of
functionally reliable SNAI1 antibodies. In this dent, it is not surprising that SG6-NB is
barely functional for immunoprecipitation of SNAIThe more promising format is the
intracellular functional SG6-CB which recognizes eatally expressed SNAIL1 within living
cells, as was shown by IC-IP (Figure 3.9) and byaified fluorescent two-hybrid assay
(Figure 3.10). Whether SG6-CB also binds to endoge®NAIL, remains unclear, but it is a
most attractive candidate for further investigagi@ng. by analyzing IC-IP bound fractions by
mass spectrometry.
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Vimentin is the major intermediate filament protéiund in mesenchymal cells and its role
as cytoskeletal component has been known for maaysy(reviewed in Herrmann et al.,
1996). Yet, we are still at the beginning to unterd its dynamic and interdependent
functions especially during EMT and metastasis &dram. In vitro studies with the vimentin-

specific nanobodies VB3-NB and VB6-NB coupled to aganic dye have shown that only
VB6-NB detects denatured vimentin in Western blot emchunofluorescence. By generating
a bivalent VB6-nanobody and thereby increasing itsdity, antigen detection was

dramatically improved. Interestingly, VB3-NB precgits vimentin more efficiently than

VB6-NB, but in Western blot and immunofluorescence @pitope might be inaccessible.
Based on these findings, VB6-NB is assumed to recegaifinear epitope, as it was also
stated for OF6-NB, while VB3-NB might bind to a rathmnformational epitope that is

destroyed upon denaturation of vimentin. This higpets is supported by the fact that VB3-
NB and VB6-NB are derived from different antibody skes (hcAb vs. conventional IgGs)
and comprise completely differing hypervariable @ms (Figure 4.1). Hence, it can be
hypothesized that the two nanobodies address eliffeepitopes, both located in the rod

domain of vimentin. Yet, the precise epitope ofreaanobody/chromobody is not known.

CDR1 FR2 CDR2 CDR3

VB3 NTFSI KVMG VRQAPGKEFEEVA VSTNSGAS YDGRYEDY
VB6 FTFSAASMR WIRQVPGKENETVA Tl DGTGAN FGRNY- - -

* % % * * k% * k% * k% -k x . *

Figure 4.1: Sequence alignment of the three CDR remns (CDR1-3) and FR2 of VB3-NB and VB6-NB.

In recent years, novel super-resolution technighese revolutionized the field of

fluorescence microscopy (reviewed in Hell, 2009 &oednasiero and Opazo, 2015). In this
context fluorescently labeled nanobodies are usegllow a closer spatial proximity of the

fluorophore and the target structure and therelnymize the linkage errors observed with the
much larger primary and secondary antibodies. la plast, a GFP-specific nanobody,
covalently coupled to a fluorescent dye, has begapliead for photoactivation localization

microscopy (PALM) of fluorescently labeled microuses (Ries et al.,, 2012). Recently, a
tubulin-specific nanobody has been developed f@pesuesolution imaging of endogenous
microtubules (Mikhaylova et al., 2015). Since VB6-MBs shown to detect vimentin directly
in immunofluorescence, it may be a promising caatgido visualize endogenous vimentin by

super-resolution microscopy, which is currentlyngeinvestigated.

Another recent study describes a novel compound 3adylquinoline derivative, named

Arylgquinl, which triggers secretion of the tumopptessor protein Par-4 leading to apoptosis
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in diverse cancer cells, but not in normal cellsr{Bwanov et al., 2014). Burikanov et al.
revealed a potential mechanism, by which Par-4ustered upon binding to vimentin and
thereby prevented from secretion. By binding to emm, Arylquin 1 displaces Par-4 from
vimentin, resulting in Par-4 secretion. The propbsgeraction between Par-4 and vimentin
was supported by immunoprecipitation and intra¢ailgo-localization experiments. In this
context, VB6-CB might help for a better understandaigArylquin 1's mode of action.
Intracellular expression of VB6-CB might exhibit vinten localization, depending on
Arylquin 1 and Par-4. Moreover, IC-IP experimentsiid be applied to analyze the proposed
interaction between vimentin and Par-4 in absencgresence of Arylquin 1 in a more

physiological environment.

