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Zusammenfassung

Zellmigration ist essentiell um die Funktionalitdt des menschlichen Kérpers aufrecht zu
erhalten, zum Beispiel fiir das Immunsystem. Aber auch bei Krankheiten, wie bei der
Metastasierung von Krebs, spielt die Féahigkeit von Zellen sich im Korper Fortzubewe-
gen eine grofie Rolle. Um das Verhalten von Zellen in Abhéngigkeit von Umweltein-
fliilssen vorhersagen zu kéonnen und um Medikamente zu entwickeln, die eine Kontrolle
der Zellmigration erlauben, brauchen wir ein besseres Verstdndnis des Prozesses und
Methoden um dies quantitativ untersuchen zu kénnen. In ihrer natiirlichen Umgebung
sind Zellen vielen Reizen aus ihrer Umgebung ausgesetzt. Um Zellmigration unab-
héngig davon untersuchen zu kénnen oder um gezielt bestimmte Einfliisse zu studieren,
benotigt man definierte Umgebungen in denen die Zellbewegung analysiert werden
kann. Mit Hilfe von mikrostrukturierten Oberflichen ist es durch die Kontrolle der
Oberflichenbeschichtung moglich definierte Modellsysteme zu schaffen. Durch die Ver-
wendung von verschiedenen Beschichtungen, die es Zellen entweder erlauben daran zu
haften oder zellabweisend sind, ist es moglich die Bewegung der Zellen auf eindimen-
sionale Bahnen zu beschranken. Mittels Abrastern durch Zeitraffermikroskopie lésst
sich so die Bewegung von hunderten einzelnen Zellen parallel beobachten.

In dieser Arbeit wurde festgestellt, dass sich die Bewegung von Brustkrebszellen auf
Bahnen ndherungsweise mit einem Zweizustandsmodell beschreiben lédsst. Dabei wech-
seln sich Phasen mit gerichteter und zufilliger Bewegung ab. Zusétzlich kann durch
den Einbau von Barrieren, bestehend aus zellabweisender Oberflachenbeschichtung, die
Fihigkeit der Zellen auf Anderungen im Substrat zu reagieren untersucht werden. Da-
raus resultieren charakteristische Messgrofien, die das Zellverhalten auf den Bahnen
genau beschreiben und somit eine Multiparameterquantifizierung der Zellbewegung er-
moglichen.

Die Adhésionspunkte der Zellen zum Substrat spielen eine grofie Rolle fiir die Kraftiiber-
tragung und damit fiir das Vorwértskommen der Zellen. Um diesen Einflussfaktor
genauer zu untersuchen, wurde eine neue Mikrostrukturierungsmethode entwickelt, die
es erlaubt Bahnen mit sich stufenweise verindernder Adhésivitdt herzustellen. Auf
diesen Bahnen kann ein und dieselbe Zelle in Umgebungen mit unterschiedlicher Ad-
hésivitdt untersucht werden. Damit konnte die Existenz eines Maximums der Zell-
geschwindigkeit fiir mittlere Adhésivitat auf Einzelzellebene reproduziert werden. Es
zeigt sich, dass sich die Geschwindigkeit der Zellen an den Stufeniibergédngen sowohl
beim Ubergang der Zellvorder- als auch der Riickseite dndert. Dies, und das Maximum
der Geschwindigkeit kann mit einem einfachen phénomenologischen Modell erklart wer-
den, bei dem die Zelle nur an zwei Punkten — hinten und vorne — mit dem Substrat
interagiert, wobei Vorder- und Riickseite gekoppelt sind. Weiterhin zeigt sich, dass
Zellen an den Ubergéngen relative Messungen der Adhisivitit durchfithren und vor
allem auf eine Verringerung der Adhésivitidt reagieren. Diese Erkenntnisse sind von

Vil



Zusammenfassung

Bedeutung fiir die Steuerung von Zellen durch Umgebungseinfliisse und deren Einfluss
auf die Zellgeschwindigkeit, aber sie werfen auch neue Fragen auf, etwa iiber die Funk-
tionsweise der Kopplung von Zellvorder- und Riickseite auf molekularer Ebene.

Dariiber hinaus findet die Multiparameterquantifizierung der Zellbewegung auf Bahnen
Anwendung bei der Unterscheidung von verschiedenen Zelltypen und bei der Unter-
suchung der Wirkung von moglichen migrationshemmenden Medikamenten, die in der
Krebstherapie eingesetzt werden kénnten. Auch fiir die Untersuchung der Wirkungs-
weise von micro RNA 200c auf die Zellbewegung, eines Kandidaten fiir neuartige Formen
der Gentherapie, erwies sich diese Methode als niitzlich. Insbesondere ermdglicht sie
Anderungen des Migrationsverhaltens auf den Bahnen zeitaufgelost zu erfassen. Somit
konnen bestimmte Zeitpunkte identifiziert werden, zu denen man Anderungen in der
Expression beteiligter Proteine erwartet. Entsprechende Korrelationsstudien, zwischen
Genexpression und Anderung des Phinotyps, konnten dabei helfen komplizierte regula-
torische Netzwerke aufzuklaren und so neue wirkungsvolle Ansétze fiir die Krebstherapie
zu finden.
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Summary

Cell migration is essential to maintaining the functionality of the human body, for
example in immune response. Nonetheless, the ability of cells to move in the body
also plays a major role in diseases, such as cancer metastasis. In order to be able to
predict how cell migration is affected by environmental cues and to find drugs that allow
controlling cell migration, we need a better understanding of the process and methods
to quantitatively investigate this. In their natural environment, cells are exposed to
many influences from their surrounding. In order to study cell migration independently
of those cues or to specifically study certain effects, defined conditions are required in
which cell movement can be analysed. With the help of microstructured surfaces, it
is possible to get defined environments by controlling surface coatings. By the use of
different coatings, which are cell adhesive or cell repellent, it is possible to confine the
movement of cells to one-dimensional lanes. Applying scanning time-lapse microscopy,
the movement of hundreds of individual cells can be observed in parallel.

In this work, we find that the movement of breast cancer cells on lanes can be approxi-
mately described with a two-state model where phases of directed and random motion
alternate. In addition, the ability of the cells to react to changes in the substrate can
be investigated by incorporating barriers consisting of cell-repellent surface coatings.
This results in characteristic measures that provide a detailed description of the cell
behaviour on lanes and thus enables a multiparameter quantification of cell movement.

The adhesion points of the cells to the substrate play an important role for transmission
of forces and thus for the locomotion of cells. In order to investigate this factor in more
detail, a new micropatterning method was developed that allows producing lanes with
steps of changing adhesiveness. On these lanes, one and the same cell can be examined
in environments with different adhesiveness. This made it possible to reproduce the
existence of a maximum cell velocity for medium adhesiveness at the single-cell level.
We show that the velocity of the cells changes twice at the steps—when the front and
when back traverses. This, and the maximum in the velocity, can be explained by a
simple phenomenological model in which the cell interacts with the substrate at only
two points—at the front and the back—and with a coupling between front and back.
Furthermore, we show that cells perform relative measurements of adhesiveness at the
transitions and strikingly react almost exclusively to a reduction of adhesiveness. These
findings are important for guiding cells by environmental cues and for their effects on
cell velocity, but they also raise new questions, for instance about how the coupling of
the front and back of the cell works at the molecular level.

In addition, the multiparameter quantification of cell motility is applied to differentiate
cell types and to study the effect of possible anti-migration drugs that could be used
in cancer therapy. This method also proved useful for the investigation of the mode
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Summary

of action of micro RNA 200c on cell migration, a candidate for novel forms of gene
therapy. In particular, the assay allows recording changes in migration behaviour in a
time-resolved manner. Thus, certain points in time can be identified at which changes
in the expression of involved proteins are expected. Corresponding correlation studies
between gene expression and changes of the phenotype could help to elucidate complex
regulatory networks and thus contribute to finding new effective approaches in cancer
therapy.
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1. Introduction

We, as human beings would not be able to survive without many small cells that are
able to migrate in our body, because cell migration is crucial for essential processes
like immune response, wound healing and homeostasis. Furthermore, cell migration is
important in embryogenesis, but it can also give rise to diseases like arthritis or the
formation of cancer metastasis [7—12].

Cells are capable to move forward by a complex mechanism that is based on treadmilling
of their actin cytoskeleton. By polymerization of actin at the cell front, the leading edge
is pushed forward, and contractile forces are generated by myosin motor proteins that
pull on the back of the cell. To transmit these forces to the substrate, cells need to form
adhesions that link the cytoskeleton to their surrounding. These processes are controlled
by a complex regulation network with hundreds of proteins being involved [13, 14].
Although the main players of the migration mechanism have been identified, there is
still no fundamental understanding of the process. For example, it is not clear how
external influences like the adhesiveness of the substrate define the emerging migration
patterns, or how internal processes in the cell are coordinated. A more comprehensive
understanding of this process is needed to be able to predict cell behaviour in a specific
environment and to finally control cell migration in therapeutic applications.

In order to detect and to characterize changes in the migration behaviour, a framework
is needed that quantifies cell motility. However, this quantification of motility is not
straight forward as cells can behave very heterogeneously. Additionally, the migration
patterns of cells have been described by many different mathematical models such as
the persistent random walk or by extensions of it. Therefore, it is not clear which pa-
rameters should be used to quantify the cell motion [15, 16].

An investigation of cell motility in the natural 3D environment is very challenging and
in this case the influences of the environment are difficult to control. Furthermore, due
to the heterogeneity of the cells, it is important to develop classification methods that
allow to perform measurements with high throughput, to obtain meaningful statistics.
Consequently, there is a need for in vitro experiments that allow studying the motility
of cells in a defined environment in high number. In the last decades, micropatterning
techniques have been developed that are well suited to fulfil this task [17-19]. Using
these techniques cell adhesive patterns of defined geometry can be created which provide
a defined environment for migration experiments. The surface can be coated with cell
adhesive substances such as the extra-cellular matrix protein fibronectin surrounded by
cell repellent coatings that lead to a confinement of the cells.

Especially, the restriction of cells to lanes have been proved useful since this simplifies
the analysis of the cell motion to a 1D problem [20]. By using scanning time-lapse mi-
croscopy, this allows tracking hundreds of cells in parallel over several days and therefore
a detailed investigation of the cell migration behaviour.

In addition to studying migration on a homogenous lane, it is also possible to introduce



1. Introduction

obstacles into the micropatterns. Cells migrating in the body, often have to squeeze
through small pores or are faced to areas with varying adhesiveness. By studying cell
behaviour at artificial barriers or restrictions, possible connections to the migration
patterns in vivo can be investigated and the mechanism of overcoming barriers can be
studied.

Micropatterns do not only provide a defined confining geometry, but also allow control-
ling the number of available binding sites. Previous studies showed that the average ve-
locity of cells shows a maximum for intermediate adhesiveness of the substrate and cells
are slower on substrates with low or high adhesiveness [21-24]. This biphasic behaviour
is believed to be caused by the fact that, on the one hand adhesions are necessary to
transmit forces that are needed for protrusion formation. On the other hand, adhesions
have to be broken when the rear of the cell is moving forward. However, there is still
no comprehensive biophysical model that can explain to what extend these processes
influence the cell behaviour as it is difficult to measure these two factors independently.
Therefore, new assays like micropatterns with areas of different adhesiveness are needed,
that are able to disentangle these processes with purposive single-cell experiments.
The adhesiveness of the substrate also plays a role in cell guidance. On gradients of
surface bound adhesion ligands cells have been found to move preferentially towards
higher ligand density [25]. Cell guidance by surface bound cues is a process called hap-
totaxis and plays an important role in immune response and cancer metastasis. For cells
migrating on a smooth gradient of adhesiveness it is usually difficult to discriminate be-
tween the random walk behaviour of a single cell and actual effects of the gradient. How
cells react on stepwise changes of ligand density is mostly unexplored and this could
give further insights on this cell guidance mechanism.

A multiparameter quantification of the cell migration behaviour on micropatterns could
be applied for drug screening and can lead to a better understanding of the effects of
potential drug candidates. For example, many anti cancer drugs aim to decrease cell
motility to prevent cells from invading other tissues.

As cancer is usually caused by modifications of the genome, there was a great hope
that gene therapy could be successful in fighting cancer. However, there is also a great
risk in therapies that try to permanently modify the DNA of cells. Therefore, new
therapy concepts that transiently change the gene expression of certain cells could be
more promising. One class of potential candidates for therapeutic applications are micro
RNAs (miRNA) — small parts of RNA, that are involved in transcriptional regulation
of gene expression. Many cancer types show abnormal levels of certain miRNAs, which
could play an important role in cancer progression.

In order to identify cancer repressing miRNAs, a proper understanding of the gene reg-
ulatory networks is needed. miRNAs often regulate several genes, thus it is difficult to
connect changes in the phenotype to an altered expression level of certain proteins. In
order to extend our knowledge of such a network, it is possible to perform time resolved
studies that detect changes of protein expression caused by a miRNA. In combination
with time resolved studies of the cell phenotype this could help to identify causal rela-
tions between cell behaviour and gene expression.

For usual cell migration experiments, often a time average is applied and long time
intervals are needed to even obtain meaningful parameters. Thus, there is a need to
develop assays that allow to calculate motility parameters without averaging over time,



which can be used to detect changes in the cell behaviour.

The aim of this thesis is to establish micropatterned lanes as an assay to quantify 1D
single-cell migration that provides a multiparameter characterization of cell motility.
Moreover, to gain a better mechanistic understanding of the cell migration process
and its dependence on adhesions, we introduce steps of different adhesiveness and non-
adhesive barriers into the lanes. Furthermore, to prove the utility of the assay for
studying effects of potential drug candidates and to investigate their mode of action, we
quantify changes of cell motility caused by salinomycin or by miRNA 200c.

The thesis is structured as follows:

In Chapter 2 the fundamental concepts of cell migration and its analysis, micropat-
terns, and miRNA are described.

Chapter 3 introduces ring shaped microlanes as a platform to quantify cell motility.
The quasi 1D motion on these lanes can be approximately described by a two state pro-
cess. Additionally, the ability of cells to overcome non-adhesive barriers is studied. The
resulting parameters provide a characteristic fingerprint of the cell migration behaviour
that can be used to discriminate cell lines and to quantify drug effects.

In Chapter 4 the effect of miRNA 200c on cell migration is studied in detail. By study-
ing induced changes in the protein expression of cells, candidates are identified that are
involved in the regulation network. In order to reduce the number of candidates, time
points when changes in the motility occur are identified that can be correlated with
changes in gene expression.

In Chapter 5 the dependence of cell motility on the adhesiveness of the substrate is
studied. We reproduce the existence of a maximal velocity for intermediate adhesive-
ness on single-cell level by using microlanes with steps of fibronectin concentrations.
At transitions, the velocity of the cell front changes when the front traverses and also
when the rear traverses. This allows us to formulate a simple phenomenological two
point model of a cell coupling to the substrate only at front and back. This model
can describe the velocity changes at the interface and the maximum of the velocity.
Further, the stochastic reversal behaviour at the interface is studied, which shows that
cells perform relative measurements of the adhesiveness.

Chapter 6 gives an outlook and discusses implications and further experiments. In
the supplementary Chapter A more experimental details are given and protocols of
the utilized methods are provided. In Chapter B the algorithms used for automated
image analysis are described. Furthermore the analysis of the cell trajectories with the
classification into the two states is presented.






2. Fundamental concepts

2.1. Cell migration

Cell migration plays an important role in many processes in biology. It is essential in
the development of structures in embryos [8], wound healing [9] and immune response
[10]. But it can also be part of diseases like in rheumatoid arthritis [12] and cancer
metastasis [7,11]. On the molecular scale, cell migration is a highly complex process
that involves the coordination of hundreds of different proteins [13]. After decades of
research on cell migration, much is known about the key players in the cell migration
machinery, but there is still no fundamental understanding of this intricate process.

There are also several modes of cell migration. Cells can either migrate as single cells
or collectively [14,26]. Single cells may perform amoeboid cell migration, which does
not depend on adhesions to the substrate but is mainly driven by deformations of the
cell membrane in a 3D environment. Alternatively, cells can move in the mesenchymal
mode of migration that relies on strong adhesions to the substrate [27] and cells can
also switch between modes in response to the environment [28]. In this thesis, we focus
on cancer cells that exhibit mesenchymal cell migration. The basic mechanism of how
mesenchymal cells move forward is described in the following section.

2.1.1. The cell migration mechanism

Cells move forward in a cyclic process that can be separated into five key steps (see also
Fig. 2.1). The first requirement for a cell to perform directed motion is to polarize,
which means that the symmetry has to be broken to define the front and the rear of
the cell. At the front, actin is polymerized which pushes the membrane forward. As
a next step, new adhesions are formed that connect the newly formed protrusion to
the substrate. Furthermore, a mechanism for contraction is needed that is mediated by
myosin II motor-proteins which condense the actin meshwork. In the last step adhesions
at the rear end are released, which leads to a forward motion of the cell body [14].

At the front, cells can form several different types of protrusions: Filopodia are thin rod-
like protrusions that contain straight actin fibres. In mesenchymal cells, lamellipodia
are the most important protrusions to generate forward motion. The lamellipodium
consists of a branched actin network where fibres are interconnected by actin binding
proteins like the Arp 2/3 complex. The actin network is connected to the substrate
by focal adhesions that consist of integrins which are transmembrane proteins that can
bind specifically to certain extra cellular matrix proteins. The integrins form clusters
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= Actin fiber

- Arp2/3

@ Focal adhesion

Figure 2.1.: Key processes of cell migration. First, cells polarize and develop a lamellipodium at the
front that includes a branched actin network. By polymerisation of actin the leading edge is pushed
forward. In the next step new focal adhesions are formed at the front and the actin network is contracted
by myosin motor proteins. Finally, adhesions are released at the back, which leads to a forward sliding
of the cell rear.

by binding to several different proteins in the cytoplasm, which in turn bind to the
actin cytoskeleton. By these linkages forces are transmitted from the cytoskeleton to
the substrate.

Actin monomers can polymerize and form polar actin fibres with so called pointed and
barbed ends. The barbed ends are pointing to the front of the cell and new actin
monomers can bind here which leads to an elongation of the fibres. Further to the back,
actin fibres disassemble and monomers get free to move to the front, which means that
there is actin tread-milling [13, 14,29, 30].

On top of that, the actin network is constantly contracted by non-muscle myosin II
motor proteins that bind to the actin fibres and build up contractile force. Usually,
the speed of polymerisation of new filamentous actin at the leading edge is higher than
the speed of the leading edge. This means that the whole actin network is moving
backwards inside the lamellipodium which gives rise to a retrograde actin flow [30,31].
The formation of new adhesion is a process that starts with very small clusters of
intergrins that are forming at the front, which are called nascent adhesions. They grow
over time until they form mature focal adhesions located usually a few um behind the
leading edge. The maturation of adhesion is a mechano-sensitive process that only takes
place if pulling forces act on the adhesions. The protein clusters at the focal adhesions
take also an important role in signalling as they, for example, give positive feedback on
actin polymerization. [32,33]

When taking a closer look at the process at the front of the cell it becomes evident that
the cell front is not moving forward continuously but shows an oscillatory behaviour.
After phases of actin polymerization, where the front moves forward, there are phases
where the front is retracted [34]. When newly formed protrusions are not connected
perfectly to the substrate the leading edge gets pulled backward by the contracting
actin network until the next pulse of actin polymerization pushes the front forward
again. In the regulation of these process, hundreds of different proteins are involved.
However, it is known that so-called small GTPases play a key role. In particular, Racl,
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RhoA, and Cdc42 are main regulators of cell polarity, actin polymerization and myosin
activity. [35-38] These master regulators of cell migration have been shown to have os-
cillating activity in the cells, probably defining the timing of the retraction protrusion
cycles [39].

To retract the cell rear, adhesions at the back have to be dissembled. RhoA plays an
important role in this process by activating myosin II motors that can produce contrac-
tile forces that may be strong enough to break adhesions. In addition to mechanical
forces, there are also other signalling molecules that play an active role in disassembling
adhesions at the rear and also Calcium levels are assumed to be involved. [14,33]

2.1.2. Mechanistical models of cell migration

As the main molecular players in the process of cell migration have bee identified, there
have been extensive efforts to create models that explain this mechanism. However, due
to the complexity of the process it is often needed to do great simplifications. In order
to tackle this problem, many models focus on subprocesses like protrusion formation,
actin tread-milling, adhesion, or contractility.

The pushing of the membrane at the front by actin polymerization was first explained
by ratchet models, where thermal fluctuations give room for growth of actin filaments
[40,41]. Further, more complex models were introduced, which model whole actin
networks that include branching and capping of filaments [42]. Another approach is to
model the actin network as an elastic gel actively generating stress at the surface [43-45].
Experiments showed that the protrusion velocity does not change also in response to
small forces acting against the protrusion. Only if a certain force threshold is exceeded
protrusion velocity decreases abruptly [46]. Those models or extensions that include for
example excluded volume effects can successfully explain the protrusion force—velocity
relationship [47,48] and give a good understanding of the protrusion formation.
Compared to the many models that exist on protrusion formation, there are only few
models that explicitly study the contraction of actin networks by myosin motors. It
has been shown that actin and myosin filaments can self-organize and form ordered
contracting structures [49,50].

