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SUMMARY

Cell migration refers to the movement of cells from one location to another. This pro-
cess is fundamental for directing immune cells to harmful agents to defend us against
infections, closing wounds to prevent infections and restore tissue structures, and guid-
ing healthy embryonic development. In malignant tumors, however, cell migration is
used by tumor cells of non-motile origin to leave the tumor and invade local tissues.
The ability of tumor cells to invade is one of the deadliest aspects of cancer, because in-
vaded tumor cells can evade therapy and seed new metastatic tumors in distant organs.
Metastatic tumors will eventually disrupt tissue structure and impair organ function at
different locations throughout the body, resulting in poor survival prognosis. Because
cell migration is the underlying process of cancer development, understanding how ex-
actly tumor cells migrate can help us find new targets to treat and potentially even pre-
vent cancer.

The composition of the local tissue around a tumor, known as the tumor microenvi-
ronment (TME), is an important factor in cancer cell invasion. The TME mainly consists
of different cell types (e.g. specific tissue cells, immune cells) and the extracellular ma-
trix (ECM); a network of macromolecules and minerals produced by cells that fill the
intercellular spaces. Cells can interact with the ECM by adhering to matrix proteins,
depositing new components or secreting enzymes that degrade matrix proteins. These
interactions can lead to changes in ECM alignment, porosity, stiffness, and more, which
can both restrict and promote invasion. Cells can sense these parameters and adapt
their internal processes in response, which includes the strategies cancer cells deploy
for invasion.

The internal cellular processes that determine invasion strategies are mostly regu-
lated by the cytoskeleton: the skeleton of the cell that is composed of protein filaments
that form networks. The main components are actin, microtubules, intermediate fila-
ments and septins. These networks provide cell shape, stiffness and the ability to con-
tract, which are essential during migration. The cytoskeletal networks also form con-
nections with cell-matrix adhesions, known as focal adhesions, that mediate connec-
tions between the ECM and the cytoskeleton. Through these adhesions, the cytoskele-
ton can sense and transmit extracellular stimuli into the cell, which are converted into
biochemical signals that regulate cellular adaptations, such as cytoskeletal remodeling.
This process is known as mechanotransduction and controls how cells can respond to
their environment, including their migration strategies in response to different environ-
ments. Furthermore, the different mechanisms that drive migration are often fine-tuned
by crosstalk between the cytoskeletal networks, which is generally mediated by cytolink-
ers that can bind to two or more cytoskeletal components.

In summary, cell-matrix interactions as well as cytoskeletal crosstalk affect cancer
cell invasion, but their complexity and dynamic nature make them difficult to study and
fully understand. Therefore, these processes are often studied using simplified models
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in the lab, so-called in vitro live-cell experiments (outside of the body), where cancer cell
invasion is reproduced by placing cancer cell line cultures in artificial environments that
mimic parts of the tumor microenvironment. In this thesis, we perform several varia-
tions of in vitro live-cell experiments where we can directly study how cell-matrix inter-
actions and cytoskeletal crosstalk impact cancer cell invasion strategies. The cancer in-
vasion models we use in this thesis are microfluidic chips, hydrogels and 3D spheroid in-
vasion. Microfluidic chips consist of micron-sized designs molded into a material where
we can control the geometry of the areas cells migrate in, to study how cancer cells re-
spond to these geometries. Hydrogels are made of complex networks of polymers that
absorb a lot of water, and closely resemble important elements of the tumor microenvi-
ronment. Spheroids are multicellular aggregates that we make from tumor cells and are
used as miniature tumors, which we use to study multicellular migration.

In this thesis, we first explain the different migration modes of cancer cell invasion
and how these are influenced by cell-matrix interactions and cytoskeletal crosstalk in
Chapter 1. We introduce the intricate interplay between cells and ECM, and discuss dif-
ferent ECM remodeling mechanisms. We summarize the current understanding of cy-
toskeletal crosstalk events that mediate migration, and introduce important cytoskeletal
crosstalk mediators such as septin and plectin. Finally Chapter 1 presents the in vitro
live-cell invasion assays we deploy and summarizes the central aim and structure of this
thesis.

We start the first research part of this thesis by investigating the effect of cell-ECM
interplay in Chapter 2 and 3. We explore the relationship between cancer cell deforma-
bility and confined migration using microfluidic devices in Chapter 2. By measuring the
deformability of cancer cell lines with a microfluidic aspiration assay, we find a clear cor-
relation between mechanical properties and migration efficiency through narrow con-
strictions. These results demonstrate how cell mechanics directly influence invasive be-
haviour in confined environments.

To investigate how ECM remodelling affects invasion, we analyse 3D spheroid inva-
sion into collagen-based hydrogels in Chapter 3. We use cancer cell lines with varying
EMT status (which describes how much a cell has switched from a stationary cell type to
a more mobile cell type) and study their invasion into hydrogels with different stiffness
and pore sizes. We discovered that matrix porosity and vimentin expression regulate the
onset of cancer cell invasion, while invasion rates are influenced by matrix porosity and
the expression of matrix-degrading enzymes. These findings thus highlight how recipro-
cal cell-ECM interactions connect EMT and unjamming-based invasion mechanisms.

We then shift our focus to the second aim of this dissertation, where we explore cy-
toskeletal crosstalk mechanisms in cancer cell invasion. In Chapter 4 we review how
cytoskeletal crosstalk mediates key processes involved in migration; including deforma-
bility, contractility, polarization, adhesion, and plasticity. By integrating findings from
both live-cell (top-down) and cell-free (bottom-up) approaches, we illustrate how com-
bining these perspectives advances our understanding of cytoskeletal contributions to
cell migration.

Having discussed the current knowledge around cytoskeletal crosstalk in cell migra-
tion and the open questions in this field, we continue with research on septin-mediated
crosstalk in Chapter 5. We focus on the role of septins in cancer cell invasion by perform-
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ing migration assays on septin 7 knockout cancer cells. We show that septin expression
supports single-cell and 3D spheroid invasion. Additionally, we discovered that septins
regulate cell shape during confined migration by facilitating actin-rich protrusions that
navigate matrix pores.

In Chapter 6 we summarize the main findings of this thesis and propose future re-
search paths. Preliminary experiments investigate the role of plectin in cancer invasion.
Given plectin’s known dual role in promoting and inhibiting invasion, we propose novel
experimental designs using engineered plectin constructs to uncover the mechanisms
behind this functional duality.





SAMENVATTING

Celmigratie is een proces waarbij cellen in ons lichaam zich verplaatsen van de ene lo-
catie naar de andere. Dit proces is essentieel voor het aansturen van immuuncellen naar
schadelijke indringers ter bescherming, het sluiten van wonden om infecties te voor-
komen en weefselstructuren te herstellen, en voor een gezonde embryonale ontwikke-
ling. In kwaadaardige tumoren gebruiken tumorcellen – die van oorsprong niet beweeg-
lijk zijn – celmigratie om het tumorgebied te verlaten en omliggende weefsels binnen te
dringen. Het vermogen van tumorcellen om zich op deze manier te verspreiden is een
belangrijke factor die bepaalt hoe dodelijk verschillende soorten kanker zijn. Invasieve
tumorcellen ontsnappen aan de behandeling van de primaire tumor en vormen nieuwe
uitzaaiingen (metastasen) in andere organen. Deze metastasen verstoren uiteindelijk de
weefselstructuur en tasten de orgaanfunctie aan op meerdere plekken in het lichaam,
wat resulteert in een slechte overlevingsprognose. Omdat celmigratie het onderliggende
proces is in de ontwikkeling van kanker, kan inzicht in hoe tumorcellen precies migreren
bijdragen aan het vinden van nieuwe aangrijpingspunten voor behandeling en hopelijk
zelfs preventie.