4.4 Chromobodies for live cell imaging

As described earlier in the introduction, chromabsgdcomprising a nanobody moiety and a
fluorescent protein, have become a valuable altem#o conventional antibodies and ectopic
expression of fluorescently labeled target proteBmveral studies describe applications of
chromobodies in living cells to visualize and trabgmamic changes of intracellular target
structures (Rothbauer et al., 2006, Kirchhofer et28110, Burgess et al., 2012, Li et al., 2012,
Traenkle et al.,, 2015). In the context of this the#trabodies addressing EMT marker

proteins in living cells were of particular intetes

For live cell visualization of the well-known cytadetal component actin, which is known to
undergo a dramatic reorganization during EMT, a Imemof chromobody-based and non-
chromobody approaches have been described. Thé gemide, lifeact, has been derived
from the first 17 amino acids of Abp140 $diccharomyces cerevisiae and successfully been
applied as a live-cell actin marker in various deiles as well as whole organisms e.g.
drosophila and mice (Riedl et al., 2008, RiedI et al., 2010agklen et al., 2014). Moreover,
a number of intracellular functional F-actin speciianobodies have been developed (Van
Audenhove et al., 2013, Rocchetti et al., 2014).

The commercially available actin-chromobody, whiwdis been applied in this study, is a
valuable tool to trace the dynamic organizationFedictinin cellulo andin vivo, as it has

recently been demonstrated in living zebrafish nod®anza et al., 2015). However,
although reorganization of the actin cytoskele®hnked to EMT it still occurs in numerous
cellular processes and cannot only be classifiethdSMT-specific phenomenon. To date, no

approaches are available to visualize any other BpECific marker in living cells.
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In the present study, two chromobodies, VB3-CB and \B5-were developed as novel
biosensors to study the endogenous localization dwygamic rearrangements of the
mesenchymal EMT-marker vimentin in live cells. Thwerent state of the art regarding live-
cell imaging of vimentin mainly relies on microicj@n or ectopic expression of
fluorescently labeled vimentin (Kuczmarski and Gaéoh, 2007, Helfand et al., 2011, Chang
et al., 2009, Kajita et al., 2014). However, detihnalyses of protein expression, cell shape,
motility and migration of several breast cancet teés upon ectopic expression or knock-
down of vimentin have shown that increased vimergxpression correlates with a
mesenchymal phenotype, while loss of vimentin esgiom causes mesenchymal cells to
adopt epithelial phenotypes (Mendez et al., 20H®nce, overexpression of fluorescently

labeled vimentin does not reflect the endogendusitson.

The two chromobodies, developed in this study, aliga vimentin for the first time in its
physiologically relevant state. Comparative analysfeffuorescently labeled vimentin (GFP-
VIM) and the two chromobodies have shown that GHM-\étrongly aggregates upon
overexpression, while the chromobodies were molbin Both chromobodies were shown
to have no effect on cell viability compared toedplexpressed GFP. These findings are
supported by the unaltered morphology and minini@nges in migration and invasion of
A549 cells expressing VB6-CB (A549 VB6-CB), comparedh® wild-type cell line. The
more transient binding mode, observed by FRAP arsagygygests minimal interference with
endogenous vimentin dynamics. Still, further impactprotein function cannot be completely
excluded. As mentioned above, in a facilitated rhetteentin disassembles upon extensive
phosphorylation of Ser/Thr residues, while assethblaments are widely unphosphorylated
(Snider and Omary, 2014). Since alpaca immunizaton nanobody selection were
performed with recombinant vimentin purified fronadberia, it is likely that VB6-CB
recognize both, soluble and polymerized vimentdependently of the phosphorylation state.
Yet, intracellular binding of the chromobody midtihder posttranslational modifications of
vimentin by masking the binding site of kinasesnberaction with other binding partners, as
it has been proposed for some intrabodies (Sa#bh,e2013a, Bethuyne et al., 2014). In this
context, recognition of the rod domain may be ath@eous and less harmful than binding of
the chromobody to the N- or C-terminus, since ingoar phosphorylation sites are located

mainly in the head- and tail domain of vimentin.
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4.5 Induction of EMT

EMT can be induced by numerous intrinsic (e.g. pemes, transcription factors) and extrinsic
stimuli, such as growth factors and componentshef ECM (reviewed by (Gonzalez and
Medici, 2014)). In this context, the transformingogth factor 1 (TGF{$1) is the most
widely used inducer, regarding EMT in cancer regeaburing early stages of tumorigenesis,
TGF4 inhibits cell proliferation and acts as a tumopmessor, while in later stages it
promotes tumor progression by the initiation of EM&ding to increased invasiveness and
formation of metastases (Heldin et al., 2009) his study, induction of EMT with TGB-led

to characteristic changes in morphology and mptditboth wild-type A549 and A549 VBG6-
CB. Surprisingly, no significant changes in woundlingawere induced by TGB-in both
cell lines. This might be explained by the prolfgon inhibiting effect of TGH, which
cannot be differentiated from cell migration bysd&e scratch assays. Moreover, previous
studies have shown that A549 cells with cancer steth(CSC)-like properties respond to
TGF{ with enhanced motility in wound healing assaysjlevkhe non-CSC cells did not
change in motility (Tirino et al., 2013). Whethdretmonoclonal A549 VB6-CB cell line

exhibits a CSC or non-CSC-like phenotype remains aneéed has to be further investigated.