Adhesions consist of very complex clusters with many molecules, thus it is very diffi-
cult to model them on a molecular level, similar to polymerization of actin networks.
often they are approximated by elastic springs that connect the actin cytoskeleton and
the substrate which can bind unbind or slip along the surface [51]. This leads to an
effective drag of the actin network [52]. In conclusion, when the friction is high actin
polymerization can be converted into protrusion. However, for low coupling to the sub-
strate the actin network tread-mills without being able to push the front forward [53].
In addition to this, adhesions also respond to mechanical cues from their surrounding
and get strengthened in response to forces [32] which needs to be incorporated in more
detailed models.
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In order to incorporate all of this into a model of a whole cell is very difficult and
there is still some work needed to get a good understanding of how all the processes
are connected. Often, great simplifications are made, by for example formulating a 1D
model [22]. Nevertheless, for complete model of the cell also signalling mechanisms that
define the polarity of cells have to be included [54]. Another way to simplify models
is to use so called potts models where cells consist of a set of pixels and cytoskeletal
processes are translated into discrete rules that define propagation of cell [55,56]. For
the description of cell migration in 2D also cell shape gets important which enters into
the models [57,58]. Furthermore, influences of the environment such as micropatterns
can be considered [59,60]. There have been also approaches to actually build a 3D
model [61] which is the next step to a realistic model of cell migration.

There are many more studies available in this large field of modelling cell migration.
An excellent introduction that explains the most important modelling approaches is the
review by Danuser et al. [48] and there are more reviews that give a detailed overview
of possible models [62-65].

2.2. Microstructures for confining cell migration

Many cell types do not survive without adhering to their surrounding, thus cell adhesive
substrates are needed to culture those cells in vitro. With the development of so called
soft lithography techniques that were described in the 1990ies by Whitesides and co-
workers [17,66-69] it got possible to easily produce cell adhesive micro-environments
with defined geometries. This allows addressing specific biological questions that are
connected to a spacial confinement of cells.

The methods for creating those micropatterns summarized as soft lithography are based
on a polymer stamp with a relief pattern, consisting usually of PDMS. These stamps
can be produced from a master engraved with the inverse structure which, in turn, can
be created by classical photo-lithography. Using these stamps, it is possible to create
surfaces which are selectively modified to obtain cell adhesive and cell repellent areas.
One of the methods is called microcontactprinting, which means that the stamp is inked
with a layer of, for example, cell adhesive molecules that is subsequently transferred to
the substrate of interest [66,70-72]. Alternatively, the stamp can also be used to protect
some areas to achieve a selective coating, cleaning or other surface modification of some
parts of the substrate, for example by plasma treatment [17,73,74]. With increasing
control of photochemistry that involves the controlled binding of biomolecules there are
now also many techniques available that create micropatterns using photolitographic
approaches [19, 75-78].

The most common class of molecules to create cell adhesive surfaces are ECM proteins,
as they are the natural environment for cells. Out of those, fibronectin is most abun-
dantly used, but also other ECM proteins like collagens or laminin can be utilized. To
create cell repellent surfaces, the adsorption of proteins has to be prevented. Usually,
polyethylen glycol (PEG) coatings are used for this purpose. For example, using PLL-
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Fibronectin PLL-PEG
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Figure 2.2.: Schematic drawing of a cell on a micropattern. On cell-adhesive areas (for example coated
with fibronectin, yellow) cells can form adhesions (red). Cell-repellent surfaces can be created by
coating with PLL-PEG (blue). The PLL backbone binds to the surface and the PEG chains prevent
protein binding. (Molecule sizes not drawn to scale.)

PEG block-copolymers (poly-L-lysine grafted with PEG chains), whose binding to the
surface is mediated by the PLL backbone, results in a coverage of the surface with PEG
chains. The PEG chains form a brush, thus sterically hindering proteins, and subse-
quently also cells, from binding to the surface (see also Fig. 2.2).

For cells to be able to bind to the surface coatings, integrins have to be able to bind.
For example for fibronectin cells can bind to the RGD sequence (Amino-acids Arginine,
Glycine, and Aspartate) that is abundant in fibronectin. For some proteins it is impor-
tant that the structure is intact so that they can provide a binding site for cells. When
proteins are unspecifically bound to the surface it is possible that proteins get degener-
ated. To prevent this, proteins can be bound to certain linker proteins which can attach
to the substrate [79]. In addition to this also the conformation of the proteins can be
important. For example for fibrous fibronectin it is known that additional binding sites
can get accessible when domains are unfolded in response to forces that are exceeded
by the cells [80,81].

Typically micropatterns consist of two different coatings. However, more sophisti-
cated methods have also been developed that allow creating more complicated micro-
environments for cells, consisting of several areas with different surface coatings. This
is realized by combining some of the techniques mentioned above, by subsequent pat-
terning steps or by removing surface coatings from defined areas [70,74,78,82-84].

Micropatternes are applied for investigating many different biological questions. Pat-
terns of the size of a single cell have been used to prevent cell migration and study
dynamics of cell death [85-88] and gene expression [89] or the arrangement of and
changes in the cytoskeleton [65,90-93]. Micropatterns have often been used to study
cell migration. In particular, they are handy to confine cell migration to a quasi 1D mo-
tion by using long stripes. On these stripes, Maiuri et al. [20] performed "the first world
cell race” and compared the motility of many different cell types. Thus, micropatterned
lanes have been utilised to quantify motility and also the effects of the confinement to
1D [3,54,94-98]. Interestingly, on 1D tracks the cell morphology is closer to the mor-
phology of cells in the natural 3D environment than on 2D [94]. On the isotropic stripes,
cells do not have a preferential direction of motion. By introducing micropatterns with
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anisotropic shapes it is possible to bias cell migration to one direction, for example by
using ratchets or tear drop shapes [99-102]. Furthermore, micropatterns have been used
to study collective cell migration in defined geometries and also the interaction of small
groups of cells [74,103-105].

Another class of micropatterns goes beyond different surface modifications and also in-
cludes a 3D structuring of the environment. For example, it is possible to create small
channels consisting of polymers, substructures in the nm regime, or to tune the rigidity
of the substrate. Methods to create those micropatterns and their application are re-
viewed here: [18,106,107].

2.3. Mathematical description of cell trajectories

The study of random motion of particles goes back to the famous observation of the
botanist Robert Brown who found that pollen particles move irregularly on a water
film [108]. This so-called "Brownian motion” was explained by theory, for example by
Enstein [109, 110], and predicted that the Mean-Square-Displacement (MSD) of the
particles is proportional to the observation time. When studying cell migration, on the
first glimpse, it looks quite similar to the thermally driven Brownian motion. But cells
or other living organisms are self-propelled and therefore it is not clear whether the
movement can be captured with a similarly simple formula.

2.3.1. Persistent random motion

The first studies on the motion of small organisms were conducted in the 1920ies
[111,112], where Fiirth found that the motion is not purely random but shows some
persistence. This can be described mathematically by the Ornstein Uhlenbeck process

Qo _ —Bv+oT7 (2.1)

ot
where 7 is Gaussian white noise, thus a random vector without correlations in time
drawn from a Gaussian distribution with standard deviation 1 and o gives the noise
strength. By introducing the effective friction term — v this leads to a persistence time
of 7= 5 [113].
For persistent random motion the MSD is proportional to ¢? for timescales shorter than
7 and proportional to ¢ on long timescales:

TLO'2

MSD(t) = {(z(t) — z(0))*) = ﬁ(e’ﬁt + pt—1) (2.2)

where n is the the number of dimensions. The MSD of the small organisms seemed
to be well described by Formula 2.2 which is called Fiirth’s Formula. Also, for the
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first studies with cells crawling on a 2D surface the behaviour matched the Ornstein
Uhlenbeck process [15,114], thus Fiirth’s Formula became the standard formalism for
analysing cell migration [115,116]. In this sense, the motility of a cell migrating on a
2D surface is characterized by two parameters. Namely, by the persistence time 7 and
by o2 which is basically a measure for the magnitude of the cell velocity.

The first experiments were performed by marking the positions of the observed organ-
isms by hand while looking through the microscope, which limited the amount and
quality of the data. With the development of automatized microscopes and digital
image analysis the data acquisition and analysis became much easier. This allowed a
more detailed analysis and showed many deviations from the persistent random walk
(PRW) [16,117-120].

Thus, other models are needed to describe cell motion. In principle there are many pos-
sible models that can also get very complicated. The most common ones are introduced
here.

In general, there are different possibilities to formulate such a model. One option is
to write down a stochastic differential equation as for the Ornstein Uhlenbeck process.
However, the data acquisition is always in discrete time steps, thus for data analysis
and for modelling often a discrete version of the model is needed. Alternatively, it is
possible to define discrete rule-based models.

A corresponding simple discrete model of a PRW would be a walker making steps to
the left and right on a 1D lattice. To incorporate persistence, the walker has a higher
probability p > 0.5 to make a step in the same direction than in the opposite direction
(with probability 1-p ). In this case, the probability to make n subsequent steps in one
direction would be P, = p™ - (1 — p). Thus, for this simple example it is easy to to see
that for a PRW the probability to make n consecutive steps is exponentially distributed.

2.3.2. Two state motion

One class of possible models to describe cell migration is two state motion. By definition,
this means that the walker has two different modes that could both be described by all
possible migration models. However, for two state models the following assumptions are
usually made: One state is described by ballistic motion, meaning a straight motion in
one direction. The other state is diffusive random motion. In the simplest case, there
is a constant probability to switch from one state to the other, and back. Thus, the
switching behaviour is a Poisson process and rates do not depend on the behaviour in
the past, as, for example, is found for the decay of a radioactive isotope. One important
property of such a process is that the probability distribution of the duration of the
states follows an exponential distribution.

There are many examples in biological systems for two state processes. Most prominent
is maybe the motion of E-Coli bacteria that perform a run and tumble motion by either
clockwise or counter clockwise rotation of their flagella. [121,122]

Also, the motion of eukaryotic cells on 2D surfaces has been described as two state
motion [123-125]. An explanation why two state motion is commonly found in nature,
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Random walk Lévy walk

Persistent random walk Two state motion

Figure 2.3.: Comparison of trajectories for different random walk models. Exemplary trajectories were
generated using discrete versions of random walk, Lévi walk, persistent random walk and two-state
motion.

could be that it is much more efficient in search processes compared to simple random
walks [126]. Thus, for example, when animals are looking for food it makes sense
to switch between phases of exploring the surrounding area in detail and of moving to
another spot. Without the phases of ballistic motion this would give rise to oversampling
in some areas and thus decreasing the efficiency of the search process.

A Lévi walk is also a simple random walk model that produces similar trajectories as
the two-state motion. Lévi walks are characterized by random steps and a heavy tailed
step length distribution. Thus, very long steps are possible, which also reduces the effect
of oversampling in search processes. Consequently, Lévi walks also have been found to
describe the motion of animals or also single cells [119,126,127].

On the first glimpse, it is often not easy to tell whether one trajectory resembles persis-
tent random motion, two-state motion, or a Lévy walk (Fig. 2.3). All of these models
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have in common that on long time scales the motion is random but on short time scales
there are signs of ballistic behaviour. In 1D it is quite easy to evaluate the probability
distribution of consecutive steps. Here, there are differences in the models. A PRW
gives rise to an exponential distribution, whereas for two state motion we would get
a sum of two exponentials. In contrast, Lévy walks have by definition a heavy tailed
distribution of step lengths.

When describing the motion of cells by a two state process it is also interesting to know
the underlying molecular mechanism that gives rise to the two states. In general, cells
can be polarized or unpolarized, naturally giving two states. However, it is not clear
whether those states are clearly separated or merge continuously. In a model by Maiuri
et al. [54], the unpolarized state is stable due to equalization of concentrations by diffu-
sion. By adding a self-reinforcing mechanism that amplifies changes of concentrations
of a regulator binding to the actin network that increases the differences through retro-
grade actin flow, it is possible to get a bistable system. Thus, this could be a possible
mechanism giving rise to two-state motion in cells.

2.3.3. Generalized Langevin equation and models with memory

Although it is possible that cells or other organisms follow a simple random walk model,
it is mostly just a matter of how precise the measurements are to find some deviations.
To account for possible deviations it makes sense to use a more general approach. There-
fore, often a generalized Langevin equation is used:

o(t) = F(u(t)) + o (t) (2.3)

Here, F(v(t)) can be any kind of function that depends on v and 77 (t) represents the
noise in the system. In the case of cell migration the velocity is very small, thus inertia
does not play a role in these systems. Thus, F(v) can be interpreted as effective force,
rather than an actual friction force or similar as known from a classical mechanical
system. In a complex system, like a cell, it is possible that there are memory effects.
Thus, it is possible that changes in the velocity do not solely depend on the present
velocity as in the Ornstein Uhlenbeck process (Equation 2.1), but could also depend on
the velocity in the past. This memory could be stored in the cytoskeletal organization
where, in a polarized cell, clearly some information about the present orientation is
preserved. Mathematically, the memory can be expressed by a memory kernel I':

Flot)) = — / Tt — 5)o(s)ds (2.4)

—00

The value for I'(0), thus without time delay, would be a simple friction term like in
the Ornstein Uhlenbeck process. The other values for I'(¢) weight the influence of the
velocity in the past. Those kind of models have been successfully used to describe the
motion of cells [118,128].

Mostly, it is assumed that the noise 77 (¢) is uncorrelated.

(77 () -7 () =0 (2.5)
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But this does not necessarily have to be true. The existence of correlated noise, also
termed coloured noise, constitutes another possibility of how behaviour in the past can
influence changes in the velocity.

In collaboration with the group of Roland Netz we analysed trajectories of MDA-MB-
436 cells on ring-shaped microlanes in terms of this formalism including a memory kernel
and explicitly considering the possibility of coloured noise. To be able to extract mean-
ingful memory kernels from the trajectories we did experiments with a time resolution
of 2.5 min. A further increase of the sampling rate was not achieved as phototoxic effects
of the UV illumination become problematic. We found that the cell motion can indeed
be described by such an approach. The cell motion is governed by a memory kernel
with a positive value for I'(0), which then drops to negative friction and relaxes to zero
in about 10 min. More details of the analysis are summarized in Manuscript 2.

2.3.4. Cells confined to dumbbell micropatterns

For now, the mathematical description of cell trajectories focussed mostly on homo-
geneous environments. However, in the human body cells are faced with a complex
structured environment. It is not clear how the equation of motion of a cell would look
like in such a confined situation, and features of the environment would have to enter
into the mathematical description. As 3D environments are very complicated, we used
dumbbell shaped micropatterns as a simplified version of a cell migrating in confine-
ment and analysed how the motion of the cell can be described, which is presented in
Publication [2] in greater detail. This work was done in collaboration with Alexandra
Fink and with the group of Chase Broedersz.
The dumbbell patterns consist of two quadratic 37x37 um islands that are connected
by a thin bridge. On these patterns, cells perform repeated stochastic transitions from
one site to the other (Fig. 2.4a, b). In this artificial two-state system we investigate the
dwell times between the transitions and find that they increase with the length of the
connecting bridge.
At the first glance, it looks like the effects of a the confinement could mathemati-
cally be described by introducing a potential V(x) like proposed also for similar situa-
tions [129-132].

o(t) = F(v) — 8,V (z) + o7 (1) (2.6)

The observed dwell times however, could not be explained by such an approach. We
found that a second order equation

o(t) = F(z,v) — o(z,0) 7 (t) (2.7)

in which the deterministic force F and the noise strength o are both dependent on x
and v describes the cell migration behaviour on the dumbbell patterns very well. Here,
the noise is uncorrelated, thus no memory is needed.

We used a data-driven approach to determine the values of F(x,v) and o(x,v), which
gives rise to characteristic landscapes in x-v space (Fig. 2.4c, d). The landscapes for
the deterministic terms reveal that without noise there is a non-linear dynamic that
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Figure 2.4.: a) Time series of a MDA-MB-231 cell migrating on a dumbbell micropattern. Phase-
contrast images and the labelled nucleus (blue) are overlaid (scale bar 25pum). b) Two exemplary
cell tracks on the dumbbells. The position of the nucleus along the long axis of the micropattern
(x), is plotted over time. c) F(x,v) and d) o(x,v) inferred from the cell trajectories. The right and
left side of the bridge is marked by the dashed lines. e) Flow fields of the deterministic dynamics of
cells on dumbbells and on rectangles (f) (acceleration orange, deceleration blue). In green, simulated
trajectories with different initial conditions are shown. Figure adapted from Publication [2] with
permission.

underlies the cell motion. For the MDA-MB-231 cells on dumbells we find that cells
perform limit cycle oscillations from one side to the other (Fig. 2.4e) around an unstable
fix-point at x,v = (0,0). In contrast, on a rectangular pattern without the constriction in
the middle this fixpoint becomes stable (Fig. 2.4f). This shows that active particles like
cells can show fascinating types of motion when they are in a confining environment.
The dumbbell assay is also a useful setup to let a single cell probe different micro-
environments. It turns out that the area and also the geometry of the islands can
change the dwell times of cells, which is described in Publication [5].
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2.4. Micro RNA

Proteins are the most important building blocks of cells. The production of new proteins
is described by the central dogma of molecular biology: The information encoded in the
DNA is transferred to a messenger RNA (mRNA) in a process called transcription. The
mRNA then has to get from the nucleus to the cytosol where the translation into protein
takes place. To gain specific functions and to adapt to changes in the environment, cells
have to be able to control the proteins which are expressed. This is done, for example,
on the transcriptional level where transcription factors change transcription rates for
specific genes by binding to the DNA. But there is also a lot of regulation taking place
on the post transcriptional or translational level [133].

One important mechanism of post-transcriptional regulation is by micro RNAs (miRNA),
small non-coding pieces of RNA. Those pieces with a length of about 22 nucleotides can
bind to complementary regions of mRNAs and block translation or even lead to degra-
dation of the mRNAs. miRNAs have been found to be very widespread in biology. More
than 24,000 miRNAs have been found in over 200 species and at least 60% of the human
genome is believed to be regulated by miRNAs. To bind to the mRNA, miRNAs need
a perfect matching sequence in a certain seed region. Otherwise, a few mismatches can
still lead to a down-regulation of the gene. Thus, miRNAs usually come in families with
similar sequences that have overlapping targets. miRNAs can often bind more than
one mRNA and therefore can regulate several genes that might be involved in different
cellular functions.

In many diseases, for example in a lot of cancer types, the expression of miRNAs
is changed. Consequently, this makes miRNAs an interesting target for diagnostics
and therapeutic approaches. In cancer cells, some miRNAs are up-regulated and oth-
ers are down-regulated, so that they can act either as oncogene or as tumour repres-
sor [134-136].

One prominent miRNA that plays an important role in many cancer types is micro
RNA 200c¢ (miR-200c), which is the most prominent player in the miR-200 family. It
mainly acts as a tumour repressor by interfering with many processes such as epithelial-
mesenchymal-transition (EMT), chemoresistence, invasion, proliferation, and apoptosis.
Therefore, miR-200c¢ is a potential biomarker or could be used in therapeutic applica-
tions [134,137,138].

Through the regulation of EMT, miR-~200c is also connected to cell migration. EMT is
one of the hallmarks of cancer and describes the process of epithelial cells transforming
to more motile mesenchymal cells. This is a natural process that plays an important role
in embryonic development. But in cancer it can lead to invasive cells and the formation
of metastasis. During EMT, epithelial cells that are well connected to their neighbours,
for example by E-cadherins, lose their cell-to-cell contacts and get the ability to move
as single cells [139,140].
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2.4. Micro RNA

It has been found that miR-200c triggers EMT by down-regulating E-cadherins [134].
However, there is evidence that cell migration is also affected independently of this
mechanism [141]. A detailed investigation of how miR-200c affects cell migration is
presented in chapter 4.
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3. Single cell migration and interaction with
chemical barriers

In order to characterize cell motility, which allows to distinguish cell lines and to quantify
changes in motility caused for example by drugs, assays have to be developed that
allow measuring with high throughput. Additionally, metrics allowing an extraction of
meaningful parameters are needed. Therefore, in this chapter, we introduce ring-shaped
microlanes with non-adhesive barriers. On these lanes cells are performing a two-state
motion quantified by several parameters that lead to a fingerprint like characterisation
of cell motility.

Most of the results presented in this chapter are published in Publication [1].

3.1. Cell migration on 2D surfaces

Single cell migration is often studied on homogeneous 2D surfaces, as experiments are
easy to perform. Cells on these surfaces can polarize and form a lamellipodium which
leads to a seemingly random migration of the cells. During this process cells show a
variety of different morphologies (Fig. 3.1a). Sometimes cells are rather round with no
clear polarization axis or cells are polarized with a lamellipodium at the front and a
tapered tail at the rear. The lamellipodium can get very broad, usually when the cell
is shorter or narrower for more elongated cells. Lamellipodia can also split which leads
to a cell with two lamellipodia pulling in different directions.

In order to do a more detailed investigation of the migration behaviour, we performed
automated cell tracking of the fluorescently labelled nuclei (Fig. 3.1b). By analysing the
MSD of 550 tracks we find the characteristic behaviour of random walks with persistence
that show super-diffusive or ballistic behaviour at short timescales and random motion
on time scales larger than a persistence length that is here on the order of 2h (Fig.
3.1c).

However, the cell motion can not be described by a simple persistent random walk
model like the Ornstein-Uhlenbeck process. It needs actually a more complicated model
that includes a memory kernel, which is described in more detail in the supplementary
information of Publication [2].