De samenstelling van het omliggende weefsel rond een tumor, de zogenoemde tu-
mor micro-omgeving (TMO), is een belangrijke factor in kankercelinvasie. De TMO
bestaat voornamelijk uit verschillende celtypen (zoals specifieke weefselcellen en im-
muuncellen) en de extracellulaire matrix (ECM); een netwerk van macromoleculen en
mineralen die door cellen worden geproduceerd en de intercellulaire ruimtes opvul-
len. Cellen kunnen met de ECM interacteren door zich te hechten aan matrixeiwitten,
nieuwe matrix componenten aan te maken of enzymen uit te scheiden die matrixeiwit-
ten afbreken. Deze interacties kunnen leiden tot veranderingen in de uitlijning, porosi-
teit en stijfheid van de ECM, wat zowel invasie kan belemmeren als bevorderen. Cellen
kunnen deze matrixeigenschappen waarnemen en hun interne processen daarop aan-
passen, waaronder de strategieën die kankercellen inzetten voor invasie.

De interne cellulaire processen die deze invasiestrategieën bepalen, worden groten-
deels gereguleerd door het cytoskelet: het skelet van de cel, opgebouwd uit netwerken
van eiwitfilamenten. De belangrijkste componenten zijn actine, microtubuli, interme-
diaire filamenten en septines. Deze netwerken bepalen de celvorm, stijfheid en het ver-
mogen tot contractie; allemaal cruciaal voor celmigratie. Het cytoskelet bindt tevens aan
cel-matrixverbindingen, ook wel focale adhesies genoemd, die de koppeling tussen ECM
en het cytoskelet mogelijk maken. Via deze adhesies kan het cytoskelet externe prikkels
waarnemen en doorgeven aan de binnenkant van de cel, waar ze worden omgezet in bi-
ochemische signalen die cellulaire aanpassingen aansturen, zoals herstructurering van
het cytoskelet. Dit proces, bekend als mechanotransductie, bepaalt hoe cellen reage-
ren op hun omgeving, inclusief de migratiestrategieën die ze inzetten. Bovendien wor-
den de verschillende migratiemechanismen vaak verfijnd door onderlinge afstemming,
ofwel ’crosstalk’, tussen de cytoskeletnetwerken. Deze crosstalk wordt doorgaans gere-
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guleerd door zogenoemde ‘cytolinkers’ die meerdere componenten met elkaar kunnen
verbinden.

Samengevat weten we dus dat zowel cel-matrixinteracties als cytoskelet crosstalk
kankercelinvasie beïnvloeden, maar de complexiteit en dynamiek van deze processen
maken ze moeilijk te bestuderen en begrijpen. Daarom worden deze processen vaak
onderzocht met vereenvoudigde modellen in het lab, zogenaamde in vitro live-cell ex-
perimenten (buiten het lichaam), waarin kankercelinvasie wordt nagebootst met kan-
kercellijnen in kunstmatige omgevingen die elementen van de TMO nabootsen. In dit
proefschrift voeren we verschillende in vitro experimenten uit waarin we direct kunnen
bestuderen hoe cel-matrixinteracties en cytoskelet crosstalk invloed hebben op invasie-
strategieën van kankercellen. We gebruiken microfluïdische chips, hydrogelen en 3D
spheroid-invasie. Microfluïdische chips bevatten ontwerpen op microschaal waarmee
we de geometrie van matrix poriën kunnen nabootsen, om te bestuderen hoe kanker-
cellen daarop reageren. Hydrogelen bestaan uit netwerken van polymeren die veel wa-
ter opnemen en lijken sterk op elementen van de tumor micro-omgeving. Spheroids
zijn bolvormige structuren van samengeklonterde tumorcellen, en worden gebruikt als
miniatuurmodellen van tumoren om 3D en collectieve migratie te onderzoeken.

In dit proefschrift bespreken we in Hoofdstuk 1 eerst de verschillende migratiety-
pes van kankercelinvasie en hoe deze worden beïnvloed door cel-matrixinteracties en
cytoskelet crosstalk. We introduceren de complexe wisselwerking tussen cellen en ECM
en gaan in op verschillende mechanismen van ECM remodellering. We bespreken de
huidige inzichten in cytoskelet crosstalk die migratie mogelijk maken, en introduceren
belangrijke ‘cytolinkers’ zoals septine en plectine. Hoofdstuk 1 sluit af met een over-
zicht van de in vitro live-cell experimenten die in dit proefschrift worden gebruikt, en
geeft een samenvatting van het centrale doel en de structuur van het werk.

Het eerste onderzoeksdoel richt zich op de rol van cel-ECM interacties in Hoofdstuk
2 en 3. In Hoofdstuk 2 onderzoeken we het verband tussen de vervormbaarheid van
kankercellen en migratie door nauwe ruimtes met behulp van microfluïdische appara-
ten. We meten de vervormbaarheid van verschillende kankercellijnen met een micro-
fluïdische aspiratie test en vinden een duidelijke correlatie met de migratie-efficiëntie
van deze cellen. Deze resultaten tonen aan dat cel mechanica invasief gedrag in kleine
poriën direct kan beïnvloeden.

Om te onderzoeken hoe ECM-remodellering invasie beïnvloedt, analyseren we in
Hoofdstuk 3 de 3D spheroid-invasie in hydrogelen die gebaseerd zijn op het matrixei-
wit collageen. We gebruiken kankercellijnen met verschillende EMT-statussen (wat be-
schrijft in hoeverre de cel is veranderd van een onbeweeglijke type naar een beweeglijke
type) en onderzoeken hun invasie in hydrogelen met variërende stijfheid en porositeit.
We ontdekken dat matrixporositeit en vimentine-expressie het begin van de invasie re-
guleren, terwijl de invasiesnelheid wordt beïnvloed door porositeit en de expressie van
matrix-afbrekende enzymen. Deze bevindingen laten zien hoe wederzijdse cel-ECM in-
teracties zorgen voor een koppeling tussen EMT en unjamming-gebaseerde invasie.

Daarna verschuift de focus naar het tweede doel van dit proefschrift: de rol van
cytoskelet crosstalk in kankercelinvasie. In Hoofdstuk 4 bespreken we hoe cytoskelet
crosstalk verschillende migratieprocessen reguleert, waaronder vervormbaarheid, con-
tractiliteit, polarisatie, adhesie en plasticiteit. Door bevindingen uit zowel live-cell (top-
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down) als celvrije (bottom-up) benaderingen te integreren, tonen we aan dat deze per-
spectieven elkaar aanvullen en ons begrip van cytoskelet mechanismen tijdens celmi-
gratie versterken.