In A549 VBG6-CB cells increased vimentin protein lewskre detected by Western blot upon
induction of EMT with TGFB. This is due to regulation of vimentin protein eegsion by
SMAD-dependent TGEB- signaling. Activated TGIB- receptors phosphorylate SMAD2/3,
which complex with SMAD4 and translocate in the lrus. Once in the nucleus, the SMAD
complex activates the expression of EMT transaiptactors, including FOXC2, which was
shown to promote vimentin expression (Mani et2007, Lamouille et al., 2014). Moreover,
the SMAD complex activates transcription througteiaction with DNA-binding factors of
the Spl or AP-1 family such as c-Jun, c-Fos andSSA that bind to the vimentin promoter
and initiate vimentin expression (Rittling et al98B, Wu et al., 2007, Wu et al., 2003).
SMAD3 was also shown to directly activate the egpien of vimentin (Wu et al., 2007).
Moreover, the vimentin promoter is a targetBe¢atenin/TCF4 complex and of NB, both
components of SMAD-independent pathways, that camadiivated by TGIB- (see section
1.3.2) (Gilles et al., 2003, Lilienbaum and Paulif93, Wu et al., 2007).

Live-cell imaging of TGF3 treated A549 VBG6-CB cells showed a reverse redigtabdrom
perinuclear vimentin in untreated cells, extendioga complex network throughout the cell
periphery. This is consistent with a recent stuiihgusing on TGH-mediated EMT in

different populations of A549 cells with featurek aancer stem cells (CSC) or non-CSC
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properties (Tirino et al., 2013). Vimentin redibtrtion upon TGH3 treatment was detected in
both CSCs and non-CSCs. Likewise, EMT-dependent vimeatirganization in A549 cells
has been observed by overexpression of the tratiscrifactor PREP1, which is described to
affect TGFB-SMAD signaling (Risolino et al., 2014). Regardimgnentin’s role in cell
motility and migration, Helfand et al. have showratt within migrating mesenchymal-like
fibroblasts, gradients of different vimentin assgndiates are present within the cells. While
in the tail and perinuclear regions of these oglisentin was organized in a complex network
of filaments, in lamellipodia a disassembled fraictof vimentin was observed (Helfand et al.,
2011). Consequently, the reliable visualization @&FJ mediated reorganization of the
highly relevant EMT biomarker vimentin makes VB6-CBaluable tool for researchers in
the field of vimentin and EMT.

Interestingly, TGF3-mediated induction of vimentin lead to a slightcrease of the
chromobody fluorescence in A549 VB6-CB cells, whichrezt be simply explained, since
chromobody expression is not expected to be depermle TGFB. Recently, similar results
were observed for a chromobody specific fecatenin, showing a significant increase in the
global chromobody signal after inhibition of thHcatenin destruction complex, while
chromobody mRNA levels remained unaffected (Traeréleal., 2015). In this study, a
mechanism leading to an antigen-mediated stabdizabf the chromobody has been
proposed. Other studies have described the stz of intrabodies, modified by the
addition of a degradation promoting domain, upoto@c expression of the respective
antigens (Sibler et al., 2005). Similar to the neTed f-catenin specific chromobody, VB6-
CB might be stabilized by the presence of its antigaependently of an introduced
destabilizing domain, suggesting a general prieciplr antigen-dependent stabilization of
intracellularly expressed chromobodies. Furtherestigations will be necessary to clarify,
whether this may constitute a novel and flexiblprapch to detect dynamic changes in the

expression levels of endogenous proteins by meartsromobodies.

With regard to actin cytoskeletal arrangements, -Bdfediated EMT induction led to the
reorganization of cortical actin bundles to thittess fibers at the ventral cell surface in both
developed Actin-CB models: A549 Actin-CB and Huh7_A«@iB (Figure 3.26). These
observations are consistent with previous studiesscrbing EMT-related actin
rearrangements e.g. in hepatocytes (Godoy et @D9)2or mouse mammary epithelial
NMuMG cells (Haynes et al., 2011). T@Fdependent remodeling of actin has been shown to
be dependent on RhoA activation (Masszi et al., ROR®reover, increased expression of
moesin, a member of the ezrin/radixin/moesin (ERaMMify has been reported in response to
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TGF{ and is proposed to be required for efficient aitament remodeling (Haynes et al.,
2011).