Although it is quite easy to do cell migration experiments on a 2D surface there are
some drawbacks. First of all, cells can collide and enter or leave the field of view, which
leads to many short trajectories. Additionally, a reduction of the dimensionality reduces
the complexity of the analysis. Using a confinement to 1D, processes like the splitting
of lamellipodia cannot occur, thus maybe even the inherent complexity is reduced.
Furthermore, we run into problems when we introduce changes in substrate adhesiveness
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Figure 3.1.: a) Phase-contrast images of a MDA-MB-231 cell on a homogeneously fibronectin coated
2D substrate. The nucleus is shown in blue. The cell shows different morphologies over time. Either no
clear polarization axis, one lamellipodia and a tapered tail or two lammellipodia can be observed. Scale
bar represents 50 pm. b) Random selection of cell trajectories of the cell nucleus. Scale bar represents
Imm. c¢) MSD over time in log-log representation. Black lines have a slope of 2 which represents
ballistic motion and a slope of 1 which is typical for random motion.

or obstacles to study the cell behaviour in more complex situations. On 2D substrates
cells can be confronted with these obstacles at all possible angles which makes the
analysis more difficult.

3.2. 1D cell migration on ring-shaped microlanes

Using micropatterned lanes, the cell movement can be restricted to quasi 1D motion.
Therefore, 1D cell migration has been widely used to quantify cell motility [20,54,94,95].
Furthermore, cell on 1D lines show a more elongated morphology, which is closer to the
morphology found in 3D [94]. Although this is mainly true for very thin lines. We
choose lanes with 20 ym width, which is about the usual width of a cell to have a mor-
phology comparable to 2D, combined with quasi 1D motion.

In order to study the quasi 1D motion of cells, we decided to use ring shaped lanes
because they have the advantage over lines that single cells always stay in the field of
view. Additionally, if there is only one single cell on a ring the cell cannot interact
with other cells, which leads to very long trajectories that are only limited by the time
between cell division events, thus up to several days. In contrast, on lines one would
get shorter trajectories because cells collide frequently and there is a potential bias to
observe slow cells longer as they need more time to reach the image borders or other
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Figure 3.2.: a) Flourescent image of micro lanes coated with labelled fibronectin. Dark regions are
coated with PLL-PEG. b) Time series of a single MDA-MB-436 cell migrating on a ring-shaped mi-
cropattern (white rings). Phase contrast images overlayed with flourecent images of the nucleus (blue).
Arrows indicate the direction of the cell’s motion. c¢) Position of the nucleus over time of an exemplary
cell track. Figure adapted from Publication [1] permitted by the creative commons licence.

cells. However, on lines there is the advantage that cells can separate after cell division,
which allows to analyse more trajectories.

For the diameter of the ring a compromise between the curvature of the lanes and the
number of rings that fit into one field of view has to be made. Smaller rings allow to
observe more cells at the same time, because rings need less area and can be placed in
a higher density. Larger rings decrease possible effects of the curvature of the lanes on
cell migration behaviour [142,143] and reduce spanning of cells over the middle part.
For experiments with MDA-MB-436 cells and HuH7 cells we used a outer diameter of
120 pm and 150 pm for MDA-MB-231 cells because they tend to span over the middle
part of smaller rings.

Fibronectin coated ring shaped lanes where created by microcontact printing like de-
scribed in Section A.1.3 (Fig. 3.2a). On these rings cells are seeded and they adhere
to the fibronectin coated lanes. Cells can show a polarized morphology with a clear
lamellipodium at the front or a second lamellipodium forms at the back. (Fig. 3.2b)
When cells have a polarized morphology they mostly migrate persistently. With two
lamellipodia, one at the front and one the back, cells often get elongated and it looks
like a tag of war of the two pseudopods that leads to an erratic motion of the cell.
In rare cases no lamellipodia can be observed. By tracking the nuclei of single cells
(Fig. 3.2c) the motion can be analysed in detail. In the next section we first focus on
MDA-MB-436 cells and later compare the data of different cell lines.

3.3. Two-state motion

The cell trajectories can look very different and irregular, thus they are resulting from
a stochastic process. The first question when analysing the cell motion is whether it
can be described by a simple model such as a persistent random walk, which is often
used to describe 2D cell motion [15,114-116]. Therefore, we look at the MSD of the
cells (Fig. 3.3a). On short timescales the MSD has a slope of two in the log-log plot
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Figure 3.3.: a) MSD of MDA-MB-436 cells migrating on the ring-shaped microlanes. The MSD is fitted
with the expression of the PRW model (Equation 2.2). Inlet: MSD(t) in log log scale. b) The log-lin
plot of the average velocity autocorrelation function with exponential fit (red). Error bars represent
the standard error of the mean. c) The velocity distribution shows a non-Gaussian shape. d) Log-lin
plot of the distribution of consecutive steps cells do in one direction. The red line shows that there is
an exponential relation for long timescales.

and the slope decreases to one after about 10h. This is typical for random walks
with persistence that show ballistic motion on short timescales and random motion
on long timescales [144]. The MSD can be fitted by the PRW model (equation 2.2)
reasonably well. However, there are also some deviations from the PRW model. The
velocity autocorrelation function shows not just a simple exponential decay (Fig. 3.3b)
although the discrepancy is not very large.

The velocity distribution is clearly not a Gaussian distribution (Fig 3.3c). This shows
that the PRW model can not explain the data. When looking at the number of conse-
cutive steps cells do in one direction until they turn around we find many short periods
but also high numbers of consecutive steps (Fig. 3.3d). For a simple persistent random
walker on a lattice one would get an exponential distribution of the number of conse-
cutive steps, which strengthens the finding that the data cannot be explained by the
PRW.
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3.3. Two-state motion

When considering single trajectories we find long phases of directional motion and also
phases with many directional changes (Fig. 3.4a). This is typical for two-state motion
and also for Lévy flights. Lévy flights are random processes that have a heavy tailed
probability distribution of step lengths. Therefore, they have a finite probability of
very long steps in one direction, which is quite similar to the observed cell behaviour.
However, as Fig. 3.3d shows an exponential tail, only a two-state model remains as a
possible candidate to explain the cell motion with a simple model.

A two state model would make sense as cells can be either polarized or unpolarized.
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Figure 3.4.: a) Cell trajectory on a ring-shaped lane rolled out. This means that the radial position of
the cell is plotted against the angular position dieng. b) Angular position dieng and angular velocity
Vtang Over time. The motion is separated into run and rest states. ¢) Zoom in of the trajectory shown in
a) with classification in run (blue) and rest states (red). d) Velocity distribution for run and rest states.
Angular velocity is averaged over each individual state. e) Survival distributions of the duration of run
(blue) and rest states (red). Each distribution is fitted with an exponential function that describes the
behaviour on long timescales. Figure adapted from Publication [1] permitted by the creative commons
licence.

Indeed, the two regimes of the cell motion go along with a varied morphology of the
cells. Phases of directional motion is predominantly shown by polarized cells that have
only one lamellipodium at the front. During the phases of erratic motion cells often
have two competing lamellipodia at the front and the back. For a detailed investigation
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3. Single cell migration and interaction with chemical barriers

of the cell motion we define the angular position as digng(t) = R - ¢(t) with the mean
radius of the micropattern R = 50 um and the angular coordinate ¢. di.ny plotted over
time shows clear phases with constant velocity and also plateaus where the cell effec-
tively stays at the same position (Fig. 3.4b). Consequently, it makes sense to separate
the motion of cells into run and rest states. Nonetheless, the classification is not trivial.
Instantaneous velocities can vary a lot and although they are distributed around zero
during rest states they can still be large for single time points (Fig. 3.4b). Therefore,
a simple velocity threshold is not suitable to discriminate between the states as it also
would not allow to have slow run states that could however still have a high direction-
ality. To get a classification that does not depend on a global velocity threshold but
rather depends on the intrinsic noise level of the velocities we implemented a change
point analysis based on cumulative sum statistics that is similar to approaches used
in climate research or healthcare [145,146]. The algorithm iteratively detects change
points where the trend of the velocity shifts. Phases between two change points are
subsequently classified as run states when the MSD grows ballistically or as rest states
respectively. The algorithm is explained in further detail in Section B.2.

The separation in the two states allows to evaluate the velocity separately for phases of
polarized directional motion and for rest phases with random motion. The velocity of
the rest states is distributed around zero. The velocity of the run states shows two peaks
representing clockwise and counter clockwise angular motion (Fig. 3.4d). By ignoring
the rest phases we can define a meaningful measure for the velocity of migrating cells:
Vrun = (Jus|) = 30.2 & 0.8 um/h averaged over the individual run states i. This value is
higher than the mean velocity that also includes rest states vpeqn = 25.2 £ 0.8 pm/h.
Further, the duration of the run and rest states can be analysed. Therefore, we calcu-
late the survival function of the run and the rest states. The survival function gives
the proportion of states that have a duration T that is lager than t S(t) = P(T > t).
Thus, it is a monotonically decreasing function starting at one that basically describes a
decay process of the investigated state. A simple exponential decay is typical for a Pois-
son process that has a constant probability that the state is changing over time [147].
We find that S(t) for run and rest states decay exponentially for times larger than 5h
(Fig. 3.4e). For shorter times there is a faster decay which means that there are more
short run and rest states. The deviations at short time scales can have several reasons.
They could be caused by internal movements of the nucleus inside the cell or there is
a timescale in which the states are stabilizing. Also falsely detected change-points of
the algorithm could have an influence on the survival functions. In conclusion, the cell
motion can be approximately described as a two-state motion with a constant proba-
bility to switch to the other state. To quantify the dominant behaviour at longer time
scales an exponential is fitted to the survial function. The slope in the log lin plot
of the exponential function reassembles the typical duration of the respective states:
Trun = 13.6 £ 0.5h, and 7,y = 6.5 = 0.2h. The three measures T,un, Trest, and vy,
parametrize the quasi 1D motion of the cells on the ring-shaped microlanes.
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3.4. Barrier crossing

3.4. Barrier crossing

In this thesis the approach was used to not only study cell migration in a homogeneous
environment, but also to vary the substrate coating to see how cells adapt their be-
haviour. The reaction on those perturbations can give additional insights and lead to
a better understanding of the machinery driving the cell forward. The easiest way to
create such a perturbation is to leave a gap in the fibronectin coated ring-shaped lane
and coat it with PEG as done also for the surrounding area (Fig. 3.5b). In chapter
5 interfaces between two adhesive areas, namely of different fibronectin concentrations,
are studied.

The gaps coated with PLL-PEG have a defined size that is varied from 3 to 19 ym and
provide a chemical barrier for the cells as the formation of focal adhesions is suppressed.
Cells that interact with the barrier either reverse or, depending on the gap size, traverse
the barrier (Fig. 3.5a). During the reversal process, first the cell front interacts with
the barrier. The lamellipodium stops protruding, but the cell rear still moves forward
for some time. When the nucleus comes closer the lamellipodium at the front disap-
pears and the nucleus comes to halt. Thus, the cell switches from run to rest state.
After some time the cell repolarizes in the opposite direction as the PEGylated area
suppresses the formation of new protrusions. Usually the cell edge does not stop exactly
at the interface but invades into the passivated surface. In some cases, the cell can even
reach over to the other side and traverse over the barrier.

By evaluating cell tracks generated by automated tracking of the labelled nuclei (Fig.
3.5c) we investigate reversal and traversal statistics in dependence of the gap width.
Therefore, we define an interaction area starting 50 um in front the barrier. When a
cell enters this interaction area we discriminate between the case where the cell nucleus
actually crosses the middle of the barrier. This is counted as a traversal event. And
between cases where the cells turn around and the nucleus leaves the area at the same
side, which we count as an reversal event. Taking together, all interactions with the
barrier of many cells we get the traversal probability P,...s and the reversal probability
Puyn = 1 — Pugns. With increasing gap size dgqp, Pirans decreases and can be fitted
with an exponential decay Prrans(dgap) = (1 — Pryn(0)) - €xp(—dgap/ tirans) (Fig. 3.5d).
The exponential relation reminds of tunnelling effects in a potential barrier, but it is
not clear how this can be translated to cells confined in a micropattern. Also, the data
is not far off a liner relation, thus more data points would be necessary to discriminate
between possible models. Attention should be drawn on the fact that P,.q,s is not equal
to one for zero gap size. This is caused by cells having a finite probability to turn around
even with no barrier present.

In order to study how cells overcome the PEGyalted barrier, we performed experiments
of cells migrating on stripe micropatterns. Here, cells reverse at the edge of the stripe,
which is basically a blind ally. To investigate how cells reach out into the PEGylated
area, we used a time resolution of 5s, as protrusion dynamics can be on the order of
a few seconds. During the reversal, cells reach out of the micropattern (Fig. 3.6a,b).
We manually quantify the maximal invasion depth d;,, for each observed reversal. In
the survival function, S, (d) = P(din, > d), we can see that for each reversal all cells
reach out of the pattern for a minimum lenght of 2 um. Subsequently, Sj,,(d) decays
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3. Single cell migration and interaction with chemical barriers
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Figure 3.5.: a) Time series of a reversing and a traversing cell. Overlay of the phase contrast images of
the cells and the flourescence images of the nucleus (blue). The border of the micropatterns is drawn
in white. b) Fluorescent image of a FN coated ring-shaped lane with gap. ¢) Exemplary trajectory of
a single cell migrating on the micropattern for 48h. d) Traversal probability of cells to overcome the
PEGylated barrier in dependence of barrier width. Dotted line is an exponential fit. Figure adapted
from Publication [1] permitted by the creative commons licence.

and can be fitted with an exponential function S;,,(d) = Sp - exp(—d/in,) With a decay
length fijn, = 11.8 & 1.0um. i, is in the same order of magnitude as fiyqns, thus we
can hypothesize that the traversal probability is mainly determined by the ability of a
cell to reach to the other side of the barrier. The PEGylated area functions as a barrier
for cells as it mostly prevents the binding of proteins [148]. Thereby the formation
of focal adhesions is hampered, which are essential for migration and provide positive
feedback for actin polymerization at the front [14]. Tt is known that the first mature
focal adhesions form a few pm behind the leading edge [32,149]. This is comparable
to the length all cells reached out of the blind alley micropatterns and to the difference
between firqns and pii,,. Thus, cell traversal is possibly connected to the formation of
mature focal adhesions on the other side of the gap. Analogously, if cells do not suc-
ceeded to reach over the gap, the missing positive feedback from the adhesions should
lead to a breakdown of the polarization of the cells. The maximal length cells reached
out of the pattern was 30 um. This could set a limit of the gap size where cells cannot
overcome the barrier. Studies on similar micropatterns also found such a limit in the
distance of individual adhesion points that cells are able to spread [150].

The assumption that the barrier induces a breakdown of the run states is supported
by the frequency of rest states that shoots up next to the barrier (Fig. 3.7a). The fre-
quency of run states is constant outside of the interaction area. In the interaction area
the probability to find run states decreases mostly in a distance of about 25 ym from the
gap. Rest states show the opposite behaviour, but outside of the interaction area the
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3.4. Barrier crossing

Figure 3.6.: a) Time series of a cell turning around at the end of a micropatterned stripe (white). Bright
field images show that the cells edge can reach out into the PEGylated surface (outlines highlighted in
red) b) The maximal invasion depth d;,, is evaluated for each reversal. ¢) Survival function S;,, of the
invasion depth d;,,. The dashed line represents an exponential fit. Figure adapted from Publication [1]
permitted by the creative commons licence.

probability shows more variation. This is most likely caused by some long rest states
in which cells typically do not move much and therefore produce large variations in the
rest state statistics. Similar as for the survival times in Figure 3.4e, we can calculate the
survival function for the length of the run states. The survival length shows an analo-
gous behaviour as the survival time with an exponential tail and a larger decay rate on
short scales (Fig. 3.7b). The first length scale is on the order of 70 ym and therefore on
the order of one cell length. This could mean that internal reordering processes inside
the cell that take place during polarization play a role in this regime [97].

With introducing gaps of different widths, we observe that the probability of very long
runs goes down with increasing dg,,. This makes sense because we would expect that a
fraction of runs that approach the gap are terminated. Interestingly, mostly the large
gaps also reduce the number of very short states in the first regime of short length /time
scales. This might be caused by the inherent asymmetry next to the barrier that could
help the cells to polarize properly. Furthermore, there is a striking decay of the survival
length at a distance when cells start at the one interaction area and travel once around
the circle to the interaction area on the other side (dashed lines). This indicates that
the start of long runs is not evenly distributed around the circle, but they start pre-
dominantly next to the barrier. Additionally to the asymmetry at the gap this could
also be caused if there is a memory effect of polarization. Some exceptional cells move
repeatedly around the circle and repolarize at the barrier very quickly (Fig. 3.7¢). To
see whether these cells really do not loose polarization completely but rather reverse it
at the interface would need further investigation. Manual tracking of front and back of
the cell reveals a very regular behaviour when interacting with the barrier (Fig. 3.7c¢).
First, the cell length shortens when the front stops protruding and the rear still moves
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3. Single cell migration and interaction with chemical barriers
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Figure 3.7.: a) Frequency of run and rest states depending on the distance to a 19 um gap. In the
interaction area, 50 ym in front of the barrier (dashed line) cells are mostly in the rest state whereas
further away run states are predominant. b) Survival length of run states on patterns with varying gap
sizes. The dashed lines mark the interaction area in the case for a run state starting at the other side
of the gap. ¢) Exemplary trajectory of a cell showing periodic reversing at a 13 pm gap and running
around the circle. Run (white) and rest phases (grey) are shown. Blue lines mark the manually tracked
front and back. The middle line represents the position of the nucleus. The cell length over time is
given below. Figure a) adapted from Publication [1] permitted by the creative commons licence

forward. When the rear comes to halt, which we mostly detect as start of a short rest
state, immediately at the back a new lamellipodium is formed that spreads and the rear
follows when the full cell length is reached again. This shows that analysis of front and
rear motion exhibits interesting features. Thus, the motion of the front and the rear of
the cell is investigated in Chapter 5 in more detail.

3.5. The migratory fingerprint

In order to quantify the motility of certain cell types and to detect changes in the mi-
gration behaviour caused by diseases or drugs, a set of distinctive parameters is needed.
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3.5. The migratory fingerprint
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Figure 3.8.: Multiparameter characterzation of cell migration: a) Two state motion and crossing

of chemical barriers is characterized by the run velocity v,.,, , the duration of run and rest states 7,
dgap

and Tres: and the turning probability P, 2% b,c) Migratory fingerprint: 5 characteristic motility ar
plotted to compare MDA-MB-436 cells with HuH7 cells (b) or the effect of Salinomycin (c¢). The values
for each parameter are connected and form a characteristic polygon with shaded areas representing
the error range. HuH7 cells are less motile in all parameters, whereas Salinomycin changes only 7,es;
and the behavior at the gap. Figure adapted from Publication [1] permitted by the creative commons
licence.

The motion on the rings without gap is characterized by the three parameters v,
Trun aNd Trese. 1O quantify the ability of cells to overcome PEGylated areas we chose
the probability to reverse at a 8 um gap PS,... At this size, reversals and traversals
are frequently observed for MDA-MB-436 cells, thus deviations in both directions can
be measured. This probability has to be compared to the probability to turn around
with no barrier present P, . Taken together we get five parameters characterizing the
motility of cells and the potential to overcome chemical barriers (Fig. 3.8a).

Radar charts can be used to visualize parameters of cell motility as similarly used
for morphological parameters [151]. The resulting polygon gives a fingerprint like char-
acterization of the cell motility. We arraged the parameter in a way, and used P¢,_
instead of P2, ., so that for more motile cells the fingerprint is shifted to the top and
for less motile cells to the bottom. In Figure 3.8b we compare MDA-MB-436 breast
cancer cells to HuH7 liver cancer cells. The position of the polygons shows that the
HuH?7 cells, which are more epithelial, are much less motile than the more mesenchymal
MDA-MB-436 cells. Differences can be seen in all measured parameters. HuH7 cells are

slower and have shorter run phases and longer rest states. Also for overcoming barriers
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3. Single cell migration and interaction with chemical barriers

HuH?7 cells show a very low probability, which is decreased by a factor of four compared
to the MDA-MB-436 cells.

Furthermore, the effect of cell motility affecting drugs can be visualized by the fin-
gerprints. In Figure 3.8c the effect of Salinomycin on MDA-MB-436 cells is shown.
Previous studies showed that Salinomycin reduces velocity and persistence of cells mi-
gration on 2D surfaces [152]. The two state analysis on the ring-shaped lanes shows
that run velocity and run time is not affected by Salinomycin. It’s only the rest states
that get longer and also the ability to overcome chemical barriers is reduced.

These findings are in agreement with the knowledge that MDA-MB-436 cells are more
invasive than the HuH7 cells [152-154]. Although we have an artificial system, the
different cell types behave according to their invasiveness in vivo. Thus, the multipa-
rameter characterization of cell motility can potentially be used to get a meaningful
classification of cancer cell types. However, further studies that clarify the correlation
of in vivo and in vitro behaviour are needed to investigate the potential of this assay.
The fact that the parameters describing the behaviour in the run state are not altered
by Salinomycin implicate that it does not affect the processes that drive a polarized
cell forward. The anti-migratory effect of Salinomycin is rather caused by interfering
with the process of establishing polarization of the cell. This is supported by the fact
that Salinomycin leads to a calcium influx into to the cell, which can affect the natural
calcium gradients or patterns that are important for cell polarization [155,156].
Consequently, we showed with these examples that the multiparameter quantification
of cell migration gives a more precise picture of cell motility compared to classical 2D
cell migration assays. The parameters (except for P, ., which could be expressed as a
combination of Uy, Trun and T.es) are in principle independent of each other. To have
these orthogonal parameters is especially useful to link changes in single parameters
to the underlying processes. Of course, these parameters are only independent in the
sense of the mathematical analysis of the two-state process. Parameters can still be con-
nected on a mechanistic level of the molecular machinery as hypothesised for velocity
and directional persistence of cell motion [54].
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4. Controlling cell migration with micro RNA
200c

As we showed in chapter 3, ring-shaped microlanes are suitable for a detailed quantifica-
tion of cell motility. The group of Andreas Roidl investigates the effects of miR-200c on
cell migration (see section 2.4 for more information about miRNAs), thus we formed a
collaboration and applied the multi-parameter quantification of cell motility on a target
with possible relevance for clinical applications.