Na het bespreken van de huidige kennis en open vragen omtrent cytoskelet crosstalk,
richten we ons in Hoofdstuk 5 op septine-gemedieerde interacties. We voeren migratie
testen uit met septin 7 knock-out kankercellen en laten zien dat septine-expressie zo-
wel individuele als 3D spheroid invasiestrategieën ondersteunt. Bovendien ontdekten
we dat septines de celvorm tijdens migratie reguleren door actine-rijke uitsteeksels te
bevorderen waarmee cellen matrixporiën kunnen navigeren.

In Hoofdstuk 6 vatten we de belangrijkste bevindingen van dit proefschrift samen
en stellen we toekomstige onderzoekslijnen voor. We laten eerste experimenten zien
waarin we de rol van plectine in kankercelinvasie onderzoeken. Gezien plectine’s dub-
belzinnige rol in het bevorderen en remmen van invasie, stellen we nieuwe experimen-
tele benaderingen voor met behulp van genetisch gemodificeerde plectine constructen
om de onderliggende mechanismen van deze dualiteit te ontrafelen.





1
INTRODUCTION

Cell migration plays a vital role in development, immune defense, and tissue repair. In
cancer, however, it enables tumor cells to invade surrounding tissues and spread through-
out the body. This invasive behavior is influenced by the tumor microenvironment, par-
ticularly the extracellular matrix (ECM), and by the cytoskeletal organization inside the
cells. Both ECM properties and cytoskeletal crosstalk guide how cancer cells adapt their
migration strategies. Due to the complexity of these processes, we use in vitro live-cell
models such as microfluidic chips, hydrogels, and 3D spheroids to study how cell-matrix
interactions and the cytoskeleton determine cancer cell invasion strategies.1

1The figures in this chapter were made with BioRender.
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18 1. INTRODUCTION

1.1. TUMOR FORMATION

T UMORS start to form when changes in cell DNA cause it to grow and divide in an
uncontrolled way. This can lead to an accumulation of abnormal cells exhibiting

atypical behavior, which can progress into tumor formation. Benign tumors can dis-
turb the local tissue structure but they are self-contained and can therefore usually be
removed without recurrence to prevent further harm to the patient. In contrast, malig-
nant tumors progress into cancer once tumor cells gain the ability to invade surround-
ing tissues, by breaking through dense tissues such as basement membranes (Fig. 1.1).
During the progression of cancer, invading tumor cells intravasate the blood or lymph
circulation and extravasate at distant body sites to grow into new metastatic colonies.
These secondary tumors will disrupt tissue organization and impair vital functionalities
of organs that keep us alive, thus operating an attack on our tissues [1, 2] (Fig. 1.1).
Therefore, cancerous tumors cannot be removed without recurrence risks and progres-
sion into metastasis lowers the survival rates of all cancer patients [3], highlighting the
significance of understanding, preventing and treating cancer invasion and metastasis.

Figure 1.1: Schematic showing the different steps of cancer progression into metastasis. [1] Formation of a
primary tumor from which [2] motile tumor cells can break through basement membranes and invade sur-
rounding tissues, either as individual cells or in collective clusters. [3] Cancerous cells intravasate into the
blood (or lymph) circulatory system and become [4] circulatory tumor cells that can eventually [5] extravasate
across blood (or lymph) vessel walls into distant tissues to form [6] a new metastatic site.
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1.2. CELL-MATRIX INTERACTIONS CONTROL CANCER CELL IN-
VASION STRATEGIES

Metastasis is initiated when tumor cells start to invade surrounding healthy tissue. In-
vasion critically relies on cell migration: a directed movement of cells in response to en-
vironmental cues. During mesenchymal migration, a classical motility mode for many
cell types, cells change shape and organize their contents to construct a front and rear.
The process of front-rear polarity establishment happens through processes of molecu-
lar signalling and cytoskeletal rearrangements. The front, or leading edge, will form cell
protrusions that have increased proteolytic activity and microenvironment adhesions,
which the cell uses to sense the local environment and to pull itself forward. In addition,
the rear end of the cell will retract via actomyosin contraction to complete the move-
ment [4, 5]. Besides mesenchymal migration, numerous other cell migration modes exist
that are controlled by intrinsic properties of the cell but also features of the extracellular
matrix (ECM). For instance, cell type determines cell motility through influencing im-
portant migration characteristics such as contractility, integrin expression and cell mor-
phology. Many factors that influence migration have been extensively studied in two-
dimensional (2D) cell cultures, but most cells in our body perform three-dimensional
(3D) migration, which is far more complex and less understood.

Compared to 2D cell migration, cells migrating in 3D dimensions exhibit greater ex-
tents of plasticity. Especially cancer cells are agile at undergoing fast transitions between
different modes of migration in response to environmental factors [6, 7, 8]. The distinct
modes of 3D cell migration can be categorized by their dependency on actomyosin con-
tractility and adhesions to the microenvironment (Fig. 1.2). Mesenchymal migration
is found in fibrous and intermediate adhesive environments, and is dependent on both
contractility and matrix adhesions, required for the cells to pull themselves forward on
matrix fibers. Amoeboid migration is found in low fiber density environments, in which
the cells display low adhesive interactions, rounded morphology and extensive defor-
mations with actin protrusions or blebs to swim forward. Furthermore, lobopodial mi-
gration is a hybrid between amoeboid and mesenchymal migration that occurs in highly
cross-linked and confining matrices, in which the cells have bleb-like protrusions called
lobopodia. These lobopodia are high in cell adhesions and exert pulling forces on the
ECM, while the nucleus moves forward in a piston-like manner. Besides characterizing
3D cell migration with these three motility modes, migration can also be distinguished
based on whether cells move singly or together in clusters [9]. This collective migration
mode is linked to higher directional efficiencies, therapy resistance and more metastatic
site formations [8, 10, 11, 12, 13].

All of these 3D migration modes are greatly influenced by ECM features such as topol-
ogy, molecular compositions and concentrations, crosslinking, stiffness and pore sizes
[9]. Moreover, mechanical cues such as interstitial fluid pressures and compressive stresses
also influence the migratory mode [9]. Therefore, cells migrating in 3D tissues probe
different regions of the local ECM before deciding on a certain migration mode and di-
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Figure 1.2: Schematic illustrating the effects cells have on extracellular matrix composition and architecture,
and vice versa. Cells can manipulate the matrix through (1) increasing confinement and stiffness via crosslink-
ing enzymes, (2) decreasing confinement and stiffness by biochemical degradation of matrix proteins, and (3)
physical remodelling by pulling and pushing on matrix fibers. Conversely, the matrix composition influences
the migration modes of cells by inducing (1) mesenchymal migration in fibrous matrices, (2) amoeboid migra-
tion in low-density environments, and (3) lobopodial migration in very dense and crosslinked matrices.

rection [6]. In addition, cells can actively remodel the ECM by increasing the confine-
ment through ECM deposition and secretion of crosslinking enzymes, decreasing con-
finement via chemical degradation of ECM, and physical remodelling of the network via
force transitions through ECM adhesions [14, 11, 15]. All of these cell-matrix interactions
play a role during cancer cell invasion and form a complex and dynamic interplay (Fig.
1.2). Because of this complexity, the exact mechanisms of cell-matrix interplay that play
a role in determining the invasion strategies of cancer cells are not well understood.
Therefore, the first focus of this dissertation is to research how different aspects of cell-
matrix interplay impact cancer cell invasion.