4.6 Relevance of EMT chromobody models for therapeu tic
research and clinical settings
EMT plays a prominent role in the development ofaea metastases and in the acquisition of
therapy resistance of many cancers. Common theiapebtave often been ineffective
regarding metastatic cancer, hence, novel techiesldg identify compounds targeting the
dynamic transition process and its related marketems are of particular interest for the
anti-metastatic cancer therapy. Screening strateg@dressing EMT currently rely on
endpoint readouts of gene expression, fluoresceneasity, glow luminescence, and high-
content imaging. For example, Li et al. developetligh-throughput screening approach
based on a luciferase reporter system measuringntimexpression and analyzed the effect
of the primary hits on the invasive potential ohemids (Li et al., 2011). Another study,
conducted by Gupta et al. screened for compourfdstiiy cell viability of epithelial CSCs
by a luminescence assay (Gupta et al., 2009). Rgc&tiua et al. have designed a high-
content screening assay to identify EMT inhibitaffecting cell growth and cell migration
(Chua et al., 2012).

In this thesis, cell-based chromobody models wemerated for the first time to visualize
dynamic changes of the EMT-markers actin and vimeint real time. Moreover, high-
content imaging models were developed to allow toeoimg and quantifying subtle changes
in expression and dynamic redistribution of actid asimentin upon pathway activation.
Finally, the vimentin-chromobody model was appliedletermine time- and dose-dependent
alterations of vimentin upon compound treatmentwNithaferin A (WFA). This proof of
principle study demonstrates that the approachldped in this thesis, to trace endogenous
EMT-markers, provides much deeper insight intodbBular properties and effects of EMT
modulating compounds. The observation of earlyot$f@ h after WFA incubation with doses
of 250 nM and higher indicates a substantial catluiptake of WFA and its functionality in
the cellular environment. Continuous live-cell imagrevealed a maximum effect after 6 h —
12 h and a complete reversion after 24 h, whichcatds that WFA might be actively
exported, inactivated upon metabolization or cowuied by cellular vimentin-regulatory
circuits. In any case, such transient compoundceffeannot be identified by any endpoint
assay. This example clearly illustrates that composcreens which are restricted to certain

time points are prone to report false negativese @pproach developed in this thesis is
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suitable to overcome these limitations and is etqued¢o increase the yield of screening

campaigns, thereby facilitating the identificatmireffective EMT modulators.

In the context of EMT, preclinical drug discovetii selies mainly on 2D cell culture studies,
for reasons of simplicity and low costs. Howeveitias argue that 2D models do not reflect
the complexity of cancerous tissurevivo, including the contribution of the ECM into which
cells undergoing EMT invade. To simulate flnevivo situation, novel 3D approaches have
been recently reported (Li et al., 2011, Chua e8l12, Katz et al., 2011, Aref et al., 2013).
Katz et al. have established a 3D breast cancetro model that mimics the invasion of cells
with mesenchymal phenotype to break through thelba®embrane into stromal collagen
(Katz et al., 2011). In another approach Aref ehalve developed a microfluidic system that
integrates A549 lung tumor cell spheroids in a 3[drbgel scaffold and in co-culture with
endothelial HUVEC cells (Aref et al., 2013). Thettaars describe significant differences in
drug response between 2D and 3D models and betwesmroculture and co-culture,
regarding cell proliferation and migration awayrfréhe spheroid. Acknowledging the current
debate, the next step will be to transfer the desdrEMT chromobody models A549 VBG6-
CB, A549 Actin-CB and Huh7_Actin-CB to robust 3D modelpwing a most authentic
identification of EMT targeting compounds. Notabbypservations described for primary
hepatic 2D and 3D cultures regarding drug toxidégts led to similar conclusions. For
example, toxic effects of acetaminophienvivo can be reproduced in 3D, but not in 2D
models (Schyschka et al., 2013). Moreover, expoasivels and distribution of actin and
vimentin significantly differ between 2D and 3D wukd hepatocytes (Godoy et al., 2009).
Since, both Actin-CB and VB6-CB, can be functionallpessed in primary hepatocytes as
shown in this study, chromobody tracking of endaysnactin and vimentin in primary
hepatocytes might lead to a better understandirigxaéological effects of drugs in such 3D

models.