Expression of miR-200c¢ is often lower in many cancer types and is described as "watch-
dog in cancer progression” [134]. It is involved in the regulation of many genes that play
a role for example in EMT, drug resistance, proliferation and metastasis.

A recent study of the Roidl group analysed the changes in the proteome of MCF7 breast
cancer cells when knocking out miR-200c. They found that about 50% of the genes with
varied expression comared to the wild-type are connected to cell migration [157]. The
most prominent axis of miR-200c¢ interfering with migration and EMT is by regulation of
E-cadherin via the protein ZEB1 (see Section 2.4). But, in MCF7 cells and also in other
cancer types like MDA-MB-231 cells the ZEB/E-cadherin axis is not active due to epi-
genetic modifications [158-160]. A reduction of the miR-200c expression in MCF7 cells
still led to an increased cell motilty. Thus, miR-200c shows effects independent of the
ZEB/E-cadherin axis that where also found in other studies [141,157]. However, there
is no detailed quantifications of the changes in motility induced by miR-200c. Thus, we
studied the effects of miR-200c on migration and morphology of the cells. Additionally,
it is of interest which genes that show altered expression are responsible for the changes
in cell motility. This is not an easy task as miRNAs can target many genes. Thus, we
analyse also dynamic changes of motility parameters that could in combination with
time resolved protein expression studies help to identify the important players of the
regulation network.

Most of the results presented in this chapter is content of Publication [4].

4.1. Inducible expression of micro RNA 200c

The first step to study the effects of miR-200c on migration is to find a suitable model
organism. Due to the fact that the ZEB/E-cadherin axis is not active in MCF7 and
MDA-MB-231 cells, they both are suitable cell lines to study ZEB independent effects.
MCEF'7 cells express miR-200c and show an epithelial phenotype, thus forming a closed
cell layer with strong cell-cell contacts and usually do not migrate as single cells. In
contrast, MDA-MB-231 cells do not express miR-200c, do not form cell-cell contacts,
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Figure 4.1.: Inducilble sytem for miR-200c expression. a) Schematic drawing of the plasmid used to
create a cell line with inducible miR-200c expression. It is a modified TRIPZ plasmid where expression
of RFP and miR-200c can be triggered by adding Doxycycline. b) Phase contrast and corresponding
fluorescence image of MDA-MB-231 TRIPZ-200c cells treated with 5 ug/ml Doxycycline for 48,h. Cells
express RFP and miR-200c. ¢) Expression of miR-200c in MDA-MB-231 TRIPZ-200c cells treated with
different concentrations of Doxycycline for 48h relative to no Doxycycline. This is compared to miR-
200c expression in MDA-MB-231 TRIPZ-Ctrl cells. d) Relative expression of miR-200c over time for
MDA-MB-231 TRIPZ-200c cells treated with 5 pg/ml Doxycycline.

and are highly motile as single cells. Since MCF7 wild-type cells spend basically all of
the time in the rest state, it is difficult to quantitatively compare the changes in the
motility parameters. Additionally, in terms of applications in vivo it makes more sense
to reduce the motility of invasive cancer cells instead of making cells more aggressive.
Therefore, MDA-MB-231 cells were chosen for migration experiments.

The next problem is to find a suitable way of expressing the miRNA in cells. Usual
methods like transient transfection of the cells with miRNA have the disadvantage that
cells are stressed by the transfection procedure. This can also have an effect on migra-
tion, which makes it more difficult to identify the miR-200c induced effects. A stable
transfection of miR-200c would minimize those effects. However, the selection process
of the successfully transfected cells needs a lot of time. As many genes are regulated
by miR-~200c cells could change their phenotype dramatically. Such a transformation
takes place fore example during EMT or the reverse mesenchymal-epithelial transition
(MET). Those processes take usually several days [139]. Therefore, the changes in motil-
ity during the first days are of special interest as these are the direct effects of miR-200c
on cell migration.

The Roidl group found a clever way to express miR-200c by stably transfecting cells
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4.2. Micro RNA 200c decreases cell motility
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Figure 4.2.: a) Time series of a MDA-MB-231 TRIPZ-200c cell migrating on a ring-shaped mi-
crolane(white). Scale bar is 20 pym. b) Overview of many rings with cells seeded randomly. c) The
migration on the rings without gap is characterized by three parameters: The mean velocity in the run
state vUpyun and the typical durations of run and rest states T un, Trest. d) Angular position digng of a
MDA-MB-231 TRIPZ-200c cell over time with classification into run and rest states.

with a inducible system (Fig. 4.1a). Therefore, a TET-off construct was chosen that
leads to successful expression of miR-200c when adding the antibiotic Doxycycline (Fig.
4.1c). Additionally, a red fluorescent protein (RFP) is expressed to be able to check the
functionality of the construct with florescence microscopy (Fig. 4.1b). A single clone
was picked which resulted in the MDA-MB-231 TRPZ-200c cell line. Additionally, a
cell line where the miR-200c was replaced was by a scrambled control was created for
control experiments (MDA-MB-231 TRIPZ-Ctrl). The miR-200c expression increases
with increasing Doxycycline concentration by up to a factor of 100. The MDA-MB-
231 TRIPZ-ctrl cell line shows zero miR-200c activity (Fig. 4.1c). The low expression
of miR-200c of the MDA-MB-231 TRIPZ-200c¢ cell line shows that also without Doxy-
cycline the construct has a low basal activity, but this is not enough to observe changes
in the phenotype of the cells. The addition of Doxycycline resulted in an increase of
miR-200c over time, starting already after less than 8 h of induction and saturating after
about 30 h (Fig. 4.1d). This shows that this system is suitable to control the amount
of miR200c¢ produced and allows to study the effects of miR-200c expression at certain
time points after induction and also in a time resolved manner.

4.2. Micro RNA 200c decreases cell motility

First, we use the time point 48 h after induction with Doxycycline to study dose depen-
dent effects on migration when miR-200c already reached a plateau according to Figure
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4. Controlling cell migration with micro RNA 200c

4.1d. Similar as described in chapter 3, cells are seeded on ring-shaped microlanes 48 h
after starting treatment with Doxycycline and observed with time-lapse microscopy over
48 h with images taken every 10 min (Fig. 4.2a,b). As MDA-MB-231 cells show a higher
tendency to span over the middle part of the ring than the MDA-MB-436 cells we in-
creased the outer diameter of the rings to 150 um but the width was kept constant at
20 pm. The nucleus was labelled with Hoechst to allow automatic cell tracking that was
successful even with Doxycycline having some autofluorescence.

To see whether the amount of miR-200c is critical for the effects on migration we
tested three different concentrations 0.5, 2, and 5 ug/ml Doxycycline, that lead to dif-
ferent miR-200c levels of a factor of two (Fig. 4.1c). To compare the results, we also
performed experiments without Doxycycline and with the MDA-MB-231-Ctrl cell line.
The resulting cell tracks show again a bimodal behaviour, thus we evaluated the three
characteristic parameters of the two state motion Ty, Trest, and vy, (Fig.4.2c,d). Ad-
ditionally, we also analysed the probability of the cells to be in the run state P,,.
This is not an orthogonal parameter as it basically can be expressed by 7., and T,es-
In the case of 7,.,, and 7.4 beeing perfectly exponentially distributed it would hold:
P = # However, P,,, is an interesting parameter as it shows the combined
effects on the duration of run and rest states and most importantly is well defined on
the single-cell level, which will be important later. In contrast, since the typical dura-
tion of run and rest states is only a bit shorter than the measurement time it is not
very meaningful to define 7,,, and 7.4 for a single trajectory. In the worst case cells
can be in one state, either run or rest, for the whole observation time, which makes it
impossible to define rest or run times for these cells.

Furthermore, we included the persistence path q in our analysis, that is a simple mea-
sure of the persistence which is often used [20]. It is defined as the maximal distance
between two points of the trajectory divided by the contour length of the cell path.
.= max(dtang? — Tﬁzn(dtan?) (41)
> | drang(tis1) — diang(ti) |
Consequently, cells that move straight all the time have q = 1 and for random walkers
q goes to zero.
In Figure 4.3 radar charts of the motility parameters for the different conditions are
shown. To begin with, there is almost no difference between the miR-200c cells and the
control cells in the absence of Doxycycline. This means that the small basal expression
of miR-200c¢ without Doxycycline seems to be irrelevant for migration behaviour. There-
fore, this cell line is suitable for our study. With increasing Doxycycline concentration
the control cells show only very small changes in the motility parameters. In contrast,
with the expression of miR-200c cells get much less motile, which is visible in all the
observed parameters. For the lowest dose of 0.5 ug/ml Doxycycline mainly rest states
get longer and the run velocity is decreased a bit. For higher doses also run states get
shorter and P,,, goes down to only one third of its usual value.
This means that mir-200c mainly affects the ability of the cells to polarize and also
decreases the stability of the polarized state. The run velocity is also decreased but not
as far as the persistence of the cell motion. The decrease of persistence is also visible in
the persistence path q. Thus, this cannot be an artefact of the two-state analysis.
In addition to the pooled population data, it is also possible to look at parameters
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Figure 4.3.: Motility fingerprints of MDA-MB-231 TRIPZ-200c cells (left) and MDA-MB-231 TRIPZ-
Ctrl cells (right) where miRNA expression is induced with different concentrations of Doxycycline (red)
compared to no Doxycycline (grey). Doxycycline treatment was started 48 h before the experiment
and was continued during the 48 h of measurement time. For each condition the three characteristic
parameters Tpyun, Trest, and Up,, plus the probability to find a cell in the run state P, and the
persistence path q, which are not orthogonal are given. Control cells do not change their migratory
behaviour much, whereas miR-200c leads to less motile cells with changes in all parameters. Shaded
regions give the error range. N is the number of cells analysed.
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Figure 4.4.: Effects of miR-200c on single-cell level. Run velocity v, plotted versus the fraction of
time cells spend in the run state P, for MDA-MB-231 TRIPZ-200c (a) and MDA-MB-231 TRIPZ-
Ctrl (b) cells with different Doxycycline concentrations. Each dot represents a single cell from the
dataset shown in Figure 4.3. The bar graphs at the side show the fraction of cells that are all the time
in the rest state corresponding to P,,, = 0. Error bars are 95% Clopper-Pearson confidence intervals.
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at the single-cell level. To do this, scatter plots where P,,, is plotted versus v,,, are
shown in Figure 4.4. Without Doxycycline it is clearly visible that there is great het-
erogeneity in the cell population. The run velocity varies from about 10 up to more
than 100 um/h. Thus, the fastest cells are up to 10 times faster than the slowest ones,
although all should be genetically identical. Also in P,,, the full spectrum is covered
from P,,, = 1 to cells that are in the rest state for the full time of observation (about
10% of the population). All in all there is a small positive correlation between velocity
and P,,,, which is basically a measure for persistence, that is in line with a study by
Maiuri et al. [54].

With induction of miR-200c (Fig. 4.4a) the distribution gets narrower and shifted to-
wards lower velocities and smaller P,,,. Especially cells that spend more than half of
the time in the run state get extremely rare. At the same time, the fraction of cells that
are always resting increases to 30%. The control cells show now changes as expected.
Taken together the single-cell analysis shows, that there are no sub-populations, but
the expression of miR-200c¢ shifts the whole population to a less motile phenotype, by
mostly reducing the time cells spend in a polarized state.

4.3. Micro RNA 200c affects morphology and regulates
filamin A

As part of the collaborative project the morphology of the cells was analysed to get
more hints what proteins could be important in the regulation by miR-200c. By stain-
ing the actin cytoskeleton of fixed cells 72 h after induction changes in cell shape can be
investigated (Fig. 4.5a). With miR-200c expression cells get more round compared to
Control cells which is quantified by the shape factor measured by the ratio of the long
axis of the cell L and the width W perpendicular to this: shape factor = W/L. This
shows that cells expressing miR-200c change their morphology and get more rounded.
In 3D images (Fig. 4.5b) one can see that cells also get flatter.

Those quite drastic changes in morphology and migratory behaviour could be caused
by many different proteins or by a combination of several proteins. From the many
proteins, where the expression is altered by miR-200c [157] it is likely that proteins
interacting with the cytoskeleton are involved in the structural changes of the cells.
One protein that was found to be a candidate for this is filamin A. It is an impor-
tant actin cross-linking protein and is known to play a role in cellular structure and
migration [161-163]. By antibody staining for filamin A it gets visible that Filamin A
expression is actually decreased in MDA-MB-231 TRIPZ-200c cells 72 h after induction
with Doxycycline (Fig. 4.5¢,d). Actually filamin A is not directly regulated by miR-
200c as there is no suitable binding side at the filamin mRNA. Thus, the Roidl group
explored further regulation path ways and found that miR-200c acts on filamin A via
the two transcription factors MRTF and JUN.

The regulation of transcription factors makes once again clear that we are faced to a
complex regulatory network with hundreds of proteins being involved. Filamin A affects
cell migration by mainly interfering with the process of polarization which leads to a

39



4. Controlling cell migration with micro RNA 200c

a) TRIPZ-Ctrl TRIPZ-200c c) TRIPZ-Ctrl TRIPZ-200c

Filamin A

72h DOX

.|
=
—
@]
© KL
g
Ay
(O]
Q.
(]
<
72}

DAPI

Ctrl 200c
TRIPZ-200c

realtive intensity
o N BN [e)] [ee]

Figure 4.5.: a) Fluorescent image of actin stained with phalloidin (red) and the nucleus stained with
DAPI (blue) of fixed cells 72h after induction with Doxycycline. Analysis of the long axis L and the
width in perpendicular direction W show that MDA-MB-231 TRIPZ-200c cells get more rounded up
compared to MDA-MB-231 TRIPZ-Ctrl cells. Error bars are standard error of the mean, student t-test
with p < 0.001. b) 3D rendered images of confocal stacks of the actin images. Colour codes for height.
¢) Fluorescent images of filamin A (antibody staining) and DAPI of Control and 200c cells 72 h after
induction. d) Relative intensity of filamin A normalized by DAPI intensity. miR-200c reduces filamin
A expression, student T-test with p < 0.0001.

high number of non moving cells [163]. This fits well to the observed effects of miR-
200c. Therefore, the data presented here makes filamin A a hot candidate for the main
player in the regulation of motility by miR-200c. Nevertheless, this is not a proof that
filamin A is important at all and there are many more candidates like cortactin, AGR2,
RAB-14, or tropomyosin [157]. The standard approach to test whether one of those
proteins is causing the effects of miR-200c is to do a recovery experiment. Therefore,
the expression of the protein of interest is readjusted to the normal level in miR-200c
active cells. In the best case the effects of miR-200c could be reversed by this. To do
those experiments is a great effort, thus every simple possibility to reduce the number
of candidates is of great value.
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4.4. Time resolved switching of cell motility

4.4. Time resolved switching of cell motility

For now we analysed the effects of miR-200c at a certain time point. Due to simplicity
this is done in many studies, but the time point is usually chosen at a rough estimate
where effects are expected, which is rather random. When trying to resolve a complex
regulatory pathway one could capture dynamic changes instead. For example dynamics
in the motility parameters could tell at which specific time point changes in the pheno-
type are happening. The molecular players, that are causing this changes should show
changes in expression or conformation at exactly this time point. Consequently, time
resolved experiments could help to find important players in regulatory networks much
more efficiently.

One problem in the analysis of many biological processes like cell motility is the high
stochasticity. Therefore, large sample sizes are necessary to get meaningful measures.
Thus, usually not only population averages are used but also time averages. This in-
creases the statistics quite a lot for example when analysing velocities of cells. For a
time resolved quantification of cell motility one has to abandon the time averaging,
which makes it even more important to have large data sets.

The good thing of the velocity being a simple derivative is that it can be calculated
for every time point. For other parameters that describe characteristics of time series,
like for example the persistence in our case, it is not trivial to describe them in a time
resolved manner. For instance it is not clear how the typical duration of the run state
Trun could be expressed with time resolution smaller than 7,,,. Also for parameters like
the persistence path q it is necessary to evaluate a certain time interval and the resulting
values will depend drastically on the length of this interval. Therefore, changes in the
time resolution might change the results, which is not favourable. In contrast, the two
state analysis classifies whether the cell is in a run or a rest state for every time point.
Consequently, P,,, is well defined for every time point. The only restriction is that many
cells have to be evaluated to get meaningful average values without averaging over time.

To study the effects of miR-200c on migration in a time resolved manner, we seed cells
on the ring shaped microlanes and directly start the induction with Doxycycline. Cells
need some time to adhere to the micropatterns and it takes some time until the mea-
surement is set up at the microscope, thus cell tracking starts about 4 h after the begin
of induction.

In Figure 4.6 the development of P,,, over time is shown for 0, 0.5, 2, and 5 ug/ml
Doxycycline. It is striking that even without Doxycycline for MDA-MB-231 TRIPZ-
200c cells P,,,(t) is not constant. It starts at a low value and increases during the
first 5 hours to about 0.4 where it stays more or less constant with a small decrease
towards the end of the measurement. Interestingly, MDA-MB-231 TRIPZ-Ctrl cells
show a much faster increase in the beginning. This increase is most likely a result of
the seeding process. To do so, cells have to be detached from the culture flask, which
involves an enzymatic cleavage of transmembrane proteins. Cells need to recover and
spread on the micropatterns to be able to polarize and start running. It makes sense
that this needs some time which can be seen in P, (t). For 0.5 ug/ml Doxycycline there
are no significant differences visible during the observed 1.5 days after induction. But
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Figure 4.6.: Dynamic changes of P, induced by miR-200c. Cells are seeded on ring-shaped microlanes
and Doxycycline treatment is started at the same time. Cell tracking is started 4 h later. The fraction
of cells is the run state Py, is evaluated for MDA-MB-231 TRIPZ-200c cells (left) for different concen-
trations of Doxycycline (red) and without Doxycycline (grey). The same is shown for MDA-MB-231
TRIPZ-Ctrl cells on the right. Data of two subsequent time points is taken together resulting in a
time resolution of 20 min. Shaded areas correspond to 95% confidence intervals. N corresponds to the
number of cells analysed.
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Figure 4.7.: Dynamic changes of v, induced by miR-200c. Cells are seeded on ring-shaped microlanes
and Doxycycline treatment is started at the same time. Cell tracking is started 4h later. The run
velocity Upy, is evaluated for MDA-MB-231 TRIPZ-200c cells (left) for different concentrations of
Doxycycline (red) and without Doxycycline (grey). The same is shown for MDA-MB-231 TRIPZ-Ctrl
cells on the right. Data of two subsequent time points is taken together resulting in a time resolution
of 20 min. Shaded areas correspond to 95% confidence intervals. N corresponds to the number of cells
analysed.
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for the higher concentrations a significantly lower P,,, is observed. In the first hours
P,., shows also an increase, but it never reaches the usual amount, but stays constant
slightly above 0.2. The deviations to no miR-200c¢ inductions get significant for 8 h
or 12h after start of induction. For control cells no large influences of Doxycycline is
observed.

The same analysis is performed for the run velocity v,,,(t) and can be seen in Figure
4.7. Vpun(t) also shows a small increase in the first hours but the data is much more
noisy than for P, (t). With induction of miR-200c mostly no differences in the velocity
can be found. Only for the data set with 2 ug/ml Doxycycline a significantly lower v,
was measured 16 h after induction. Due to the high noise level in the velocity data and
due to the fact that the results are not reproduced in the other data sets this can be
also a statistical outlier and should not be over interpreted.

Nevertheless, the data for P, (t) shows a consistent effect. Therefore, we get a defined
time window from 8 to 12 h after induction where effects of miR-200c are visible depend-
ing on the Doxycycline concentration. We would expect that the proteins responsible
for this should show changes in the expression exactly at this time point. Thus, together
with protein expression studies at a few time points around that time window, this can
help to narrow down the potential candidates in the regulation network.

With an effect already after 8 h it is quite fast until miR-200c affects migration. Dur-
ing this time several processes have to take place. First of all, the miRNA has to be
produced and processed. The production of a miRNA should be in the range of one
hour. In Figure 4.1d, it is visible that the miR-200c level increases only slowly during
the first hours, thus this low level seems to be enough to trigger an effect. In the next
step, in case of direct regulation, the miRNA binds to the mRNA which can be fast.
However, for indirect regulation for example via transcription factors it should take at
least half an hour to several hours until the mRNA level of the target is changed. On
top of this, in case of a down regulation of the respective protein the degradation rate
of the protein has to be considered to know at which time point a reduction in the
expression level gets visible. Degradation rates of proteins can vary a lot and can be
also many hours or up to days. As all these numbers are often not known, and also
active degradation of proteins could be changing, it is not possible to link a certain time
to a specific protein. But we can conclude that the time of 8 to 12 h could be caused
by both direct or indirect regulation of a protein. [164]

To investigate the role of filamin A the Roidl group performed q-PCR measurements of
the filmain A mRNA levels. They found no change in expression of the mRNA during
the first 12h after induction. Consequently, it is unlikely that filamin A is responsi-
ble for the early drop of P,,,. Nevertheless, it can still play an important role in the
later processes. To find other suitable candidates a broader analysis of the proteome
at several time points is planed and this will in the end show whether time resolved
motility measurements can be successful in providing more information that help to
explore complex regulatory networks.