1.3. CYTOSKELETAL CROSSTALK FINE-TUNES MIGRATION MECH-
ANISMS

The cytoskeleton of cells is a dynamic intracellular network composed of four distinct
filamentous proteins: actin, microtubules, intermediate filaments and septins (Fig. 1.3).
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The cytoskeleton has a major role in driving all the different migration mechanisms, reg-
ulating the matrix-dependent switches between them, and regulating cell deformability
- a key factor in confined migration. Actin networks have a central role in coordinating
cell polarity, mechanotransduction, contractility, and leader-follower dynamics in col-
lectively invading cells [16, 17, 18]. Microtubules are important for motility-associated
protrusions such as pseudopods, invapodia and podosomes [19, 20, 21, 22], and inhi-
bition of microtubule networks decreased the average migration speed of cell clusters
[23]. Intermediate filaments are known to impact migration by constructing a perin-
uclear cage that mechanically protects the nucleus and thus prevents nuclear rupture
and DNA damage in cells that experience large strains as they migrate through confin-
ing spaces [24, 25, 26]. Therefore, loss of intermediate filaments is often associated with
enhanced motility under confinement. In contrast, many studies also report specific in-
termediate filament proteins as markers and inducers of migration [27, 28]. Vimentin
is for instance associated with a switch from an epithelial-to-mesenchymal phenotype
(the EMT transition) that makes cells more invasive.

While these studies suggest that cytoskeletal networks have separate effects in deter-
mining 3D migration and associated motility modes, the networks also engage in cy-
toskeletal crosstalk. Crosstalk between cytoskeletal networks is crucial for effective mi-
gration, because it ensures cooperation between networks and thus fine-tuning of essen-
tial migration mechanisms such as focal adhesion turnover and contractility. Cytoskele-
tal crosstalk can occur through direct interactions between the different cytoskeletal fil-
aments or indirect interactions mediated by cytolinkers such as plectin. Additionally,
signalling pathways can also ensure indirect crosstalk through the initiation and coordi-
nation of polarization of different cytoskeletal networks simultaneously [6, 29]. Crosstalk
between cytoskeletal networks during migration has been studied predominantly for
actin and microtubules. Microtubules were shown to impact actin polymerization by
nucleating actin filaments from their tips and by releasing signalling factors, while actin
stabilizes and guides microtubule organization [6, 30, 31, 32, 33, 34]. Furthermore, a few
studies describe the crosstalk between intermediate filaments and actin or microtubules
during migration [6, 35, 36, 37, 38], but the mechanisms behind cytoskeletal crosstalk in-
volving intermediate filaments are not well studied. Moreover, the role of the relatively
newly identified fourth cytoskeletal component septin in cytoskeletal crosstalk is largely
unknown, although this protein is already implicated in cytoskeletal crosstalk and can-
cer [39, 40, 41, 42, 43]. In summary, cytoskeletal crosstalk during 3D migration and its
role in migration mode switching is understudied, while it is expected to contribute to
cancer dissemination by regulating effective invasion of cancer cell clusters. Therefore,
the second aim of this dissertation is to understand how cells use cytoskeletal crosstalk
during 3D migration and how this is related to the effective invasion of cancer cells in
confining matrices.
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Figure 1.3: The cytoskeleton of mammalian cells consists of four major components: Actin networks (red) are
present along the cell cortex, in protrusions and can form thicker stress fibers. Septin networks (purple) are
mainly found along actin fibers in the cortex and along actin stress fibers. Intermediate filament networks
(blue) form elaborate structures, often with an enrichment in a perinuclear cage surrounding the nucleus but
reaching all the way to the plasma membrane. Microtubule networks (green) in many cells extend from the
microtubule-organizing center near the nucleus into the cytoplasm towards the plasma membrane (but note
that there are also non-centrosomal networks [44]).

1.4. OUTLINE OF THIS THESIS

To study the diverse biophysical processes involved in cancer cell invasion, we use var-
ious biomimetic in vitro models of the tumor microenvironment in combination with
different cancer cell lines in which we manipulate the EMT status or cytoskeleton (Fig.
1.4). In microfluidic chips, we use constriction designs with different geometries and
pore sizes to study the direct effect of confinement on cell migration strategies. Further-
more, cells are subjected to bifurcation designs in the chips to analyse how cells make
decisions when confronted with a choice between channels with different pore sizes.
In addition to this, we perform more physiologically relevant single-cell hydrogel inva-
sion assays in which we allow cells to invade into a hydrogel that is placed on top of
them. Here, cells have to navigate a 3D fibrous environment and can actively remodel
physical parameters from the environment, such as pore size. In addition, we research
multicellular 3D migration in spheroid invasion assays. We create cell spheroids that
mimic tumors from cancer cell lines and place them inside collagen-based hydrogels
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with various physical properties. These assays allow us to study the complex interaction
of multicellular systems migrating into ECM-like networks.

In the first part of this thesis we investigate how different aspects of cell-matrix in-
terplay regulate cancer cell invasion strategies. In Chapter 2 we investigate the direct
relation between cancer cell deformability and constricted migration in microfluidic
devices. In a microfluidic aspiration device we measure cell deformability of different
cancer cell lines, and find a correlation with confined migration efficacy in microflu-
idic migration devices. These findings show how cell mechanics can directly determine
cell invasion strategies through small pores. To also examine how ECM remodelling im-
pacts invasion strategies, we study 3D spheroid invasion into collagen-based hydrogels
in Chapter 3. Cancer cell lines with different EMT-status are used for spheroid invasion
into hydrogels with a range of physical parameters. We measure the influence of EMT-
status of the cells on the one hand and the pore size and stiffness of the ECM on the other
hand on cell invasion, quantified in terms of the onset time, invasion rate and invasion
strategies. We find that matrix porosity and expression of the EMT marker vimentin reg-
ulate the onset of spheroid invasion, while matrix porosity and the expression of matrix-
degrading enzymes determine the rate of spheroid invasion. We conclude that recipro-
cal cell-ECM interactions in 3D spheroid invasions link the two main mechanisms that
have previously been proposed to initiate invasion: EMT as a more cell-centered bio-
logical mechanism and unjamming as a more generalized physics-based mechanism.
For the second part of this dissertation, we research the contribution of cytoskeletal
crosstalk to cancer cell invasion strategies. In Chapter 4 we first review how cytoskeletal
crosstalk regulates the cellular mechanisms that together determine migration: cell de-
formability, contractility, polarization, adhesions and plasticity. We summarize the main
findings from live-cell (top-down) and cell-free (bottom-up) experimental approaches,
and we discuss how bridging these perspectives can help us understand the contribu-
tion of cytoskeletal crosstalk in cell migration. To investigate the role of septin-mediated
crosstalk, in Chapter 5 we perform several migration assays with septin 7 knockout can-
cer cells. We find that septin expression promotes both single-cell and 3D spheroid inva-
sion strategies. We also show that septin regulates cancer cell shape during constricted
migration by promoting the formation of actin-based protrusions that enable cells to
navigate porous ECM networks. Finally, in Chapter 6 we summarize the main findings of
this thesis and propose new research directions. We show first experiments aimed at un-
covering the role of cytoskeletal crosstalk mediated by the actin-intermediate filament
crosslinker plectin in cancer invasion. Plectin is known to have a dual role in cancer
invasion, with evidence supporting both invasion promoting and inhibiting functions,
and we propose new experimental pathways via novel engineered plectin constructs to
understand the mechanisms behind this duality.
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Figure 1.4: In vitro models for studying cancer cell invasion used throughout this dissertation. Schematic of
the in vitro invasion models, which includes microfluidic migration set-ups with different constriction sizes
and geometries and hydrogel assays for single-cell invasion and spheroid invasion. We combine these models
with cancer cell lines with different EMT status or cytoskeletal manipulations, to dissect the interplay between
intrinsic cell characteristics and the physical properties of the tumor microenvironment.