When it comes to downstream preclinical screenihgaiential drug candidates, animal
studies are indispensable. Since most studies o BiM based om vitro andin cellulo
assays, the validity of these data for ith&ivo situation has been under intense debate (Tarin
et al., 2005, Cardiff, 2005). This is partly duethe difficulty to distinguish the origin of
fibroblasts and CTCs, thereby differentiating betv&MT-derived cells and cells with other
origins. Moreover inhibiting EMT in vivo, has been proposed to be possibly
counterproductive to prevent distant metastasgmiients already exhibiting CTCs (Tsai et
al., 2012, Nieto, 2013). However, novel studies destrated that data derived framvitro
EMT studies can be translated into the clinicatisgt(Jahn et al., 2012, Tsai et al., 2012,
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Bonnomet et al., 2012). Most interestingly, the bteancer EMTn vivo model of Bonnomet

et al. is based on MDA-MB-468 vimentin-negative Is€ethat grow into primary
heterogeneous xenografts with vimentin-negativewadl as vimentin-positive regions.
Furthermore, circulating tumor cells exhibited EMdarkers suggesting that spontaneous
EMT events promote intravasation and metastatisedisnationn vivo. Based on these data
and on the fact that chromobodies and other inttischave been successfully introduced in
living animals (e.g. zebrafish, mice) (Panza et2015, Sato et al., 2013b), it can be proposed
that intracellular tracing of the reliable EMT biarker vimentin with VB6-CB might
facilitate live-experiments and histological studigegarding EMT, CTCs, metastatic

dissemination and potential drug candidategvo.
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4.7 Outlook

In this thesis, novel nanobodies and chromobodgzsnat the EMT-biomarkers occludin,
SNAI1 and vimentin have been developed. OF6-NB $ipally targets occludin in Western
blot and pull down experiments. Since OF6-CB is moictional for intracellular imaging, a
chromobody against an alternative membrane assdciBMT-marker protein would be
highly valuable. In this context, the tight juncticomponent ZO1 might be a suitable target,
since this large protein localizes at the cytosslicface of the plasma membrane and might
be more accessible for chromobody binding. Currepibyential ZO1 specific chromobodies

are under development.

The role of SNAIL in tumor progression and metastimation is of particular interest for

cancer researchers as described in numerous rettelies (Zhou et al., 2014, Wang et al.,
2014, Kaufhold and Bonavida, 2014). However, as showthis study, available SNAI1

antibodies are poorly functional. Hence, furthéoe$ to generate SNAI1 specific nano- or
chromobodies are highly reasonable. Based on thiknfis described in this thesis, further
experiments to analyze whether SG6-CB indeed bindeoganous SNAI1 e.g. by mass
spectrometry would be indicated. Moreover, the tguaent of bivalent SNAI1-nanobodies
to obtain binding molecules with increased aviditight lead to better results.

The two identified vimentin binders VB3 and VB6 dumctional as nanobodies as well as
chromobodies. With regard to the emerging techneffpr super resolution microscopy the
bivalent VB6-VB6-NB is an interesting tool for sup@solution recordings of endogenous
vimentin. In this context, experimental settingwvédo be optimized including the fixation

processes, selection of appropriate dyes and dyehog.

Most importantly, chromobody-based models develapettiis study combine the relevance
of actin and particularly vimentin as EMT biomarkeavith the unique advantage of live-cell
analysis and can be used to monitor time- and dependencies of compound-mediated
effects. Based on these proof-of-principle studibe, next step will be to apply the A549-
VB6-CB system to compound screening. Since vimentinragulated by extensive
phosphorylation, it would be highly interesting test e.g. libraries comprising kinase
inhibitors.

Finally, the developed 2D models may be adapted3@o cell systems, using current
techniques such as 3D-KITChip or the hanging drogtesy. Although it will be very

challenging to develop a reliable 3D phenotypicdoed, such models will provide deeper
insights in the complex regulation of EMT in phyemically more relevant systems.
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6.2 Eidesstattliche Erklarung

Ich erklare hiermit, dass ich die zur Promotiongeiichte Arbeit mit dem Titel: ,Novel
Nanobodies and Chromobodies to Study Biomarkers ah&ml-Mesenchymal Transition
(EMT)“ selbstandig verfasst, nur die angegebenerll®u und Hilfsmittel benutzt und
wortlich oder inhaltlich Gbernommene Stellen aléclse gekennzeichnet habe. Ich erklare,
dass die Richtlinien zur Sicherung guter wissensltiadr Praxis der Universitat Tubingen
(Beschluss des Senats vom 25.5.2000) beachtet wuietewersichere an Eides statt, dass
diese Angaben wahr sind und dass ich nichts veisgen habe. Mir ist bekannt, dass die
falsche Abgabe einer Versicherung an Eides stadtt-mgiheitsstrafe von bis zu drei Jahren

oder mit Geldstrafe bestraft wird.

Tubingen den, 13.10.2015

Julia Maier
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