One interesting part of the results is that we observe two overlapping processes. One
is the process of cells starting to run on the ring-shaped lanes, and the other one is
caused by miR-200c. Interesting experiments to separate these two processes would be
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either to start the induction at a later time point so that most cells are already running.
Or alternatively it is also possible to do the reversed study and stop the production
of miR-200c¢ after some time. However, we could also speculate that there might be a
connection between the two processes. As transmembrane proteins like integrins have
been cleaved before seeding it is possible that cells need some time to go into the run
state because they need to produce new integrins. If miR-200c would down regulate
integrins it could just stop the production of new ones. Consequently, this would mean
that the degradation rate becomes irrelevant and could be an explanation for such a
fast response. In these terms also the slower starting time of the miR-200c¢ cells com-
pared to the Control cells could be a hint that the low basal expression of miR-~200c
interferes with the recovery process. After all further experiments will hopefully clarify
these points and the role of miR-200c in cell migration.

45






5. Cell migration depending on substrate
adhesiveness

In Chapter 3 we study cell migration on lanes with uniform fibronectin coating and
introduce PEGylated non adhesive areas. This means that we create defined interfaces
where the adhesive properties change to learn how cell adhesion defines the migra-
tory behaviour of cells. There are many studies showing that adhesions or the number
and type of possible adhesion sites provided by the substrate is crucial for cell migra-
tion. [33,82,165-167] But there is still no fundamental understanding of how adhesion
controls the process of cell migration and how the coupling to the substrate defines
parameters like cell speed.

The situation studied in Chapter 3, with an interface between fibronectin coated and
PEGylated surface is an extreme case. The number of possible adhesion sites on the
PEGylated surface is so low that cells usually do not migrate much on this surface.
Thus, cells move only over small areas of this non adhesive surface, which makes it dif-
ficult to properly compare differences in migration parameters like velocity. In order to
produce interfaces between two areas in a more physiological regime of adhesiveness, a
new patterning technique was developed. This basically allows producing step functions
of different adhesives. Other studies, where cells are faced with differences of adhesive-
ness have focused on gradients of adhesion molecules [25,166, 168,169]. Studying cell
migration at the step function has some interesting features that distinguish it from
other experiments. First of all, single cells can probe two different environments with
homogeneous coating, where the motility can be compared for the exact same cell. But
most importantly the interface defines a specific position in space where we can look for
changes in cell behaviour. As cells perform stochastic motion it is usually very difficult
to connect the behaviour of single cells at a certain time point to external influences.
Only the statistical analysis of a cell population reveals certain changes like for example
on the gradients or for the effects of miR200c¢ described in Chapter 4. In this Chapter,
we show that interfaces can help to find specific responses to environmental cues on the
single-cell level. The content of this Chapter is summarized in Manuscript 1.

5.1. A two protein patterning technique

To study controlled interactions of cells with interfaces between fields with different ad-
hesive properties we need a technique that can create the two different protein coatings
combined with the confinement to 1D lanes. Most of the techniques that are available
relay on sequential coating with different protein solutions [70,74,78,82,84] or alterna-
tively subsequent stamping steps would require perfect control over the positioning of

47



5. Cell migration depending on substrate adhesiveness
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Figure 5.1.: Two step microcontactprinting technique to produce stripe micropatterns with alternating
protein coating. A PDMS stamp is inked with protein solution 1, dried and stamped on a second stamp
with lines perpendicular to the first ones. After a short plasma treatment a second protein solution can
flow into the room between the two stamps and coat the unprotected parts. After drying the second
stamp can be lift off and shows the favoured alternating protein pattern which can be transfered to
the substrate. The surrounding is subsequentially coated with pll-PEG to prevent cell adhesion.

stamps. The sequential coating of the surface has the disadvantage that possibly the
proteins could bind to each other, which would exclude for example the combination
of fibronectin with collagen [170]. In the case of patterns of the same protein but with
different concentrations during the second inking step proteins could also bind to free
areas in the firstly coated areas, which makes it difficult to control the surface concen-
tration there.

We developed a technique that is based on two stamping steps, which keeps the inking
of the different fields completely separated (Fig. 5.1). To this end, a first PDMS stamp
with line patterns is coated with the desired protein. This is stamped on a second stamp
with lines oriented in perpendicular orientation. A second protein solution with another
protein or a different concentration is put in the room between the stamp to coat the
remaining areas of the stripes. Consequently, this already creates the alternating fields
with different coatings on the stamp and the pattern can be transferred to a substrate.
A detailed protocol is given in section A.1.4.

With this protocol it is possible to create patterns with different proteins (Fig. 5.2a)
or with different concentrations for example of fibronectin (Fig. 5.2b). In the further
experiments we focus on stripes with different fibronectin concentrations. To estimate
the surface concentration of fibronectin, it is labelled with a fluorescent dye. With the
help of microfluidic channels of a defined height it is possible to compare the fluores-
cence of labelled fibronectin solutions with various concentrations to the fluorescence
of the micropatterns (Fig. 5.2c, and Section A.4). Thereby it is possible to get the
absolute fibronectin surface concentration from the median florescence intensity of each
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Figure 5.2.: a) Fluorescent image of patterns consisting of two different proteins (fibronectin and
fibrinogen). b) Fluorescent image of line pattern with alternating fibronectin concentration. The
intensity of the florescence codes for the surface concentration of fibronectin (labelled with Alexa 647).
¢) Microfluidic channel are filled with a solution of labelled fibronectin with different concentrations. By
comparing the florescence intensity of the channels with the patterns the absolute surface concentration
can be estimated. d) Histogram of the median fibronectin concentration of the individual line segments
of one sample. Two peaks are visible representing the higher and lower fibronectin concentration seen
in b). The width of the distributions show the heterogeneity.
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line segment individually. For one set of parameters such as the concentration of the
fibronectin solutions, the resulting surface concentration can still vary from stamp to
stamp and also across the stamps. Thus, for each combination of parameters we get a
distribution of surface concentrations (Fig. 5.2d). By varying the concentrations of the
fibronectin solutions we can cover the whole range of possible surface concentrations.
For analysis of the cell motility in dependence of the substrate it is important to mea-
sure the concentration of each line segment individually. This is done by automatically
detecting the line patterns and evaluating the fluorescence intensity and also the homo-
geneity, which is described in more detail in Section B.3.

The measured fibronectin surface concentration only considers the fibronectin that is
bound to the surface during the patterning process. However, it is also possible that
the surface changes during the experiment. For example, cell medium is supplemented
with serum which includes proteins that potentially could bind in between fibronectin
molecules if these spaces are not fully covered by PLL-PEG. The most abundant protein
in serum is serum albumin to which cells usually do not adhere to but it can also con-
tain fibronectin [171]. In addition, cells could also modify the surface. It is known that
during the retraction of the rear some parts can be left behind which mostly consist of
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Figure 5.3.: a) Phase contrast image of cells seeded on line micropatterns (red) with segments of
alternating fibronectin concentration. b) time series of a single MDA-MB-231 cell on the micropattern
shown at the left. White lines indicate the interfaces between the line segments. Time between
individual images is 20 min.

integrins and membrane patches [172]. Furthermore, some cell types also secrete ECM
proteins such as collagen or fibronectin [173]. However, we did not observe that cell
behaviour was affected when areas where visited previously by other cells. Also over
time the cell behaviour was quite constant, thus we assume that there are no drastic
surface modifications, although more experiments would be necessary to verify this.

5.2. Maximal velocity for intermediate fibronectin
concentrations

We use microlanes fabricated as described above with a width of 15 um and a segment
length of 150 or 200 um to study the migration of MDA-MB-231 cells in dependence of
fibronectin concentration. Cells are seeded on the micropatterns and migrate similarly
as on the ring-shaped microlanes (Fig. 5.3). In contrast to the ring-shaped microlanes,
on the stripes we often find that cells are colliding with each other and cells are repeat-
edly leaving or entering the field of view. To get single-cell tracks out of this we used
automated cell tracking of the labelled nuclei. Time points when individual cells are
not on the lanes or have a distance of less than 66 um to their neighbours are excluded.
Remaining tracks with a duration of at least 5h are used for further analysis.

The scanning time-lapse measurements together with automated cell tracking allows
performing high-throughput measurements. In a range of different fibronectin surface
concentrations lying, except for some outliers, between 5 to 120 ng/cm? a total num-
ber of 19,861 tracks was analysed. The evaluation of the run velocity of the cells in
dependence of the fibronectin concentration shows that there is a maximal velocity for
intermediate fibronectin levels as also found by other studies [21-24]. This can be seen
in the population average of the run velocity as well as for the mean velocity also in-
cluding rest states (Fig. 5.4a,b). Due to the limited length of the segments it is not
possible to evaluate 7., and 7.5 for a certain fibronectin concentration. However, we
can define the persistence path q (Equation 4.1) for each part of a track that is on one
segment. A study by Maiuri et al. [54] predicts that velocity and persistence should be
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Figure 5.4.: a) Run velocity of MDA-MB-231 cell migrating on the microlanes in dependence of the
fibronectin concentration (at the nucleus position) averaged over the population b) Mean velocity
averaged over both run and rest states in dependence of fibronectin concentration. ¢) Mean persistence
path in depence of fibronectin concentration. For the evaluation, tracks that go over several segments
are cut into parts that are only on one segment. d) Persistence path versus run velocity for every part
of a track that is on one segment. Colour codes for fibronectin concentration with bright means low
and darker blue means high concentrations. Pearson correlation coefficient R = 0.44. All error bars
represent standard error of the mean.

correlated. And indeed we find a very similar behaviour for the persistence (Fig. 5.4c)
with a maximum at a fibronectin concentration between 50 and 60ng/cm? as found for
the velocity. This correlation is also visible on the level of the single tracks (Fig. 5.4d).
However, due to the size limits of the segments cells can also interact with the interface
to the next segment which can distort the measure for the persistence. The accumula-
tion in Figure 5.4d at q = 0.5 is most likely caused by very persistently migrating cells
turning around at the interface. Consequently, interpretation of the persistence data
should be taken with care.

All earlier studies that found the maximal velocity for intermediate fibronectin con-
centrations did separate experiments on the different substrate coatings. Thus, not
the exactly same cells are used in the different conditions. With this assay it is pos-
sible to find out how the velocity of single cells is actually changing when migrating
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Figure 5.5.: a) Drawing of a single cell migrating first on one segment and then on another. The
velocity on the first and on the second segment can be compared. b) Track of the nucleus of a single
cell migrating over several segments with high (bright red) or low (darker red) fibronectin concentration.
Dotted lines mark the transitions between the segments. c) Histogram of the relative run velocities

vo /vy of single cells migrating on segments of about 50ng/cm? and about 100 ng/cm?. The mean

relative velocity is 0.8. d) The symmetrized version of the relative velocity (Equation 5.1) for all
possible combinations of fibronectin concentration is calculated. For each field this is done from an
underlying distribution like in ¢).

on two different substrates (Fig. 5.5a). Looking at single-cell tracks (Fig. 5.5b), it
becomes apparent that cells actually change their velocity when migrating on different
fibronectin concentration. When calculating the relative velocity on two fields with a
defined fibronectin concentration for example 50 and 100 ng/cm?, we get a quite broad
distribution that is centred around 0.8 in this case. Although this means that mostly
cells are slower on 100ng/cm? than on 50ng/cm? the distribution is sufficiently broad
that also the opposite case can be found. We can now do this for all possible com-
binations of fibronectin concentrations. For each of these cases we can calculate the
mean relative velocity, but averaging over relative velocities leads to the problem that
the result depends on whether we calculate the velocity relative to v, or vy. Thus, to
get a formula where v; and vy are interchangeable we average over the relative inverse
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velocities: )

(Uret) = (——=21—) ™" (5.1)

VFN1 VFN2

This leads to a map of the relative velocities shown in Figure 5.5d. The map shows that
in general the maximum velocity is always found around 50 to 60ng/cm? independent
of what concentration it is compared to. Thus, this implies that the behaviour found on
the population level is one to one reassembled on the single-cell level. However, the sin-
gle cell analysis reveals the high noise level of this stochastic behaviour. This means that
it is important to not draw conclusions from the behaviour of one single cell. One has
to investigate large sample sizes and in this case it is fine to average over the population.

5.3. Velocity changes during traversals

Next, we want to put some attention on the cell behaviour at the interface between
two segments, and in particular on cells traversing the interface. In the experiments
discussed previously images where taken every 10 minutes. With this time resolution
the transition happens in only a few time steps. Between the images cells can move
several ym which means that we are missing many of the details of the cell motion.
To get a more detailed view of the migration process we performed experiments with a
time resolution of 20s. In this case it is not possible to take fluorescence images of the
nucleus because to image the Hoechst stain the illumination with UV-light is needed
that would stress or even kill cells at this exposure rates. Therefore, only phase contrast
images are acquired. Due to the confinement to the 1D microlanes, it is easily possible
to create kymographs of the cells, which means that for every time point one takes only
the middle line of one line pattern and sets it together forming a new image. Thus,
Kymographs are images with one time axis (here drawn always from left to right) and
one space axis. These kymographs give basically all important information of the 1D
motion. In Figure 5.6a a kymograph is shown. Two cells are on this stripe, one is in
the run state and in the end collides with the second one that is mostly resting. It
is visible that the front of the polarized cell moves with a relatively constant velocity
whereas the rear shows more intricate dynamics. A zoom in on one transition (Fig.
5.6b) shows that the motion of the front shows two kinks during the traversal. The
velocity is changing once when the front traverses to another segment and a second
time when the rear traverses. In the kymographs, the lamellipodia at the front shows
an characteristic pattern of dark stripes which correspond to actin ruffles moving back-
ward. The back of the cell shows basically two different modes. In one mode the back
shows an oscillatory spreading behaviour (Fig. 5.6¢). This means that at the rear of
the cell a transient lamellipodia is formed, that often also shows the characteristic dark
ruffles. The spreading towards the back does not last too long and is terminated by a
fast forward slipping of the rear. In the other mode a more constant forward motion
of the rear end is observed without the formation of lamellipodia spreading backwards
(Fig. 5.6d).

With the time resolution of 20s it is not possible to resolve the retraction protrusions
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5. Cell migration depending on substrate adhesiveness

Figure 5.6.: a) Kymograph of phase-contrast images of two MDA-MB-231 cells migrating on microlanes
(one in the run state, one mostly resting). Transitions between segments of different fibronectin con-
centration are marked by black lines (distance of 200um). Time goes from left to right. b,c,d are zoom
ins. In b) the slope of the yellow lines represents the cell velocity. During the transition the slope
changes (dashed line).

cycles taking place at the front of the cell [34]. For that reason the front moves very
smoothly and therefore the front velocity vfyon: is @ good measure for the migration
behaviour. One could assume that the velocity of the front is mainly governed by local
influences on the lamellipodium. Indeed, we find that the speed of the front changes
very abruptly in many cases when it traverses to a segment with different adhesive-
ness.Perhaps even more surprising is the fact frequently, when the back traverses, the
velocity of the front changes as well. During the transition the cell is moving over the
interface, which means that the part of the cell that is already on the next segment
is getting larger and larger. Although the adhesion properties underneath the cell are
changing permanently during this process we still observe a constant velocity of the
lamellipodium at the front.
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5.4. A two-point model of a migrating cell

Back Coupling Front
module

Substrate coupling:

Apack Qfront

Figure 5.7.: A simplified model of a migrating cell. The cell couples to the substrate at front and back
with coupling parameter o frons and apaer. In principle we assume a symmetric structure of the cell,
but when it is polarized the symmetry is broken, leading to a defined front and back. The information
of the binding to the substrate at the back has to be transported to the moving front, which is done
by a coupling module.

5.4. A two-point model of a migrating cell

Taking these observations together we can make a very simplified phenomenological
model of a cell to get a more intuitive view on the migration behaviour of cells (Fig.
5.7). First of all we can assume that a cell couples to the substrate only at the very
front and at the very back, since the transitions show that the fibronectin concentration
at these points defines the velocity of the cell. The coupling strength to the substrate at
front and back can be parametrized by a fyons and apger. The fundamental structure of a
cell migrating in 1D should be symmetric, because in the rest states we usually observe
a symmetric cell body. Only with polarization of the cells the symmetry is broken which
defines front and back of the cell. At the back we also see the transient lamellipodia
forming thus the back still seems to be similar to the front but with the difference that
retraction is taking place here. Furthermore, we know that the adhesion at the back
influences the velocity at the front. This information has to be transmitted somehow
through the cell. Therefore, front and back have to be connected. As we do not exactly
know what this connection looks like we assume that front and back are connected by
a coupling module that is not specified further for now.
The general understanding of the migration mechanism assumes that the lamellipodium
of the front is the main driving force of a cell. (see also section 2.1) The coupling of
the actin cytoskeleton to the substrate at the front is important to transmit forces
that are needed to push the membrane forward. Thus, in a simplified few, the front
lamellipodium can be described as a motor and it needs grip to efficiently drive the cell
forward. Consequently, a stronger substrate coupling at the front should lead to faster
velocities: vtront X Qfront-

At the back of the cell strong adhesions hinder the cell rear from moving forward. In
our simplified picture of a cell the coupling to the substrate at the rear should therefore
decrease the velocity with a linear dependence in the simplest case: vfrons X —Qpack-
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Figure 5.8.: a) Sketch of a cell migrating from less to more and back to less fibronectin. We distinguish
phases where cells are completely on one segment and transitions phases where the cell front is already
on the next segment whereas the back still remains on the previous segment. b) Transitions can either
take place in the low cpy regime I, where cells are faster on more fibronectin or in the high cpyn
regime II where cells get slower with increasing cgy. Transitions towards more cpy are denoted by
1 and reverse transitions by | ¢) The model predicts increased transition velocities for I and II1 and
decreased transition velocities for I} and I1). d) Kymograph of a cell performing transitions to different
fibronectin concentrations (given on the left). Front (blue) and back(red) are traced and front velocity
is given. For each phase mean velocities are calculated. e,f) Front velocity before and after relative to
Vtrans- Violin plots show the velocity distribution with dots representing the mean front velocity during
one phase. Median and quartile values are marked by black lines. At transitions to more fibronectin,
Vtrans 1S increased, at transitions to less fibronectin, vy, is decreased.
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5.5. A mechanical approach to describe the velocity relation

With the simple assumption that the coupling to the substrate o f,ont and apqer increases
monotonically with fibronectin concentration cpy we can now make qualitative predic-
tions for the velocity of cells traversing the interface between two segments. When a
cell is fully on one segment it migrates on a homogenous fibronectin coating and should
on average have a velocity described by the velocity relation in Figure 5.4a. During
the transition cell front and rear are on different fibronectin concentrations which we
define as the transition phase (Fig. 5.8a). Depending on the range of the fibronectin
concentration, the absolute change of velocity after the transition is different. We can
therefore differentiate two regimes (Fig. 5.8b): In the range of low coupling to the sub-
strate, cells are faster on more fibronectin (transitions of type I), whereas in the case
of high coupling cells get slower when the fibronectin concentration is increased (type
IT). Independent of this, cells traversing from low to high fibronectin (transitions I1 and
11 ) should always show an increased velocity during the transition, vy.q,s, acording to
the model. This is due to the fact that the front motor works more efficient on more
fibronectin and the cell still has weak adhesions to break at the back. The opposite
behaviour is expected at the transition from high to low fibronectin (transitions I} and
I1}). Here, the motor works less efficient and strong adhesions at the back have to be
overcome, which should lead to a decreased transition velocity (Fig. 5.8c¢).

To test these predictions we analysed 99 kymographs of cells in the run state that are
traversing over one or several interfaces. We used an automated image analysis al-
gorithm to identify the position of the front and the rear of the cell over time. The
algorithm is based on calculating the variance of the image, which is higher in regions
occupied by a cell than in the background where there are no cells. This allows exam-
ining the front velocity over time (Fig. 5.8d). Additionally, we calculate the average
velocity for each phase where cells are on one segment and for the transition phases.
The velocity during transitions from low to high fibronectin is actually shifted to higher
velocities (Fig. 5.8e) and shifted to lower velocities for inverse transitions (Fig. 5.8f).
When looking at single transitions we find that in 75% of the cases v;yq,s is really larger
than vy and vy for cpy1 < cpyq or smaller than vy and vy for cpy1 > cpyi1 respectively.
Thus, the simple model can qualitatively predict the average changes of the front velocity
during transitions. But again we find very wide distributions of the relative velocities,
which means that there is a high level of noise in this stochastic system that can even
show single cases where the relative changes are not in line with the predictions for the
average.

5.5. A mechanical approach to describe the velocity
relation

The presented simple model can qualitatively predict the transition velocities with only
few assumptions. However, it is not possible to get a formula for the global velocity de-
pendence on fibronectin concentration without making further assumptions about how
exactly the coupling to the substrate and the coupling of back to front is accomplished.
Of course, this is all in an oversimplified view of the cell and actually much more compli-
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5. Cell migration depending on substrate adhesiveness
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Figure 5.9.: Simple approach to explain the velocity relation (data in blue). The force ansatz assumes
that the front pulls with a constant force F'¢,,,+ proportional to the substrate coupling afron:. The

back opposes an effective friction force ? friction that is proportional to the velocity v and the substrate
coupling apgcr. This leads to Equation 5.2 for the velocity relation which is fitted to the velocity in
dependence of the fibronectin concentration (fit in red with ¢ ~ 0.5).

cated models are needed that incorporate cytoskeleton dynamics, adhesion generation
and breaking, mechanical forces, membrane tension and so on. It is not clear how all
these components could lead to simple rules that we recover with our simple approach.
Thus, in this paragraph we discuss assumptions that we can make for the simplified
model and test whether they can be validated by the experimental findings. In the
end this could help to get an intuitive understanding of the relations in the migration
process, and give some constraints to more sophisticated models, that would be needed
to get a more detailed understanding of this process.