2
CELL DEFORMABILITY CORRELATES

TO CONFINED MIGRATION

Cancer cells can utilize different invasion strategies to overcome physical arrest during
confined migration through tissues with small pores. Cancer cell plasticity allows switches
between different migration modes and transitions between single-cell and collective mi-
gration. The biophysical parameters that guide these decisions are poorly understood.
In this work we investigated the link between cell deformability and migration efficacy
in constrictions of two mesenchymal cancer cell types with similar invasion strategies:
HT1080 fibrosarcoma cells and MV3 melanoma cells. To this end, we designed microflu-
idic platforms for (1) high-throughput cell deformability measurements and (2) migra-
tion through a variety of confining geometries. We measured different deformabilities for
HT1080 and MV3 cells and correlated this to their migration efficacy through confine-
ments. However, higher deformability and improved squeezing ability did not impact
path selection at junctions of channels of different widths. Our findings show that cell
deformability correlates with better squeezing abilities through confinements, but does
not impact confinement directionality. 1

1This chapter is co-authored with Ruben C. Boot, Imke van Dijk, James P. Conboy, Pouyan E. Boukany and
Gijsje H. Koenderink and is the basis for a manuscript in progress. Preprint is available in BioRxiv (2025) [45].
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2.1. INTRODUCTION

I NVASION of tumor cells from a primary tumor site into the surrounding tissue is the
first step of metastasis. Next, invasive tumor cells can intravasate into blood or lymph

vessels, where they can travel to other organs and proliferate into new tumors. As metas-
tasis accounts for over 90% of the mortality rates from cancer, understanding how cancer
cells successfully invade local tissue with complex compositions is crucial to develop ef-
fective therapies [1, 2, 3]. Interestingly, despite being so lethal, tissue invasion is a highly
inefficient process where most cells die from mechanical or oxidative stress or from suc-
cessful attacks by our immune system [46, 47]. Mechanical stress arises from cells invad-
ing into dense tissues, where small pore sizes force cells to deform and ‘squeeze’. During
squeezing, contractile actin bundles confine the nucleus, which can lead to ruptures of
highly deformed regions of the nuclear envelope and eventually loss of nuclear com-
partmentalization and DNA damage [48, 49, 50]. Therefore, single cell migration is lim-
ited by extracellular matrix (ECM) density and nuclear deformability, which can lead to
physical arrest of cancer invasion when the pore size is smaller than 10% of the nuclear
diameter [51]. However, cancer cells are highly adaptive and have different strategies
to avoid physical arrest. One strategy is to deploy proteolytic enzymes such as matrix
metalloproteases in order to degrade the matrix and create a migration path [51, 52].
Another strategy is to switch to alternative motility mechanisms to better propel the
nucleus through confinements, for instance switching to amoeboid or nuclear piston
mechanisms [51, 53, 24, 7]. Alternatively, mesenchymal cells can switch to collective
migration in response to confinement [11, 54] to circumvent physical arrest in narrow
pores [55]. Although single cells migrate faster, migrating cell clusters have more direc-
tional efficiency and result in more metastatic site formations [12, 10].

Although there is abundant evidence for cancer cell plasticity in response to confine-
ment, it remains unclear how cells select between different invasion strategies to avoid
physical arrest. While it is well established that both chemical and mechanical cues
guide cell migration directionality, the extent to which cell deformability contributes to
this process under conditions of physical arrest remains unclear. An interesting side-by-
side comparison was made in a study of Haeger et al. [55], which compared the ability
of human melanoma cells (MV3) and fibrosarcoma cells (HT1080), two mesenchymal
cancer cell lines, to invade 3D collagen networks with pore sizes ranging from 35µm2

to 3.5µm2. Both cell types underwent a similar single-to-collective transition when the
pore size was smaller than a threshold value around 16µm2, a pore size in which cells
have to start to deform to ’squeeze’ through. Although HT1080 and MV3 cells deployed
a similar strategy in response to physical confinement, HT1080 cell invasion was less
dependent on matrix degradation and higher numbers of single HT1080 cells could still
invade for every pore size that was tested. HT1080 invasion into small pores was hence
less dependent on the individual-to-collective transition and on proteolytic strategies
[55].
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We hypothesize that HT1080 cells are less dependent on the migration mode transi-
tions in dense networks because of a higher ability to squeeze through narrow confine-
ments compared to MV3 cells, and that this stems from a difference in cell deformability
between the two cell types. Prior studies already found a correlation between cancer
cell deformability and invasion [56, 57, 58, 59], but relied on indirect measurements of
metastatic potential from separate in vivo studies [56, 57] or focused on a specific con-
text of breast cancer [58, 59]. To test our hypothesis, we studied how HT1080 and MV3
cell deformability is related to migration efficacy under confinement. In addition, we
tested the relation of cell deformability to confinement directionality when cells face a
choice between channels of different widths. This was motivated by a recent study show-
ing that cells migrate in the direction of least confinement to minimize energetic costs
directed by force generation necessary to migrate through confining channels [60]. Al-
though collagen-based hydrogels are a convenient reductionist model system to mimic
the confinement imposed by the tumor microenvironment, their heterogeneous struc-
ture and wide distribution of pore spaces and connectivities make it challenging to inter-
pret the exact effects of confinement on invasion strategies. In contrast, environments
with standardized pore geometry allow us to isolate mechanical effects from variability
in pore size, shape and distribution [61]. Therefore, in this work we used microfluidic
devices with standardized well-controlled pore spaces to analyze the effects of constric-
tion. Another important benefit of this model is that the pore spaces are fixed, whereas
cancer cells actively remodel collagen networks by mechanical forces and proteolytic
degradation.

Here, we correlated measurements of cell deformability and confined migration for
HT1080 and MV3 cells. We first designed a cell deformability microfluidic device to per-
form high-throughput cell deformability measurements, combining the capillary con-
striction design by Au et al. [62], combined with the T-junction design from [63]. We
could thus investigate how the deformability differs between the HT1080 and MV3 cell
types when forced through vessel-sized constrictions by a flow. We subsequently studied
the migration efficacy and path selection of the same cells in different confining geome-
tries by introducing custom-made microfluidic migration devices, inspired by David-
son et al. [64]. Using the cell deformability device, we discovered that the HT1080 cells
were more deformable than MV3 cells, especially for larger cell sizes (> 20µm), where de-
formability was consistently larger than for smaller cells. Using the microfluidic migra-
tion devices, we found that HT1080 cells were better at crossing constrictions compared
to MV3 cells, with a larger fraction of cells crossing (78% vs. 52%, respectively) and also
crossing faster. Despite these differences in deformability and squeezing ability, path
selection in narrow bifurcations was similar for HT1080 and MV3 cells. Both cell types
showed a preference for wider constrictions, however, this preference was considerably
reduced in narrower bifurcations. These results show that cell deformability correlates
with better squeezing abilities through confinements, but does not impact path selec-
tion.
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2.2. METHODS