A simple mechanical ansatz that we can make is that the lamellipodium at the front
produces a constant force pulling the cell forward. With this we reduce the complex
processes in the lamellipodium that include actin polymerization and pushing the mem-
brane forward, contraction of the actin network, and adhesion to the substrate, to a
simple forward force generating process. This depends on the adhesion strength at the
front and therefore we can assume F'front X Qfront. To move the back forward the
force has to be transmitted throughout the cell. We can assume that the back exerts
an opposing friction force that is proportional to velocity and to the substrate coupling

Friction OC U+ Qpger- This would be in agreement with theory on the nature of viscosity
that shows that binding and unbinding events can indeed lead to an effective velocity
dependent friction force [52].

As cell migration is very slow, the inertia of the cell motion can be neglected and we
can assume overdamped dynamics and mechanical equilibrium at all times F f.5ns =

—? friction- 10 get a formula that can describe the velocity relation in dependence of
fibronectin concentration, we have to make further assumptions how the coupling « de-
pends on cpy. For a simple linear relation at front and back it is not possible to get the
maximum in the velocity relation. Besides, there are physical limits like the maximal
binding energy or the maximal force and the number of myosin motors that limit the
force exerted by the lamellipodium. Thus, it makes sense to assume a saturating force
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Figure 5.10.: a) In the kymographs position of front and back are determined. The average length
dependent on the fibronectin concentration at the back or at the front (c) is shown. For each individual
cell the Pearson correlation coefficient of length and fibronectin concentration at front or back is cal-
culated in b,d) histograms of the correlation coefficient are shown and mean correlation coefficients(R)
are given.

depending on the fibronectin concentration Ff ont = @ front - €XP(ACEN, front) With the free
parameters A and afone. One way to get the maximum in the velocity relation is to
introduce a power law dependency of the friction force on cpy pack Where we leave the
exponent ¢ as a free parameter. Fpriction = Qpack - CFNpack?. When setting the Forces
equal we get the following formula for the front velocity in the case of having the same
fibronectin concentration at the front and the back:

o afront 1— exp(—)\CFN)
U(CFN) B Qpack cpN? (52)

This can be fitted to the observed velocity relation with an exponent ¢ ~ 0.5 (Fig.
5.9). Although this fits quite well we can think of other implications of the approach
that could be tested. One implication is that the total tension of the cell is completely
governed by cpn, front @s this defines the force exerted at the front. If the cell is a body
with elastic properties, the length of the cell should depend only on cpy, front and not
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5. Cell migration depending on substrate adhesiveness

On Cpp pack- Lhis is strengthened by studies showing that cell tension is indeed propor-
tional to cell length [174]. We analysed the kymographs and found that the mean cell
length does not change with cpy front but increases with larger cpy pacr. (Fig. 5.10a, b).
Also on single-cell level we calculated Pearson correlation coefficients that show that
the cell length is governed by the fibronectin concentration at the back (Fig. 5.10c, d).
Consequently, we observe a behaviour of the length that is qualitatively different to the
predictions of the force ansatz.

Another problem of this approach is the difficulty of getting it consistent with the dy-
namics at the back. To get a constant friction force we assume that the back is moving
forward with a constant velocity. But in reality this is not the case with the back even
spreading in the opposite direction from time to time. In principle this could all be
saved by the coupling module that could average the friction forces and adapt the cell
length. However, this would require a very complex coupling module that on the one
hand transmits forces but on the other hand shows no elastic properties, but regulates
cell length totally independent of cell tension. It is unclear how this could be realised
and it contradicts other studies, thus we have to reject this model of frontal towing with
a constant force combined with effective friction of the back. This approach also explic-
itly needs a tight mechanical coupling of front and back. A study with cells migrating
on lines of pillars found that for example during rear release forces are not transmitted
throughout the cell [175] which also contradict the assumptions.

5.6. A phenomenological model explains the velocity
relation

This showed that it is not easy to formulate a mechanistic model that is in line with the
data and with literature. An alternative approach is to construct a phenomenological
model directly from the data. To this end, we can right away look for a relation for the
velocity instead of considering forces and other mechanistic details.

We can assume that v¢pont 0 Qfront and Vpront 0 —paer, but we have to find relations how
the coupling constants depend on cgy. Therefore, we can take a look at the magnitude
of the velocity changes during transitions in the different cpy regimes (Fig. 5.11a). We
find that in regime I, where the coupling to the substrate is lower, on average there is a
great change of v,y When the front crosses the interface. When the rear is traversing
there is also a change of vf,4,: but with a smaller magnitude. For the second regime this
changes dramatically. Here the average vfyon: sShows almost no change when the front is
traversing. In contrast, when the rear traverses changes in vf,ons are not disappearing
but are even getting a bit larger compared to regime I.

This behaviour implies, that a .oy is saturating very fast with increasing cpy, whereas
Qpack does not show a saturation in the cpy range we are investigating. Consequently, we
can assume a saturating dependence of & f.ont ON CpN: Vfront X 1—exp(—ACEN, front). For
the rear, we can assume a simple linear dependence on the fibronectin concentration for
the sake of simplicity v tront X —Qpack = Aback — DbackCFN pack Which leads to the following
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Figure 5.11.: a) Distributions of the mean front velocity in phases before, during, and after transitions
separately for the low cpy (I and 1)) and for high cpy regime (IIT and II}). Black lines indicate
median and quartile values of the distributions. b) Phenomenological ansatz to describe the velocity
relation. We assume that the velocity increases with increasing cpy at the front and saturates. vy ont

decreases linearly with increasing cpy at the back. This results in Equation 5.3, which can be fitted
to the velocity (c).

equation:
v(crn) = (Aback — DbackCFN) = A front(1 — exp(—Acpn)) (5.3)

This reproduces the maximum in the velocity relation and fits to the velocity in the
observed range of the fibronectin concentration (Fig. 5.11b). But of course the linear

relation at the back can not hold true for higher fibronectin concentrations because a
negative agq.r would not make sense.

For the front these assumptions are in line with the theory by Maiuri et al. [54] that
assumes that the velocity is proportional to the retrograde actin flow V' and the sub-
strate coupling a: v = V. In this framework a,.,: can be interpreted as an efficiency
of the cell to transform actin polymerization into forward motion. In the case of perfect
adhesion a0 = 1 the velocity of the cell is equal to the retrograde actin flow in the

61



5. Cell migration depending on substrate adhesiveness

frame of the moving cell. In the lab frame this would mean that the retrograde flow is
zero, and thus there is no slipping back of the actin network. In this context afyon: is
limited to 1, thus a saturation of af.en(crn) makes sense.

In this approach we did not make assumptions on how exactly the information of the
coupling to the substrate at the back is transmitted through the cell and influences the
velocity at the front. Albeit this is a very interesting question, there is no clear answer
to this, and the phenomenological model leaves a lot of room for different possibilities.
For example if mechanical forces are needed to break the adhesions at the back, the cell
would elongate until enough force is built up. The higher tension for stronger adhesions
at the back could affect the efficiency of the forward motion (although this is not per-
fectly in line with the study showing that changes in forces are not transmitted through
the whole cell [175]). Alternatively, it is also possible that a biochemical coupling for
instance via small GTPases is responsible for the regulation of the velocity of the front
by adhesion at the back. Additionally, membrane tension could also be an important
player in the coupling of front to back.

All in all, the phenomenological two-point model describes the transition behaviour and
the maximum in the velocity relation very well. However, due to the phenomenologi-
cal nature of the model there are no further straight forward predictions that could be
tested. It rather gives a constraint to mechanistic models that should reproduce these
emerging laws and gives an intuitive view on the cell migration behaviour.

The coupling of front to back is revealed very clearly in these experiments with cells
performing transitions at the interfaces. This certainly needs more attention in further
studies to get a better understanding of how processes at the front and at the rear are
interconnected.

5.7. Dynamics of the rear

To learn more about the processes at the back of the cell and how they are connected
to the velocity of the front we look for characteristic parameters describing the motion
of the rear and their correlations to other values. Therefore, we can look again at the
kymographs and the dynamics of the front and back motion (Fig. 5.12a). The motion
of the back looks quite irregular, but when we separate the motion into phases where
cells are only on one segment and into transition phases, we often find a more regular
motion of the back. Zooming into one of those phases (Fig. 5.12b), we find a quite clear
oscillatory behaviour of v.. By performing a Fourier transform, we find that there
is indeed a peak at a finite frequency verifying the oscillatory nature. The position of
the maximum gives us the dominant frequency of the retraction behavior at the back.
However, cells do not always perform the regular cycles of spreading backwards and
retracting, as we also find a constant sliding motion of the back. Those phases that
show maybe only one or two events of spreading backwards and retracting give rise to
rather small retraction frequencies. Thus, there are retraction frequency ranging from
about 1 to 6h~!. In conclusion, we can interpret the dominant retraction frequency
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Figure 5.12.: a) Exemplary kymograph of a MDA-MB-231 cell migrating on the microlanes. Interfaces
between two different segments are marked by horizontal lines. Front (blue) and back (red) are identi-
fied. Phases where cells are on one segment and transition phases are marked by dotted lines. Velocities
of front and back smoothed over 5 min and cell length is plotted over time. b) Zoom in for the velocity
of the back on one segment shows oscillatory behaviour. A Fourier transform is performed which has a
maximum at frequency fresraction = 5h 1. ¢) For each phase (like seen in (a)) the dominating retrac-
tion frequency fretraction 1S calculated. Scatter plots with the average front velocity, average length,
and fibronectin concentration of front and back are shown to reveal correlations. Pearson correlation
coefficient R is analysed. d) To find temporal correlations, the cross correlation function between v front
and Vpger OF between vypon, and the cell length L (e) is calculated for each phase and averaged over all
phases.
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5. Cell migration depending on substrate adhesiveness

fretraction @s a probability of those back spreading events.

For each phase we can now quantify fetraction and other parameters like vf,4,,x the mean
cell length L or the fibronectin concentration of the substrate. By calculating Pearson
correlation coefficients we find that freirqaction 1s not correlated with L or cpy front. But
there is a small positive correlation with ¢ppy pack (Fig. 5.12¢). This implies that fretraction
is mostly dependent of the local adhesion strength at the back, which makes sense.
Interestingly, there is also a small positive correlation between freiraction and Vgront.
Intuitively we did not expect this, because the backwards spreading of the cell rear
seems to be a process acting against the forward motion of the cell. When interpreting
the correlations it is also important to have in mind that the fibronectin concentrations
that where used are not equally distributed. The arbitrary choices of cpy for the
experiments could be also a cause for correlations. Thus, more experiments would be
needed to clarify the role of the retraction behaviour.

To further investigate the coordination of front and rear we can look at the time courses
of Vfront; Upack, and L in Figure 5.12a. Although the front velocity looks quite smooth
in the kymographs, we can see that there are some fluctuations that seem to be on
a similar time scale as the fluctuations in vy, and L. Consequently, we evaluate the
cross correlation between vfyon; and vpger or L (Fig. 5.12d,e). Indeed there is a positive
correlation between vyon: and vpeer, Without any time delay that decays in about 5 min
which is on the order of the time scale of the oscillations at the back. For the length in
contrast, there is no clear correlation visible.

This means that there is a direct connection of front and back that coordinates the
movement. But when looking at the size of the fluctuations of front and back velocity
it is obvious that the fluctuations of the rear are one magnitude larger than at the
front. Thus, for the rear the changes of the velocity on a short time scale are larger
than the changes that come from the transition to different fibronectin concentrations.
Therefore, it is possible that there a two processes involved. One that leads to the
correlation of front and back velocity, but leads to only small modulations of the front
velocity over time. And a second one that leads to a dependence of vyonr O CEN pack-
Or alternatively, the process that leads to a dependence of Vfyont ON CpN pack could also
be influenced by vpecr-

Taken together, we find no clear evidence that the changes of v, due to different
fibronectin concentrations at the back could be caused by changes of the retraction
dynamics of the back. Although there is a direct coordination of vyon: and Vpger it
is unlikely that changes in vy, can mediate the changes in adhesiveness at the back.
As the coordination of Vfyens and vpeer is very fast, a mechanical coupling like through
membrane tension would be a good explanation. It seems that in addition to this there
is a second process coupling front and back that transmits the adhesiveness at the back
through the cell. This could also be a mechanical coupling for example via the cytoskele-
ton or also a biochemical coupling. On top of this, there are retraction dynamics at the
back that depend on cpy pack, but otherwise do not seem to influence the motion of the
front too much. Taken together, these implications by the presented data highlight the
need for a better understanding of how cell front and back are coupled. To this end,
the data gives some clear correlations and restrictions that can help to create a more
comprehensive model.
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Figure 5.13.: a) Time series of MDA-MB-231 cells migrating on microlanes with segments of high and
low fibronectin concentration (fluorescence images of the pattern on the left). Cells can either traverse
the interface (above, time step between phase-contrast images 10 min) or reverse at the interface (below,
time step between phase-contrast images 30 min). b) Kymograph of phase-contrast images of a cell
reversing at the interface (time resolution 20s)

5.8. Stochastic reversals at the interface

In the last sections we considered mostly the velocity changes during transitions. There-
fore, we only investigated running cells, and thus the simple model was used to describe
cells that deterministically move in one direction. But cell migration is of course a
stochastic process that also includes reversals of the cells and switching between run
and rest states. Consequently, in this section, we study stochastic reversal and traver-
sals at the interface between two segments with different fibronectin concentration (Fig.
5.13a). On a phenomenological level, we can look at reversal events and find that at
the interface the lamellipodium invades a bit into the next segment (Fig. 5.13b), thus
probably probing the adhesiveness of the substrate.

In order to investigate the reversals with proper statistics, we analysed the behaviour
of the tracks of the cell nuclei. A simple definition of a traversal or reversal event is to
define a region of 50 um in front of the interface. When a cell (cell nucleus position) en-
ters this region we define a reversal event when it leaves the region on the same side and
a traversal when it actually crosses the interface. As cells can also turn around without
an interface present we additionally define a control traversal probability for traversals
in the middle of the segment (Fig. 5.14a,b). The control traversal probability Pians ctri
is more or less constant for different fibronectin concentrations. It only decreases for
very small concentrations, a low number of data points in this regime leads to a large
error range (Fig. 5.14c). Next, we compare the traversal probability at an interface
for all possible combinations of cgn; and cpye with the respective traversal probability
without barrier Py gns ctri(crn1) (Fig. 5.14d). Below the diagonal, where cells traverse to
less FN, the traversal probability decreases, whereas for equal or more FN the traversal
probability stays more or less unchanged (In the first column the value of Pyqpns ctri(Crn1)
has a huge uncertainty, thus this is not very meaningful). The symmetry of the matrix,
with different values in one row suggests that cells make relative measurements of the
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Figure 5.14.: a) Definition of reversal and traversal probabilities without a barrier present. To this
end, a 50 pm region in the middle of the segments is observed. For cells entering this region, leaving
the region on the other side is counted as a traversal, leaving on the same side is counted as a reversal
and the probability of each event is calculated. b) Analogous to (a) reversal and traversal probabilities
at the interface are calculated. ¢) The transition probability without a barrier Piyqns ctr for different
fibronectin concentrations with 95% Clopper-Pearson confidence intervals. ¢) Map of Pirqns at inter-
faces between all possible concentrations of cgpy1 and cgpy2. The color code compares Pi.qns with
Pirans.ctri(cFn1)- €) Pirans in dependence of the difference between cpni and cpye (red with 95%

Clopper-Pearson confidence intervals). Additionally, values for different regions of cppy2 are plotted in
various colours.
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5.8. Stochastic reversals at the interface

FN concentration. Therefore, it is mainly Acpy that defines the traversal probability
(Fig. 5.14e). Interestingly, the traversal probability is not becoming much higher when
cells are traversing to more fibronectin. In contrast, they reverse much more often at
interfaces to areas with less fibronectin. This defines a new guidance principle for cell
motion. Although the absolute value of cpy is not that crucial, it plays a role in the
extent of the drop of P,...s when faced to less fibronectin, which makes sense as in the
extreme case of zero fibronectin we would expect the cells to never go there.

It is known that cell migration can be guided by an unequal distribution of surface
bound proteins, which is called Haptotaxis. Haptotactic behaviour plays an important
role in processes like angiogenesis [176], and cancer cell migration [177]. On surface
bound gradients of fibronectin, haptotactic behaviour has been observed that is usually
described as cells move “preferentially towards regions of higher adhesion ligand con-
centration” [25]. At the interfaces we also observe haptotactic behaviour that lets us
make the statement a bit more precise. Cells seem to not care so much about regions
of higher ligand concentrations but they usually turn from regions with lower ligand
density. This refined guidance principle is of interest for example for applications of self
sorting of cells that should arrange in a certain way. This could be of special interest in
the growing field of creating artificial organs.

A first approach that could be thought of to explain the reversal behaviour at the inter-
face is that the persistence of cell motion is dependent on cgy and therefore this could
lead to the increased number of reversals at the interface. However, we found in Figure
5.4c that the persistence shows a maximum for intermediate fibronectin concentrations
just like the velocity. In contrast the traversal depends on Acpy and this is does not
flip with increasing fibronectin levels. Therefore, the stochastic traversal behaviour is
not just a cause of changing motility parameters at the interface, but cells are really
performing a relative measurement at the interface.

If we want to incorporate stochastic behaviour in our simplified phenomenological model,
this can be easily done by defining probabilities to switch between run and rest states
that are dependent on the fibronectin concentration. In order to get also the stochastic
behaviour at the interfaces, the probability to switch from run to rest states definitively
needs a term depending on Acpy. With this, cells can stop at the interface, but to get
very high reversal rates also the probability to polarize (thus the rate of switching from
rest to run states) in a certain direction needs to get a bias. This is also supported by
the polarization behaviour of cells at the PEGylated areas studied in Chapter 3.

A simple mechanistic explanation for the reversal behaviour at the interface would be a
mechanical breakage of adhesions, similar to the model by DiMilla et al. [21] where they
assume an asymmetric adhesion strength at front and back with stronger adhesions at
the front. Through mechanical tensions more adhesions at the back are broken, which
leads to a net forward motion of the cell. In our case, newly formed adhesions at the
front could be broken if a cells moves to a field with less fibronectin, which would stop
the cell. However, a study of cells on pillars showed that forces are not transmitted very
far throughout the cell [175]. Therefore, also other, more complicated, mechanisms to
do relative adhesion measurements could be implemented by the cells.
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5. Cell migration depending on substrate adhesiveness

All in all, the investigation of cell migration at steps of different adhesiveness reveals
much more about the functionality of a migrating cell compared to homogeneously
coated substrates. It also raises important questions like: What is the nature of the
coupling between the front and the back of the cell? To answer this, more experiments
are needed that include the measurement of forces and the dynamic of the cytoskeleton
and of adhesions. In the end, this will hopefully lead to a comprehensive model that
explains how cell migration depends on the coupling to the substrate via adhesions.
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6. Conclusion and outlook

We find that microlanes are a versatile tool that is well suited to study several aspects
of single-cell migration. First of all they provide a defined environment that allows
obtaining many single-cell trajectories of high quality and of long duration. This is the
basis to get a good quantification of the cell migration behaviour of a heterogeneous cell
population. By restricting the motion of cells to 1D, we greatly simplified the analysis.
Instead of the many models used for quantification of the cell motion in 2D that often
are very complicated and have many parameters, we used a simple two-state analysis
that turned out to be a good approximation for the cell behaviour. The extracted pa-
rameters are orthogonal, thus they really contain distinct information about the cell
migration behaviour. Furthermore, the two states seem to have their according coun-
terpart in the morphology of the cell. In run states cells are polarized and in rest states
cells are unpolarized. This makes the multi-parameter quantification a powerful tool as
changes in the parameters are not just changes in a mathematical description, but can
actually give hints which biological processes are affected.

Here, we demonstrate that this fingerprint like characterization allows distinguishing
different cancer types or determining drug effects. However, one is of course not limited
to the parameters that we investigated. It is also possible to extend the fingerprint
by incorporating for example parameters like the cell length or other parameters that
quantify the morphology or other aspects of the cell.

Furthermore, this characterization could be used to compare many more cell types to
build up a database which could be used to study whether a certain migration behaviour
correlates with the ability of cells to form metastasis or similar aspects of different dis-
eases. The microlanes could also be used to screen for drugs that affect the migration
behaviour of the cells in a desired way. For these applications of the assay a very high
throughput is necessary. Therefore, a fully automated data analysis would be needed
which we showed in Chapterb is possible. However, also the experiments would have
to be optimized to decrease the effort of conducting the measurements. For now, the
micropatterns were created manually which includes positioning the stamps by hand.
To scale up the production of micropatterns an automation of the microcontactprinting
process would be necessary. This could be done by using a cylindrical rolling stamp
as proposed by Xia et al. [178]. There are even some companies that offer automated
microcontactprinting machines. An automation of the printing process might also im-
prove the quality of the patterns. For the manually produced patterns, there are often
some small inhomogeneities in the surface coating and also across one stamp there
can be some variations of the protein transfer efficiency. When manually placing the
stamps and performing the pipetting steps it is not possible to always apply the exact
same pressure or waiting times between steps, which could be a reason for the inhomo-
geneities. Furthermore, there are also other possible micropatterning techniques that
could be well suited for an automated fabrication. One possible option is patterning
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based on photoactivation [19,75-78|, which has the advantage that it can be performed
contactless. Or alternatively, there are already several companies that offer patterned
surfaces ready to use.

An important feature of the analysis of cell migration on microlanes is the possibility
to get a time-resolved characterization of the motility. In combination with the ability
to switch on the expression of miR-200c we were able to find the time point where
the migration behaviour is changing. By combining time resolved studies of protein
expression and of changes in the phenotype it could be possible to disentangle compli-
cated regulation networks. To do so, also tight control over activity of the pathway of
interest is needed. For miR-200c this was performed by using a TET system where the
expression of miR-200c can be controlled by adding Doxycycline. In order to optimise
the control over such a system, TET systems that can be controlled by light have been
developed [179], which could lead to a sharper switching and therefore a more precise
determination of time points where changes in the cell behaviour occur.

For the comparison between MDA-MB-436 breast cancer cells and the HUHT7 liver
cancer cells that we performed, the observed motility and ability to overcome PEGylated
barriers correlated with the invasive potential of the cells. However, the in vivo situation
of a migrating cell is quite different to our artificial setup, thus it is not that simple
to quantify the invasiveness of cancer cells in the lab. In the body cells are in a 3D
environment and to get into blood or lymph vessels cancer cells need to digest dense
structures of the ECM and squeeze through small pores [180,181]. Usually, these abilities
are measured by a Boyden chamber assay, in which cells are seeded on a dense matrix,
and the number of cells that succeed to cross it is investigated [182,183]. Thus, this
is an endpoint assay that does not provide single-cell resolution or a time resolved
investigation. By incorporating obstacles into the lanes it could be possible to create
an assay that allows studying single-cell migration in defined environments that mimic
the 3D situations. Therefore, a 3D confinement by channels with bottlenecks, similar as
in the dumbbell patterns could be used to probe the ability of cells to squeeze through
small constrictions [184-186]. In order to measure also the potential of cell to digest
ECM, new patterning techniques would have to be developed that can create defined
ECM barriers. Or alternatively other methods that allow to probe the presence of
ECM digesting proteases for example by fluorescence based methods would have to be
incorporated.

Another aspect that is different in our artificial micropatterns compared to the natural
environment is that the plastic substrate is much stiffer than the natural environment.
These mechanical properties can also play an important role in cell migration [187-189],
thus it would be interesting to study cell motility on microlanes also in dependence on
the substrate stiffness. To obtain such micropatterns, there are several techniques avail-
able [190-193], but the fabrication is more complex, which makes it more tedious to do
high throughput experiments.

In this thesis, we used the approach to study cell migration at interfaces of changing
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substrate coatings in order to get a better understanding of the underlying mechanism
and of the influence of adhesions. Therefore, we used microlanes with discrete steps
of the fibronectin concentration where a single cell can be observed in different mi-
croenvironments. We find that there is a maximum of the cell velocity for intermediate
fibronectin concentrations. Moreover, during transitions the cell front changes its ve-
locity two times. Once, when the front and a second time when the rear traverses the
interface. The observed transition behaviour can be well described by a phenomenolog-
ical two-point model that interacts with the substrate only at the front and the back.
The interaction strength with the substrate at the rear end has a great influence on
the velocity of the front, thus there needs to be some kind of coupling that transmits
this information throughout the cell. It is not clear how this coupling of front and back
is implemented and could it be a mechanical or a biochemical coupling, as well as a
combination of both.

The transfer of the system onto soft substrates, mentioned before, would be an interest-
ing way to investigate this coupling, as if allows incorporating beads into the substrate
that can mark deformations caused by forces that the cell is applying. This technique
is called traction force microscopy and is widely used in cell research [194-196]. This
could clarify the role of mechanical forces in the coupling between front and back.

In our phenomenological model, a stronger coupling to the substrate at the front leads
to higher velocities most likely because forces can be transmitted to the substrate more
efficiently. In contrast, stronger adhesion at the back reduces the velocity of the cell.
Since the rear reduces the velocity of the front it is interesting what would happen
if we could cut the cell in half while it is migrating. Would the cell front be able to
migrate much faster without the decelerating influence of the back, or would the back
side of the cell front act like the former cell rear so that we just get a shorter cell?
For keratocytes it is known that sometimes the lamellipodium can separate from the
cell body and is able to migrate individually for some time without the nucleus and
other cell organelles [133]. For keratocytes, it is even possible to induce the formation
of this fragmented lamellipodia by some drugs [197], but also for the breast cancer cells
we observed a ripping of lamellipodia in very rare cases. By studying these solitary
lamellipodia at the interfaces we could learn more about the influence of the rear and
whether organelles like the nucleus play an active role in the migration process.

Also for a mechanistic understanding of the cell migration process those fragments are
interesting, as they provide a minimalistic model system of a migrating cell. For ex-
ample, the fragments are believed to not contain microtubules and are still able to
migrate, although it is known that microtubules are involved in the regulation of cell
migration [198,199]. To create a mechanistic model that is able to describe the process
of cell migration on the molecular level such simplified systems might be useful.

Also in a reduced setting it is still very difficult to get a comprehensive model of the cell
migration process, because there are so many different molecules involved. However,
also new methods have been developed in the last years that will most likely contribute
to a better understanding of some parts of the process. For example with the develop-
ment of super-resolution microscopy techniques [200-203] it is now possible to resolve
the structure and interaction of protein complexes with nanometer resolution as demon-
strated for example for focal adhesions [204]. Further progress has been made also in
how biological systems can be manipulated by gene editing for example by the famous
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CRISPR Cas system [205]. One approach that could be used to specifically manipu-
late certain processes are optogenetical tools [206]. There, light sensitive proteins are
expressed in the cell that allow precise manipulations with response times in the mil-
lisecond regime. For example this has been used to manipulate the activity of rho family
GTPases to influence protrusion formation or forces generated by the cells [207-209].
Using such optogenetical tools it could be possible to tune the adhesion to the substrate
at front and back individually by using selective illumination. In combination with the
microlanes, the influence of the coupling to the substrate could be further investigated
and maybe also the directionality of the cell motion could be controlled.

Furthermore, we found that steps in the fibronectin concentration have an influence on
cell guidance. It is remarkable that cells only show clear changes of the reversal proba-
bility when faced with a relative decrease of the fibronectin concentration. In order to
investigate how cells can do an apparent comparison of the adhesiveness at front and
back, the number and size of focal adhesions could be studied. A better understanding
of such cell guidance mechanisms could be used to build devices where cells can au-
tonomously arrange in a certain formation. In order to brake the symmetry and achieve
cell guidance in one direction, gradients of fibronectin have been used [25, 131, 168].
However, it is not possible to generate steep gradients over large distances, as soon the
whole surface is covered with fibronectin. To get an infinitely long lane with biased cell
migration one could think of a sawtooth profile of the fibronectin concentration. This
is basically a connection of many segments with gradients and intuitively one would
think that the cells move along the gradient in the direction of increasing concentration.
However, we found that at the steps, where the fibronectin concentration is decreasing,
cells turn around very frequently. Thus, in the end it is not clear how cells would behave
in such a setting and in which direction the motion would be biased.

The patterning technique that we developed allows also to create fields with different
protein coatings. The biggest advantage, compared to other micropatterning methods,
is that coating of the two different fields is completely separated, which allows pat-
terning of proteins that can bind to each other like fibronectin and collagen I. In the
experiments we performed at the steps between different fibronectin concentrations, the
ligand density for certain integrins changed. However, the integrin types that bind to
the substrate stayed the same. When using different proteins this would be different
and it could be studied whether cells need some time to adapt when faced with a dif-
ferent type of ligand. Additionally, it is also possible to use cell signalling molecules
like ephrins to mimic cell-cell interactions. For example, when cells touch front to front,
there is a process called contact inhibition of locomotion that leads to a repolarization of
cells [95,210-212]. Thereby, it is possible that very high reversal rates could be achieved,
although the functionality of signalling molecules that are usually incorporated in the
cell membrane has to be ensured when bound to a surface.

In the frame of a bachelor thesis conducted by Maximilian Kreft we explored whether
MDA-MB-231 breast cancer cells have preferences for certain protein coatings, which
means that they spend more time on areas coated with this protein. For MDA-MB-231
cells we can make a ranking of ECM proteins. Cells showed high preference for collagen
IV, low preference for laminin and intermediate values for collagen I and fibronectin.
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Depending on the integrin expression we would expect different preferences for different
cell types [213]. Therefore, further studies on this could lead to applications that allow
a self sorting of various cell types.

In conclusion, the fingerprint like characterization of cell motility on microlanes can
be used to get refined analysis of the effects of drugs by quantifying velocity and du-
ration of running and resting times. This could be utilized to develop anti-migratory
drugs that may be applied in cancer therapy. Furthermore, the introduction of defined
interfaces allows studying single cells in two different micro-environments and at tran-
sitions. The cell behaviour could be explained by a phenomenological model that can
give new insights into the function of the migration mechanism of cells and provides
clear constrains for a bottom-up model of cell migration.
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A. Methods and experimental details

A.1. Micropatterning

A.1.1. Stamp production

All used micropatterning techniques are based on PDMS stamps. The masters that are
used to cure the stamps are produced by photolithography. For this purpose, silicon
wafers were coated with TI Prime adhesion promoter and AZ40XT (MicroChemicals)
photoresist. Areas of the favoured geometry were exposed to UV light using laser direct
imaging (Protolaser LDI, LPKF). The photoresist was then developed (AZ 826 MIF,
MicroChemicals) and silanized (Trichloro(1H,1H,2H,2H-perfluoro-octyl)silane, Sigma-
Aldrich). For the creation of PDMS stamps, PDMS-monomer and cross-linker (DC 184
elastomer kit, Dow Corning) were mixed in a 10:1 ratio, poured onto the stamp master,
degassed in a desiccator, and cured overnight at 50°C.

A.1.2. Protein labelling

To be able to image the micropatterns it is essential to label fibronectin with a fluores-
cent dye. This makes it possible to find the patterns, to identify defects, and to perform
automated identification of pattern position and quality.

For the labelling, two different dyes where used. First (for experiments in Chapter 3)
Alexa 488 was utilised, but this resulted in compounds with low photo stability. This
allowed to check whether there are defects, but to get an image quality that enables au-
tomated pattern detection and evaluation of the surface concentration via fluorescence
intensity I switched to Alexa 647 for further experiments.

Labelling Protocol: 50 ul of 1M sodium bicarbonate buffer was added to 500 ul of
Img/ml fibronectin solution (Yo Proteins). 34 ug of Alexa Fluor 488 SDP ester or
50 pg of Alexa Fluor 647 NHS ester (Thermo Fisher Scientific) was dissolved in 3 ul
ultra pure dimethyl sulfoxide (DMSO) and mixed with the fibronectin solution. Next, I
waited 2-4 h for the labelling reaction to take place at room temperature and protected
from light. Then, free dye and labelled protein are separated by size-exclusion chro-
matography using a PD MiniTrap G-25 (GE Healthcare) and phosphate-buffered saline
(PBS) as buffer solution. The concentration of the resulting fractions of labelled fi-
bronectin solution was measured with a spectrophotometer (NanoDrop, Thermo Fisher
Scientific).
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A. Methods and experimental details

A.1.3. Microcontactprinting

Microcontact printing was used to produce fibronectin-coated ring-shaped lanes for the
experiments in Chapter 3 and 4. This method is widely used to create protein patterns
on various substrates. There are several protocols available in literature [19,70,72,214]
and I adapted them for the conditions used here to improve the results:

PDMS stamps were treated with UV light (PSD-UV, novascan) for 5min. Then, the
stamps were incubated for 45 min in a solution containing 40 ug/ml fibronectin (Yo
proteins) and 10 ug/ml labelled fibronectin dissolved in ultrapure water. Next, stamps
were washed with ultrapure water, dried and placed on a petri dish (u-Dish, Ibidi),
which had been treated with UV light for 15 min. A droplet of a 2mg/ml (or 1 mg/ml
in Chapter 3) poly-L-lysine-grafted polyethylene glycol (PLL-PEG) (2 kDa PEG chains,
SuSoS) solution (dissolved in 10 mM HEPES containing 150 mM NaCl was placed at the
edge of the stamps and drawn into the spaces between surface and stamp by capillary
action. Stamps were removed and a glass coverslip was placed on the dish surface to
ensure complete coverage of the surface with PEG solution. After a 30-min incubation,
the coverslip was removed and the surface was washed three times with PBS and stored
in PBS until cells were seeded (maximum storage time: 1 day).

A.1.4. Two protein patterning

In order to create stripes with segments of alternating fibronectin concentration, which
were used in Chapter 5, a new protocol was developed. This cannot only be used to
create fields of different fibronectin concentrations like described here, but also pattern-
ing with two different proteins is possible (see also Fig. 5.1 and 5.2):

Stamps with a relief structure of 150 or 200 um wide stripes were activated for 3 min in
a UV cleaner (PSD-UV, novascan) and inked with a fibronectin (Yo Proteins) solution
ranging from 6.3 ug/ml to 50 ug/ml for 45 min. (Fibronectin was labelled with Alexa
Fluor 647 NHS ester (Thermo Fisher) ). Stamps were washed with deionized water and
dried. During the drying process of the first stamps, a second type of stamps with lines
of 15 uym width were UV treated for 7min. When stamps were dry, they were stamped
on the second stamps with lines orientated perpendicular to each other. Subsequently,
when stamps were still in contact with each other, they were treated with Os-plasma
for 1 min to change the unprotected surface between the stamps to hydrophilic. A drop
of the second fibronectin solution ranging from 50 to 300 pug/ml was put next to the
stamps and got drawn into the free space between the stamps. After 30 min the second
solution dried and the stamps could be separated and stamped on a Petri-dish (p-dish
uncoated, Ibidi) that was treated with UV for 15 min before. A drop of PII-PEG (2kDa
PEG chains, SuSoS) was put next to the stamp and got drawn into the free space under
the stamp. After waiting for 2 hours, stamps were removed and the pattern was washed
with PBS three times and stored in PBS at 4°C until cells were seeded on the next day.
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A.2. Cell culture

A.2. Cell culture

MDA-MB-436 breast cancer cells were cultured in DMEM-F12 medium (c.c.pro) con-
taining 10% fetal bovine serum (Invitrogen) and 2.5 mM L-glutamine (c.c.pro). HuH7
cells were cultured in RPMI medium (c.c.pro) containing 10% fetal bovine serum (Invit-
rogen), 2mM L-glutamine, 5mM HEPES, and 1 mM sodium pyruvate (c.c.pro). Cells
were incubated at 37°C in a 5% CO, atmosphere.

MDA-MB-231 breast cancer cells (DSMZ) were cultured in L15 medium containing
2mM glutamax (Thermo Fisher) plus 10% fetal bovine serum (Thermo Fisher). MDA-
MB-231 TRIPZ-Ctrl cells and MDA-MB-231 TRIPZ-200c cells were cultured in L15
medium containing L-glutamine (Sigma-Aldrich) and 10% fetal bovine serum that was
tested for compatibility with TET-systems (ClonTech) at 37°C without COsx.

All cell lines were passaged every 2-3 days. For experiments cells were trypsonized and
cell solution was centrifuged at 800 rcf for 3 min (except for MDA-MB-436 that were just
bumped off). Subsequently about 3,000-10,000 cells were seeded per dish. After 2-3h
cells adhere to the micropatterns and medium was exchanged to L15 medium without
phenol red with extra 25 nM Hoechst 33342 (Invitrogen) for experiments, during which
cell nuclei were tracked. Then, samples were transferred to the microscope and experi-
ments were started within 1-2h.

A.3. Microscopy

In order to realize automated tracking of the cell nuclei with a time resolution of 10
min, scanning time-lapse measurements were performed. For experiments in Chapter
3, an automated inverted microscope (iMIC, Till Photonics) with a 10x Zeiss objective,
a oligochrome lamp (Till Photonics) and an ORCA-03G camera (HAMAMATSU) was
used. Cells were maintained at 37°C using a temperature-controlled mounting frame
(Ibidi temp. controller, Ibidi). For further experiments, two different Nikon TT se-
tups were used equipped with a 10x Nikon objective, a SOLA or Spectra-X LED lamp
(Lumencor), a pco.edge 4.2 sCMOS camera (PCO), and a Okolab heating chamber.
At every time-point, phase-contrast and fluorescence images of the nuclei were taken.
Fluorescence images of the patterns (and of RFP expression for MDA-MB-231 TRIPZ
cells) were taken before or after the experiment. For experiments in Chapter 5, a 2x2
binning was used to decrease the data size. The time-lapse movies acquired at the Nikon
microscopes were converted from 16 bit to 8 bit before processing. For experiments of
cells migrating on a homogeneous 2D surfaces always four images were combined to
effectively get a larger field of view.

For experiments with higher time resolution only phase-contrast images were acquired
to reduce photo damage of the cells. In Chapter 3, high resolved images of cell protru-
sions at the interface were taken with the IMIC microscope and a 40x Zeiss objective
with a frequency of 5s.

In Chapter 5, images were taken with a time resolution of 20s on the Nikon microscope
with 10x objective.
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A. Methods and experimental details

A.4. Determination of fibronectin surface
concentrations

In Chapter 5 the cell migration behaviour in dependence of the fibronectin concentra-
tion of the substrate is studied. Therefore, a quantification of the surface concentration
of fibronectin is needed. The surface concentration of proteins can be measured for
example by ellipsometry [215], isotopic labelling of the proteins or plasmon frequency
measurements [216]. However, these techniques are difficult to apply to the micropat-
terns on plastic dishes as they often require metal surfaces. Furthermore it would be
difficult to perform measurements with high spacial resolution that is needed to mea-
sure the surface concentration of every line segment. Additionally, if the measurement
is conducted on a different setup than the time-lapse microscopy an alignment of the
measured concentrations to the microscopy images of the cells would have to be done.
Therefore, I chose to use fibronectin labelled with a fluorescent dye and to determine
the surface concentration via the fluorescence intensity.

In order to measure quantitative surface concentration and not only relative values, a
calibration curve that translates fluorescence intensity into absolute concentrations is
needed. To obtain such a calibration curve, I filled microfluidic channels with fibronectin
solution of different concentrations and measured the fluorescence intensity. Preliminary
experiments on the calibration of the fibronectin surface concentration were performed
in the course of a Bachelor thesis by Michael Redl.

The height of the microfluidic channels (designed by Rafal Krzyszton and made by
Charlott Leu) has to be smaller than the focus depth of the objective used to ensure a
proper calibration. Otherwise some of the fluorescence intensity would not be detected
by the camera which would lead to deviations. To be able to fill the thin channels they
are connected with larger channels that lead to inlets and outlets. (Fig. A.la)

For the creation of the calibration slide, the PDMS with the desired structures was cut
and 1.2mm holes where punched at inlets and outlets. A glass slide with an approx-
imate height of 180 um was cleaned in the sonicator for 10 min in isopropanol and for
10 min in deionized water. The glass slide was dried and the PDMS was cleaned using
nitrogen flow. Both were cleaned for 0.3 min in oxygen plasma and pressed together.
Afterwards the slide was kept at 50°C overnight to ensure adhesion of the PDMS to the
glass slide.

The filling process was performed in a clean room, to avoid blocking of the channels.
Tubes where connected to the inlets (Fig. A.la) and channels were first filled with
10 mg/ml Pluronic F127 using a syringe pump (filling speed: 0.2ml/h) to passivate the
channels. After at least 4h of incubation channels where washed with PBS and then
filled with fibronectin solution. The connecting tubes were not removed for the different
filling steps, as this can create PDMS crumbs (Fig. A.1b) that can potentially block
the channels. The height of the PDMS channels was measured by Charlott Leu using
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Figure A.1.: Calibration slide: a) Image of microfluidic channels in a PDMS block glued to a glass slide.
The individual channels are connected to tubes to allow filling with fibronectin solution. b) Microscopy
image of microfluidic channels. From the inlet large channels lead to the middle part where they merge
into smaller and flatter channels. Crumbs of PDMS can get stuck there and block the channel. c)
Scanning electron microscopy image of one channel formed with PDMS. Thereby the channel height is
determined. (Image provided by Charlott Leu)

scanning electron microscopy (Fig. A.lc).

The fluorescence intensity was measured at the microscopes using the 10x objective,
500 ms illumination time, 75% lamp intensity, with and without binning (Fig. A.2a).
The concentration of the different fibronectin solutions was measured with fluorescence
correlation spectroscopy (three dilutions for each solution). A two component fit to the
correlation curve showed that there was about 11% free dye in the sample. By dividing
the concentration by the height of the channel, we get the corresponding surface con-
centration, which together with the background corrected intensity provides the desired
calibration curve (Fig. A.2b,c). We find a linear relation between intensity and concen-
tration I = a - cpy that can be used to calculate the fibronectin concentrations of the
micropatterns.

The calibration process can be affected by several sources of errors that complicate the
estimation of the precision of the calibration. Fluorescent dyes can influence each other
which leads to quenching when they are in close proximity to each other. The linear
relation between concentration and intensity implicates that quenching does not play
a role in this concentration regime, but it is unclear whether this is changing when
proteins are not in solution but coated on a 2D surface. Furthermore it is difficult to
check whether the passivation of all used components was successful so that no protein
is lost during the filling process. Additionally, the protein concentration in the channels
can change due to evaporation. I give an error range that is an statistical error, but I
cannot exclude that there are also systematic errors that decrease the precision of the
determination of absolute fibronectin concentrations.
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Figure A.2.: a) Fluorescent image of channels filled with different fibronectin concentrations. By
measuring the concentratlon of the solution and the height of the channels, a calibration curve of the
surface concentration is generated (b, ¢). This is done individually for specific microscope settings.
Here at the UNIKON with 10x objective, 75% lamp intensity, 500 ms illumination time, without (b)
and with 2x2 binning (c). A line through the origin with slope a is fitted to the data.
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B. Image and data analysis

B.1. Semi-automated tracking of nuclei

In Chapter 3 and 4, tracking of the nuclei of cells migrating on ring-shaped microlanes
was performed with a basic semi-automated tracking algorithm implemented in I'm-
age.J.