CELL CULTURE

Human fibrosarcoma HT1080 cells (ATCC, CCL-121) and human melanoma MV3 cells
were gifted by Peter Friedl (RadboudUMC, the Netherlands). The HT1080 cells are hu-
man male fibrosarcoma cells derived from biopsy, as described in ref. [65]. The MV3 cells
are human male melanoma cells that were three times xenografted in nude mice and
selected for highly metastatic behavior as described in ref. [66]. HT1080 cells were cul-
tured in High Glucose Dulbecco’s Modified Eagle’s Medium (DMEM, #11574486, Thermo
Fisher) and MV3 cells were cultured in DMEM/F12 1:1 medium (#11520396, Thermo
Fisher), both supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin-
streptomycin (Sigma-Aldrich). Cells were incubated at 37 ° C and 5% CO2 and subcul-
tured at 80-90% confluency, with regular tests for mycoplasma infections. Cell count-
ing and cell size measurements were performed using a Countess 3 FL Automated Cell
Counter (Thermo Scientific).

ACTIN POLYMERIZATION INHIBITION

Cells were incubated for a minimum of 30 minutes with culture media supplemented
with 50µM Cytochalasin D (Merck Sigma, #C2618) or 0.025µL/mL DMSO (Bioke, #12611P)
as a control. Previous research has shown that incubation of fibroblasts with this con-
centration of CD reduced the cell stiffness as measured by uniaxial stress-strain testing
by 50 % [67].

CELL DEFORMABILITY DEVICE FABRICATION

Cell deformations were tested in a custom-designed microfluidic device that was in-
spired by devices reported by Au et al. [62] and by Davidson et al. [63]. The design is
available in DWG format at https://github.com/RubenBoot/CellandClusterDeformation.
By fusing the parallel microchannel array from [62] with the T-junction design from [63],
which incorporates a main channel that leads past the array, the overall volumetric flow
rate through the device was greatly increased compared to the original design by Au et
al. [62] thus improving the throughput of cells reaching the microchannel array and trav-
eling through the constrictions. The microchannels had dimensions of 10x10x280µm3

(width by height by length), while the main serpentine channel was 100µm wide and
high. This multi-layered design was created using standard soft lithography at the Kavli
Nanolab Delft, with a µMLA laserwriter (Heidelberg Instruments). For the first layer
containing the microchannel array, SU-8 2010 photoresist (Kayaku Advanced Materi-
als) was spun on a clean 4-inch silicon wafer to a height of 10µm. The coated wafer
was then baked at 95 °C for 3 minutes, after which the first layer was written and post-
baked at 95 °C for 4 minutes. After development with SU-8 developer (Propylene gly-
col monomethyl ether acetate (PGMEA), Sigma-Aldrich), a second layer was spun to a
height of 100µm using SU-8 2050 (Kayaku Advanced Materials). It was now baked at
65 °C for 5 minutes followed by 95 °C for 15 minutes, written, post-baked at 65 °C for
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3 minutes followed by 95 °C for 10 minutes and developed again. The heights of the SU-8
features were determined to be within ± 10% of the desired heights using a Dektak Sty-
lus Profiler (Bruker). Lastly, the master wafer was coated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma- Aldrich) to allow for easy demolding. The devices were
made by pouring PDMS (Sylgard 184, Dow Corning) and curing agent at a mixing ratio
of 10:1 (w/w) onto this master mold. The PDMS was degassed and cured at 65 °C for
3 hours. After curing, the PDMS was peeled off, 2 mm inlets and outlets were punched
using a revolving punch plier (Knipex), and the devices alongside glass coverslips were
plasma cleaned (Harrick Plasma) at 30 W for 2.5 minutes. The devices were kept in the
oven at 65 °C to bond overnight.

CELL DEFORMABILITY ASSAYS

The connective ports of the cell deformability device served for cell entry (P1), inlet of
perfusion buffer (P2) and an outlet (P3) (Fig. 2.1A). The long serpentine main channel
served to minimize the pressure drop over the parallel constriction channels at the cen-
ter of the design. The devices were first filled and incubated for 45 minutes with 1%
Pluronic F127 (Sigma) in phosphate buffered saline (PBS, Sigma), to decrease cell ad-
hesion to the PDMS. PTFE 008T16-030-200 tubing (Diba Industries, inner diameter 0.3
mm, outer diameter 1.6 mm) was cut into three pieces with an identical length of 50 cm
(to prevent the influence of different pressure drops over tubing of differing lengths) and
then flushed with the perfusion media using an MCFS-EZ pressure controller (Fluigent).
After connecting each tubing piece to one of the connective ports, the Pluronic solu-
tion, PDMS debris particles and possible air bubbles were flushed out with cell culture
medium by inducing a flow from P2 and P3 towards P1, with P1 connected to a waste
tube. Once the main serpentine channel was free of obstacles, the tubing of P1 was con-
nected to the cell suspension while a minor flow was still present from P2 to P1, to pre-
vent air from entering the tubing when connecting the cell suspension. A cell suspension
of 1 mL (with cell concentrations ranging between 0.5–3.5×106 cells/mL depending on
the experiment) was used. After reversing the flow direction, cells were subsequently
flown through the main channel using a pressure gradient of 10 mbar (P1 at 40 mbar,
P2 at 30 mbar). Outlet P3 was kept at atmospheric pressure, such that the cells felt the
pressure difference near the center of the design and were forced into the constriction
channels (Fig. 2.1B). To compare the deformability of MV3 cells and HT1080 cells, we
performed experiments sequentially on the same deformability device. After collecting
data for one cell type, the main channel was flushed with medium by connecting a tube
of medium after reversing the flow from P2 to P1 to prevent air from entering the tubing
at P1. Next, a suspension with the other cell type was connected to the device for further
measurements.

Brightfield images of the deforming cells were captured using an inverted fluores-
cence microscope (Zeiss Axio Observer) with a 10x/NA 0.45 air objective and ORCA Flash
4.0 V2 (Hamamatsu) digital camera with a resolution of 2048x2048 pixels. We recorded
time lapse image series of 30 seconds long, using an interval of 25 ms, with 13 constric-
tions fitting the field of view. Multiple sets were recorded per chip to capture data for
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a large number of cells, and the device was always discarded at the end of the experi-
mental day. For all experiments, the cell suspension was kept at 37 °C using a Compact
Dry Bath incubator (S 200-240V, Thermo Fisher Scientific) and time lapse image series
were only recorded during the first hour after connecting the cell suspension to the chip,
eliminating the need for CO2 injection.