In order to study only cells that are alone on one ring, the time lapse movies were
analysed by eye. Additionally, the cells should meet the following criteria to allow a
meaningful study of cell motility: Cells should have only one nucleus and should show
no signs of cell death. Furthermore they should be well confined on the micropatterns.
Due to the curvature of the ring, the cell body is often shifted a bit to the inner border
of the ring-shaped lane, but cells should not really span over the passivated middle part
of the ring. Furthermore the pattern should not show clear defects and there should
not be larger pieces of dirt visible that could affect the cell motion. To ensure that cells
are alive they should show a minimal sign of motility.

Cells that meet these conditions for a time interval of at least 20h (mostly cell divi-
sion terminates these phases) are selected manually. Subsequently, a bandpass filter is
applied to the image of the labelled nucleus and a fixed threshold is used to create a
binary image. The geometric centre of the nucleus is further used as proxy for the cell
position calculated with the analyse particles plug-in from Image.J.

To be able to change from Cartesian coordinates to polar coordinates, it is necessary
to determine the centre of the ring-shaped lane. In the beginning of the experiments, I
had problems with the image quality of the fibronectin patterns because the dye used
for labelling bleached very fast. Therefore, it was not possible to apply an automated
detection of the micropatterns. As an alternative I fitted a circle to the cell trajectories
(using Matlab), which successfully identified the centre. Solely for cells that move only
a little this method is not very robust. Therefore, only cells that move at least one
quarter of the circle where analysed. This is not a large additional restriction because
for most cells that show a little bit of movement, this criterium is met.

With better image quality of the patterns, it is now definitively possible to detect the
rings automatically, for example by using the circular Hough transform. For further
migration experiments on rings this should be incorporated to save time that is oth-
erwise needed for manually selecting cells. Additionally, this allows also to investigate
non-moving cells which can give a more complete view on the cell population.
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B.2. Change point analysis

In Chapter 3, I describe how cell motion on a quasi 1D microlane shows clear charac-
teristics of a two state process. To analyse this process in more detail, a classification
scheme that is capable to distinguish between the run and rest states is needed, which
is also described in Publication [1].

Here, we are using the cell nucleus as an estimator for the cell position. Since it is
difficult to automatically segment bright-field images of the cell, tracking the nucleus is
a very efficient way to gain large data sets. However, this means that we do not have
any information of the cell morphology or polarization. To separate the different states
of cell motion we are left with just the dynamics or in other words the angular velocity
w(t) of the nucleus.

A simple velocity threshold is not a robust method to distinguish between states as the
velocity in the rest states can also show very high peaks (Fig. B.1a). Additionally, this
means that slow running periods are not allowed. Moreover, cell populations can be
quite heterogeneous, thus the threshold would have to vary for individual cells. When
comparing the velocity of different cell lines, results could be very sensitive on the cho-
sen threshold.

In order to avoid this, we implemented an iterative change-point analysis based on
cumulative sum (CUSUM) and classified the motion using a fit of the mean squared
displacement (MSD) (Fig. B.1).

We first calculate the CUSUM of the angular velocity w(t) for each time point t within

a track: )

Si=> (wi —) (B.1)

=1

Here, w is the average velocity within the tracking interval t = 0,...,T. To decide whether
a change-point occurred within an interval, we estimate a confidence level for existence
of a change-point via bootstrap analysis. Therefore, we define the estimator for the
existence of a change as

Sdz‘ff = (tEHaXT St) - ( _min St) (BQ)
that is calculated for the CUSUM of the actually measured velocity and also for a set
of bootstrapped CUSUMs where the order of w; : t € {0, ..., T} is permuted randomly
(Fig. B.1). Next, we calculate a confidence level for the occurrence of change-point in
the interval:
Saifr < Sy rf

Nperm

Here Sqifr < SY ts denotes the number of permuted CUSUMs for which Sy;zy is smaller
than the estimator of the original CUSUM Sgiff and Npern gives the total number
of bootstrap samples. For the analysis we used Npep, = 10,000. If Lo, is above a
certain threshold level L, we assume that there is a change-point. The position of the
change-point can be found by evaluating

Lconf - (B3)

SCP = tEIOlaXT |St| (B4)

=U,...,
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Figure B.1.: Two-state data analysis: a) Angular position (t) (with respect to the initial position
©(0)=0) and the angular velocity w(t) of a MDA-MB-436 cell migrating on a ring-shaped microlane.
b) Iterative change-point analysis. In order to find change-points and their position, the CUSUM S; of
w(t) (red) is evaluated and compared to bootstrapped CUSUMs of the same time period (black). This
is repeated for intervals between two change-points until no more change-points are found. ¢) The state
of motion in each interval is classified by evaluating and fitting the corresponding MSDs. The MSDs
(black) are plotted in log-log scale and fitted by f(t) = a-t* (red). In the log-log representation the slope
b of the fit function is used to discriminate run and rest states. Figure adapted from Publication [1]
permitted by the creative commons licence.
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B. Image and data analysis

We choose Ly, = 0.7, which is a trade-off between missing some change-points and
getting false positive change-points. If a change-point is detected with confidence
Leons > Ly, this change-point detection is repeated iteratively for the two resulting
intervals adjacent to the change-point until no further change-points are found.

In the next step, the phases between the change-points are investigated and classified
as run or rest states. Therefore, the time averaged MSD is calculated for each interval
between two consecutive change-points via:

v

MSD(t) = T 111 [o(T + 1) — p(7)]? (B.5)

i
o

For run states with persistent motion, the MSD(t) should behave like a ballistic particle,
thus in a log-log plot it should have a slope of two. For rest states, one would expect
random motion which would correspond to slope one of the MSD(t). Consequently,
we fit the function f(t) = a - t* where the fitting exponent b gives the slope in log-log
representation (Fig. B.1c).

To distinguish periods during which a cells shows directional persistent motion, we
choose a threshold of b;,=1.75. All intervals where b < by, are show non-ballistic mo-
tion and therefore classified as rest states. All intervals with ballistic motion, where
b > by, are classified as run states. Note that for very short intervals (< 60 min) with
only a very limited set of accessible data points, the fit to the MSD is not a very robust
measure. Hence, for such short intervals we set the criterion in a way, that if w; is
increasing or decreasing strictly monotonically within the interval, the interval is con-
sidered a run state, and as rest state otherwise. Finally, all change-points that are in
between two rest state states or between two run state periods with a cell moving in
the same direction are removed.

This classification turned out to be very robust and parameters did not have to be
changed for the different cell lines analysed in this thesis. This is due to the strength
of the bootstrapping algorithm, which compares the real data set to permuted sets.
Therefore, it does not depend on absolute velocity values and is applicable for cells with
greatly different velocities.

In this classification scheme, it is possible that in a run state the nucleus moves back-
wards for a few time steps. This could be caused by internal reorientation events or by
the formation of a transient lamellipodium at the back that pulls on the nucleus. But
it is likely that some of those events also include a retraction event of the front like we
see in the kymograph analysis in Section 5.3. In the kymograph analysis, I have infor-
mation about front and back motion and run states can be defined as periods without
retraction at the front. This classification might be more accurate but it needs much
more effort and measurements with a very high time resolution. The classification via
the cell nucleus position and CUMSUM analysis is a good estimate and in contrast to
the kymograph analysis compatible with high throughput measurements.
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B.3. Pattern detection and automated cell tracking

For the experiments described in Chapter 5, cells are migrating on micro lanes with
segments of alternating fibronectin concentration. In order to analyse the motion of
cells in dependence of the substrate coating and to study the behaviour at the interface,
it is important to know the position and composition of the microlanes. A manual eval-
uation of the position of the lines would be time consuming and therefore an automated
line detection algorithm was implemented using Matlab (MathWorks).

On the ring-shaped microlanes we aimed for one single cell per ring to avoid cell-cell
interactions. When analysing the single-cell trajectories, cell tracking is trivial as there
is always only one cell in the region of interest. On stripes the situation is more com-
plicated. Cells are colliding and they can leave or enter the field of view. Therefore,
we need to distinguish between cells and assign cell positions tot the correct cell at
the next time point. Consequently, a semi-automated method like the one used for the
experiments in Chapter 3 and 4 would be a great effort that would not allow to do high
throughput measurements. Hence, an automated tracking algorithm was applied.

B.3.1. Line detection

In order to detect the position of the lines in the fluorescence image of the microlanes
(Fig. B.2a), the images are first smoothed with a Gaussian filter with a width of 1.5
pixels. Thereby fluctuations in the image are minimized. Subsequently, edges in the
image are detected using the sobel edge detection algorithm. It successfully detects the
edges of the lines, although sometimes for large differences in fibronectin concentration
only edges of the bright segments are detected (Fig. B.2b). The resulting image is
transformed to Hough space. The Hough transformation [217] is a method widely used
in image analysis and computer vision to detect patterns in an image [218]. To go to
the Hough space, gray values along all possible lines with a certain angle ¢ and the
distance to the origin p are summed up (Fig. B.2c). When one hits a bright line in the
image, this leads to a maximum in Hough space at the specific combination of ¢ and
p. For the variation of ¢ a step size of 0.2° is used, which produces good matches with
the patten. Due to the regular order of the line patterns, we obtain, for the correct ¢
value, maxima that posses the same distance as the microlanes (Fig. B.2d).

The exact dimensions of the patterns were measured once, thus we can use this informa-
tion to find the maxima in the Hough space that correspond to the patterns. Therefore
we create step functions with the dimensions of the patterns. We can now calculate the
cross correlation functions of the step function with the values in Hough space for each
¢ value (vertical lines in Fig. B.2d). The correlation reaches a maximum for the correct
¢ and p value. Consequently, the grid position that corresponds to these values marks
the position of the microlanes (Fig. B.2e). Edges between the two line segments are
not always detected. Thus, to make it more robust the Hough transformation of the
original image was used for the detection of the vertical lines. However, for similar con-
centrations of the segments the algorithm sometimes fails to find the interfaces between
segments. Therefore, all detected lines are inspected by eye. In the case of errors, line
positions are corrected manually.
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Figure B.2.: a) Fluorescence image of microlanes coated with fibronectin labelled with Alexa 647.
Lanes have a width of 15 um and segments have a length of about 200 um b) To detect the borders of
the lines the sobel method for edge detection is used. ¢) Visualisation of the Hough transform. For
each value of ¢ and p the grey values of the original image that lie on the corresponding red line are
summed up. If there are bright lines in the image this leads to maxima in the ¢ - p space. d) Hough
transform for the image in (b). The maxima at ¢ = 87.2° have the same distance as the microlanes
and therefore correspond to the horizontal lines. The maxima for the vertical lines are less pronounced
and lie at ¢ = —5.4° ¢) The detected lines (blue) match with the micropatterns.

B.3.2. Evaluation of pattern homogeneity

Since we want to study the effect of fibronectin concentrations on cell motility, it is
important to have fairly homogeneously coated micropattens. When producing the mi-
crolanes, it is always possible to maintain some defects in the patterns. Thus, we have
to identify imperfect areas and exclude those segments from the analysis.

Due to the fact that the fluorescence intensity correlates with the fibronectin concentra-
tion, we can determine the standard deviation of cpy within one of the line segments that
are detected automatically. For each segment we can calculate the median fibronectin
concentration (Which is more robust than the mean). We find that standard deviation
and median are strongly correlated as often found in stochastic processes. Thus, we use
the coefficient of variation which is the standard deviation divided by the median (or
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Figure B.3.: a) Variations of fibronectin concentrations inside the individual segments of the microlanes.
Standard deviation divided by the median of the fibronectin concentration measured by the fluores-
cence intensity plotted via median fibronectin concentration. Each dot represents one single segment.
Different colours code for different experiments. Each experiments can include several inking concen-
trations which leads to different clusters. To exclude inhomogeneous pattens a threshold of 0.3 was
chosen. b) Fluorescent image of microlanes (borders detected in blue). Segments that are excluded
due to inhomogeneities are marked with a red cross.

mean) as a measure for the extend of the inhomogeneity (Fig. B.3a). The coefficient of
variation is mostly between 0.1 and 0.5 and increases almost only for very small surface
concentrations for which we divide through very small median values. In Figure B.3a
clusters are visible that correspond to certain inking concentrations. It is striking that
for median concentrations up to 70ng/cm? a higher maximum homogeneity is achieved.
This concentration regime corresponds to the segments coated by the first inking step
where the protein is transferred from the first to the second stamp. Higher surface
concentrations were created by the second inking step that takes place in between the
two stamps. This separation of the concentration regimes was conducted because firstly
lower inking concentrations in the second step produced only very inhomogeneous pat-
terns. Secondly, for creating high surface concentrations in the first inking step a lot of
fibronectin would have to be used as large volumes of solution are needed here. Due to
these limitations, it is difficult to obtain a totally equal distribution of the homogeneity
for all concentrations.

We defined a threshold of the coefficient of variation to exclude inhomogeneous segments
of 0.3. This is a trade-off between homogeneity and the amount of data that is excluded.
In the end, we have to accept that the patterning method is not perfect in this and if we
set the threshold too low there is no data left to analyse. With a threshold of 0.3 we ex-
clude drastic inhomogeneities, but we keep segments with smaller variations (Fig. B.3b).

Interestingly, we often find some brighter spots at similar positions in adjacent seg-
ments. One explanation could be that these spots are drying artefacts where unbound
fibronectin or maybe also free dye is concentrated in drying droplets. But, to learn more
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Figure B.4.: a) Fluorescence image of cell nuclei stained with Hoechst. b) To determine the positions
of the nuclei (red crosses) a segmentation of the nuclei is performend. c) Phase contrast image of the
cells migrating on microlanes. The cell tracking results in single-cell trajectories that are shown in
multiple colours.

about the nature of the artefacts, more studies would have to be performed. At least,
cells do not show clear reactions on these artefacts, thus in a large data set possible small
effects should not have a large influence. However, these inhomogeneity can definitively
be one possible source of the high noise level observed in the cell motility parameters.

B.3.3. Cell tracking

For determining the positions of the cells, we start with the images of the labelled nuclei
(B.4a). To correct for uneven illumination of the image, a background image is created
using morphological opening in Matlab (size of the disk 10 pixel). Subsequently, the
background is subtracted from the original image. A bandpass filter is used to filter
out noise and then a threshold is applied to create a binary image of the nuclei. The
geometric center of each nuclei is calculated (Fig. B.4b), which gives the positions of
the cells.

Now, we use the information of the location of the patterns to track cells individually
on each stripe. (An overview of the image analysis is shown in a flow chart in Figure
B.5.) To track the cells over time, we use an adaption of the IDL particle tracking algo-
rithm [219,220] (The same algorithm was also used to track cells on 2D homogeneous
surfaces). The resulting cell tracks include collision events where cells could possibly get
interchanged. Since we want to investigate exclusively single-cell migration, time points
where cells have a distance to the next neighbour cell of below 66 ym are excluded.
This solves also the problem of cell interchanges. The resulting cell tracks are often
very short. To get meaningful parameters of the cell trajectories very long trajectories
would be preferred. Single cells that run on one line straight through the image some-
times need only slightly more than 5h. Because we do not want to exclude those tracks,
we decided to take all tracks with a minimum duration of 5h. Note that it is possible
that one cell contributes to several tracks. For example when it collides with another
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Figure B.5.: Flow chart describing image analysis. For the detection of the lines, the images and the
dimensions of the patterns are used as input and we obtain the pattern position as output. Here, a
manual examination is performed to correct possible mistakes of the algorithm. To find the positions
of the cells the images of the nuclei are used as input. Nuclei are segmented andthe information of the
cell position is combined with the information of the patterns to do cell tracking for cells on each stripe
separately. The resulting tracks are filtered to get trajectories of single cells in the end.
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cell in the middle of the experiments, we can get a first track before the collision and
a second one when the two cells have separated again. These filtered tracks are shown
for one exemplary position in Figure B.4c.

This way of cell tracking worked quite well. As a further step to filter out more unwanted
tracks, one could also include a data clearing step where the cell tracks are examined
manually. For cells with a length that is above average, it is possible that the minimal
distance we implemented, is not enough to exclude all events where cells interact with
each other. Also dying cells or the interaction with dirt particles could be eliminated
by this. Of course such a step would be quite time consuming. A rough examination of
the data led to the impression, that most of the automatically generated tracks are fine
and we omitted such a data clearing step.

B.4. Kymographs

The transition behaviour at the interfaces was studied with a time resolution of 20 s and
kymographs of the phase-contrast images were used for a detailed study of cell motion.
Due to the high time resolution, a lower number of positions can be scanned in one
measurement which leads to a lower number of cells observed. Also, the size of a single
48 h movie increases to 33 GB which makes image data handling more complicated and
leads to longer image processing times. In this case, a semi-automated analysis was
used as it promised to be less time consuming.

Therefore, middle lines of microlanes with migrating single cells were selected by hand
(Fig. B.6a). The corresponding fluorescence intensity of the fibronectin patterns along
the line is evaluated and correlated with a step function with the dimensions of the line
segments to determine the position and the fibronectin concentration of the microlane
(Fig. B.6b). The same line is selected for the phase-contrast images of the cells (Fig.
B.6¢) and lines for each time point of the movies are put together using ImageJ (Fig.
B.6d) to get the kymograph.

In these kymographs one can find a rich variety in the behaviour of the cells. For exam-
ple, cells can be running or resting, and one can see cell reversals or cell division events.
Phases during which cells are running in one direction, which means that no retraction
event takes place at the front, and they do not interact with other cells and perform
at least one transition to another line segment, are selected manually. For those parts
of the kymographs a variance filter was applied that calculates the variance in the grey
values in a radius of 4 pixels. The resulting variance image (Fig. B.7a) was smoothed
with a Gaussian filter with radius 3 pixels. Usually, the variance of the brightness of the
image is much higher in regions of the kymograph that are occupied by the cells. Thus,
this can be used to detect the cell outlines. Therefore, a threshold is applied to get a
binary image of the cells. As we have to apply the variance filter over a region with
finite size, the result is usually a bit larger than the actual cell. Therefore, the regions
are eroded by two pixels and subsequently the outlines of the detected area represent
the front and back position of the cell (Fig. B.7b).
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Figure B.6.: a) Fluorescent image of microlanes. The middle of a line is selected manually (yellow) to
create a kymograph. b) Florescence intensity along the selected line. ¢) Phase contrast image of cells
with the selected line (yellow). d) Part of the resulting kymograph. Time axis goes from left to right.

This works quite well, but sometimes when cell protrusions have very low contrast,
which is mostly the case at the back, some parts of the cells are missed. In some cases,
this can leads to some holes in the cells (like in Fig. B.7b at the very right) that have
to be filled afterwards. At the front, the cells usually have some dark ruffles that give
a very good contrast. But normally, there is also a region of a few pm in front of the
ruffles that has lower contrast. This region can possibly be missed by the algorithm.
However, due to the fact that the variance filter is calculated with a radius of about
3 pm, the accuracy of this method is limited to this scale anyway.

Another possible source of errors in detecting the cell front and the back lies in the
nature of the kymograph analysis. Of course, the width of the cells is larger than one
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Figure B.7.: a) From the kymograph in Figure B.6 a time interval in which one cell is running is selected
(here the cell starting at the upper left corner) and a variance filter is applied. b) The segmentation
results in the outlines of the cell (yellow line).

pixel, thus it is possible to miss some cell protrusions when only analysing the middle of
the microlanes. For example, cell protrusions could form more at the side, which could
lead to measuring a shorter length than the actual one of the cell. To diminish those
effects, we decreased the width of the microlanes from 20 to 15 um compared to the
ring-shaped microlanes. For this width the position of the cell front usually varies only
slightly over the width of the microlane. At the back of the cell there are sometimes
very thin extensions that can be in rare, extreme cases more than 100 um long. These
extensions can be easily missed by the middle line. Thus, we expect larger error ranges
for the determination of the rear position. However, it is not clear whether those long
extensions are still properly connected to the cell body. Consequently, they might have
only small influences on the migration behaviour. To avoid those problems cells with
extreme extensions were excluded from the analysis.

All in all, this is a quite simple method to analyse phase-contrast images. The contour
analysis in the kymographs turned out to work quite well which is usually not that easy
for the normal images of the cells. Recent advantages in the field of machine learning
give rise to new possibilities for segmentation of low contrast images that could improve
the results here [221]. However, for the analysis of the mean front velocity for example
this accuracy should be definitely sufficient.
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List of abbreviations

1D

2D

3D
CUSUM
DMSO
DNA
ECM
EMT
MET
miR-200c
miRNA
mRNA
MSD
PBS
PDMS
PEG
PLL
PRW
RFP
RNA

one-dimensional

two-dimensional
three-dimensional

cumulative sum

dimethyl sulfoxide
deoxyribonucleic acid
extra-cellular matrix
epithelial-mesenchymal transition
mesenchymal-epithelial transition
micro RNA 200c

micro RNA

messenger RNA

mean squared displacement
phosphate-buffered saline
polydimethylsiloxane
polyethylene glycol

polylysine

persistent random walk

red fluorescent protein

ribonucleic acid
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