PASSIVE TRANSIT IMAGE ANALYSIS

Analysis of the deformation of cells in the constrictions was conducted using Fiji[68]. For
each time lapse image series, multiple cells squeezed through the parallel constriction
channels. Only the cells for which both the original diameter D0 in front of the constric-
tion (Fig. 2.1C, left panel) and the deformed length D once fully entered in the constric-
tion (Fig. 2.1C, right panel) were clearly visible were included in the analysis. As the cells
were not always perfectly round at the inlet, D0 was determined by taking the average
of the long and short diameters of the cell. Using Fiji, D0 and the deformed length D for
each cell were measured manually. Next we determined the strain S (dimensionless cell
deformation) by taking the following ratio:

S = D −D0

D0
(2.1)

The theoretical strain S∗, being the strain expected in case of cell volume conservation,
was calculated based on the cell volume estimated from the measurement of the cell size
before it entered the constrictions. Assuming the cell in the inlet to be an approximate
cylinder with a diameter D0 and a height H of 10µm (Supplementary Fig. S2.1A), we
know the volume V1 of a cell in the inlet to be:

V1 =
HπD2

0

4
(2.2)

Once the cell enters the constriction channel, we approximate it as a beam of length L
with a hemisphere on each end, having a radius R equal to half the width W and height
H of the constriction (here, R = 5µm) (Supplementary Fig. S2.1B). From this, the volume
of the cell V2 in the constriction is found as:

V2 = c(W HL)+Vsi de (2.3)

Here Vsi de = 4
3πR3 represents the combined volume of the two half-spheres. Assuming

volume conservation (V1 = V 2), the length of the beam L is found by equating Eq. (2)
and Eq. (3):

L = AD2
0 −B , (2.4)

with A = π/4W and B = Vsi de /W H . Inserting Eq. (4) into Eq. (1), we finally find the
theoretical strain S∗ as:

S∗ = (L+2R)−D0

D0
(2.5)
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MODELING OF PRESSURE DISTRIBUTION IN THE CELL DEFORMABILITY DE-
VICE

Due to the T-junction design of the cell deformability device, a pressure gradient exists
both horizontally and vertically along the constriction channel array. To determine the
size of these gradients, we computationally modeled the pressure distribution inside the
device using the finite element modeling software COMSOL Multiphysics 5.6. We con-
sidered the fluid flow in the 3D-model to be laminar and following the Navier-Stokes
equation. The pressure gradient was examined for two extreme cases: (1) all constric-
tions are open, and (2) the flow through all constrictions is blocked (this occurs when
all channels are clogged by traversing cells). The pressure drop over a tubular channel
with laminar flow scales with the length of the channel and the inverse of the channel
radius to the fourth power. As the tubing used in our experiments had a long length of
50 cm and a cross-sectional area with the same order of magnitude as the main chan-
nel, the pressure drop over the tubing was non-negligible. For this reason, the tubing
was modeled by including 50 cm long rectangular channels with a 300×300µm2 cross-
section connected to all three ports. We used boundary conditions of 4 kPa at the far
edge of the channel connecting to the cell entry port P1, 3 kPa at the edge of the channel
connected to the perfusion port P2, and 0 kPa at the edge of the channel connected to
the outlet port P3, similar to the pressures used in the experiments.

MICROINDENTATIONS

The effective Young’s modulus of the cells was measured using a Chiaro Nanoindenter
(Optics11 Life), using an optical fiber probe with a stiffness of 0.027 N/m and a spheri-
cal tip with a radius of 3µm. Measurements were performed on 14 cells per condition,
attached to the glass bottom of a 35 mm dish (#81218-200, Ibidi) in CO2 independent
medium (#11580536, Thermo Fisher). Cells were seeded at least 24 hours before exper-
iments in order to adhere to the bottom. Indentations were made above the cell center
with a loading rate of 2µm/s. The modulus was calculated using the Hertzian contact
model from the Optics 11 Life data viewer software (version 2) [69]. Measurements with-
out a distinct contact point or with an otherwise unreliable model fit (< 0.9R2) were re-
garded as outliers and discarded from further analysis.

MICROFLUIDIC MIGRATION DEVICE FABRICATION

We designed a microfluidic device tailored for observing cell deformation during mi-
gration through different custom-designed constriction areas inspired by Ref. [64]. The
multi-layered master mold was created using standard soft lithography at the Kavli Nanolab
Delft, with a µMLA laserwriter (Heidelberg Instruments). Similar to Ref. [64], the de-
sign consists of a 5µm-tall and 440µm-wide constriction area aligned with an adjacent
50µm-tall perfusion channel for cell loading, chambers that end at the constriction area,
and a bypass channel to equilibrate the fluid levels between the reservoirs positioned at
the outer sides of the chamber.
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The first layer of the design consisted of 5µm SU-8 2005 photoresist (Kayaku Advanced
Materials) and was spun on a 4-inch silicon wafer that was soft baked and post-baked at
95 °C for 2 minutes. The second layer consisted of 45µm SU-8 3050 (Kayaku Advanced
Materials) and was soft baked at 95 °C for 15 minutes, post-baked for 1 minute at 65
°C and 5 minutes at 95 °C, and developed with a SU-8 developer (Sigma Aldrich). After
developing, trichloro(1H,1H,2H,2H-perfluoroctyl)silane (Sigma Aldrich) was coated on
the master mold. Microfluidic chips were made from PDMS (Sylgard 184, Dow Corning),
prepared with a curing agent with a 10:1 (w/w) ratio. The PDMS was poured on the sili-
con mold, degassed and cured at 65 °C for 3 hours. Reservoirs and cell-loading ports were
punched with a revolving punch plier (Knipex) and a 0.75 mm diameter punch (Rapid-
core, Welltech), respectively. PDMS chips and glass coverslips were plasma cleaned (Har-
rick Plasma) at 30 W for 150 seconds and bonded overnight at 65 °C.

MICROFLUIDIC MIGRATION ASSAYS

For live-cell experiments, microfluidic chips were sterilized with 70% ethanol and sub-
sequently washed three times with MQ and once with PBS. Chips were coated with col-
lagen by adding 100µL 100µg/mL PureCol type 1 bovine collagen (Advanced Biomatrix)
in PBS through the cell-loading ports and incubating for 2 hours at room temperature.
Chips were washed thrice with PBS and once with cell culture medium. Next, 6µL con-
taining a total of 30,000 cells was added to each chip via the cell-loading ports. The
reservoirs were filled with cell culture media and the chips were incubated overnight at
37°C and 5% CO2 in a 10 cm culture dish, together with a 15 mL falcon tube cap filled
with MQ next to the device to prevent evaporation. One hour before imaging, cell cul-
ture medium was removed from the reservoirs and replaced with cell culture medium
containing live-cell dyes: Hoechst 33342 (Thermo Fisher, 1:10,000 dilution) for staining
cell nuclei and Cytotracker Orange (Thermo Fisher, 1:1000 dilution) for staining the cell
cytoplasm. After one hour incubation at 37 °, the device was sealed with a glass coverslip.

Live-cell imaging of cell migration through the constrictions was imaged on a Stel-
laris 8 confocal microscope (Leica), equipped with a supercontinuum white light laser,
405 nm laser and three hybrid detectors. Imaging was performed with the 405 laser, a
488 nm laser line and a 20x/0.75 air objective. Time-lapse image series were acquires
with time intervals of 15 minutes over a total period of 13-14 hours. Environmental con-
trol with an box incubator (Okolab, #158206046) regulated the temperature at a constant
37 °C and 5% CO2. To analyze migration from the time-lapse series, we drew regions
of interest as rectangles in between the diameters of two adjacent pillars (circles). First,
the number of cells within these regions was counted. We identified cells as ’squeez-
ing’ if the cell entered and left the constriction region within the observation time and
squeezed through the constrictions. We identified cells as ’stuck’ when cells spent > 10
frames (≥ 150 minutes) in a constriction region without squeezing to the other side and
did not squeeze through any constriction during the observation time. In addition, for
squeezing cells we counted the number of frames the Cytotracker or Hoechst signal was
within the constriction region, to determine the amount of time cells and nuclei spent
within the constriction during squeezing. Counting of the number of frames with sig-
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nal were done by three independent reviewers, which were averaged. Single scorings
were excluded when >50% different from the other two scores and cells were removed
from scoring when all three measurements were >50% apart or there was >200% differ-
ence. To analyze the path selection of the cells migrating through the bifurcating con-
strictions, three independent observers manually scored the number of cells migrating
into the channels to minimize bias.

WESTERN BLOT ANALYSIS OF VIMENTIN EXPRESSION

MV3 cells and HT1080 cells were both seeded in 6-well plates (Thermo Fisher) with
300,000 cells/well and incubated overnight to ensure cell attachment. In the morn-
ing, cells were washed with PBS and lysed with 100µL cold radioimmunoprecipitation
buffer (RIPA, Thermo Fisher). Lysed samples were agitated at 4° C for 30 minutes and
stored at -20 °C. Loading samples were made by adding Laemmli buffer (2x, Bio-rad)
and 4% β-mercaptoethanol (Sigma Aldrich) to the lysed samples. Next, they were incu-
bated at 95°C for 5 minutes. Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was performed with Mini-PROTEAN TGX gels (Bio-rad) using 100 V for
approximately 1.5 hours. Western Blotting was executed with a Trans-Blot Turbo Trans-
fer System (Bio-rad) and Trans-Blot Turbo Mini 0.2µm PVDF Transfer Packs (Bio-rad).
The membranes were blocked in 5% Bovine Serum Albumin (BSA, Thermo Fisher) in
phosphate buffered saline (PBS, company) overnight on a shaker at 4 °C. Membranes
were stained with primary antibodies (mouse anti-vimentin (1:2000, #ab8978, Abcam)
and rabbit anti-GAPDH (#CST2118S, Bioke)) in 5% BSA overnight on a shaker at 4°C.
Membranes were washed thrice with 0.1% Tween (Sigma Aldrich) in PBS (PBS-T) on a
shaker, and incubated for 3-5 hours with secondary antibodies: rabbit anti-mouse HRP
(#ab97051, Abcam) and goat anti-rabbit HRP (#ab6728, Abcam), 1:5000 in PBS-T. Af-
terwards, membranes were washed thrice with PBS-T and imaged with an enhanced
luminol-based chemiluminescent substrate kit (Thermo Fisher) on a gel imager (Bio-
rad).

STATISTICAL ANALYSIS

Statistical analysis was performed using Microsoft Excel and Python. Two-tailed Stu-
dent’s t-tests were performed using the TTEST function in Excel on normally distributed
data. Binomial tests were performed with the Python function binomtest. Statistical de-
tails of experiments are found in the figure legends and method details. P-value results
from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001.
Error bars represent the standard error of the mean.

2.3. RESULTS

HT1080 CELLS ARE MORE DEFORMABLE THAN MV3 CELLS

Microfluidic devices mimicking capillaries from the blood vascular network were de-
veloped to assess cell deformability, consisting of 18 parallel microchannels narrowing
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Figure 2.1: Overview of the microfluidic cell deformability device. (A) Schematic showing (left) the top view
of the design together with a close-up view of the main channel and the parallel constriction microchannels,
and (right) a tilted side view showing the differing heights for the main channel and the microchannels. (B)
Bright-field top view image of the parallel microchannels with HT1080 cells flowing freely through the main
channel and being squeezed through the microchannels due to a pressure gradient from top to bottom. Red
arrows indicate the flow directions. Scale bar is 100µm. (C) Bright-field images of a HT1080 cell entering a
constriction inlet with a diameter D0 (left panel) and subsequently stretching in the microchannel to a length
D . Scale bars are 20µm.

into 10×10µm2 constrictions (see schematic in Fig. 2.1A). Cells first flow through a large
100×100µm2 main channel due to a pressure difference of 1 kPa between the cell en-
try port P1 and the perfusion port P2. They are then directed towards the constriction
microchannels by a pressure gradient between the main channel and the outlet port
P3, which is at atmospheric pressure. The two pressure inlets P1 and P2 allow precise
control of the flow velocity of the cells through the main channel and the pressure forc-
ing the cells into the microchannels. 3D COMSOL simulations of the device showed
that the horizontal pressure gradient across the parallel microchannel array is negligi-
ble (∼30 Pa, Fig. S2.2). They furthermore showed that the pressure that cells experience
when entering the constrictions depends on whether the other channels are clogged by
traversing cells. The pressure changed by ∼20% between the case of all channels being
open (2.9 kPa) versus closed (3.5 kPa, Supplemental Fig. 9B). While this pressure change
is expected to influence the entry and traversal time of cells crossing the constrictions
[62], it does not influence the cell deformability we focus on in this work.

At the inlet of the 50µm-wide microchannels, cells are only confined in height, to a
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Figure 2.2: Histograms comparing the strain S for MV3 and HT1080 cells measured using the microfluidic
cell deformability device. Cell diameters D0 were binned for MV3 (green) and HT1080 (purple) cells. Red
dotted lines depict the theoretical strain S∗ in the limit of volume conservation, calculated using Eq. (5) and
inserting the largest D0 for each bin (e.g. D0 = 16µm for the 15-16 bin). (*) = p < 0.05, (***) = p < 0.001. (n.s.) =
nonsignificant. Error bars are SEM. N = 300 cells per condition.

diameter D0. When the cells enter the 10µm-wide constrictions, they are also confined
in width, leading to a deformation length D (Fig. 2.1B-C). We determined the dimen-
sionless cell strain from D0 and D using Eq. (1). As shown in Fig. 2.2, the strain increased
with cell size (D0) for both HT1080 and MV3 cells (see S2.10 regression analyses). The
larger the cell, the more it has to stretch in the channel due to the confinement. We
therefore binned the cells by sequential pairs of D0 (e.g. cells with D0 = 15µm and 16µm
were combined in one bin), and compared S between the respective bins for each cell
type. This analysis revealed that the HT1080 cells consistently deformed more than the
MV3 cells for the same cell size (note that the two cell types had similar size distribu-
tions, Fig. S2.8). These findings suggest that cell volume is not conserved, as cells with
the same original volume in the constriction inlet display different deformations. Using
Eq. (5), we determine a theoretical strain S∗ in case of volume conservation, which is
indicated in Fig. 2.2 by the red dotted lines. Comparing this theoretical limit to the data,
we find that both the MV3 and HT1080 cells increased in volume in the constrictions.
Possible mechanisms for these volume changes under confinement could be activation
of stretch-sensitive ion channels and subsequent osmotic swelling [70], or temporary
changes of actomyosin contractility [71].

MICROFLUIDIC CELL MIGRATION DEVICE DESIGN

To test whether the difference in HT1080 versus MV3 cell deformability affects their abil-
ity to migrate through narrow constrictions, we made three different microfluidic de-
signs based on previous work by Davidson et al. [64]. All three designs have two media
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Figure 2.3: Overview of the microfluidic cell migration device. (A) Left: Schematic showing the top view of the
design. The media reservoirs are punched (dark blue) to connect the by-pass channel and cell loading ports
(green). Right: a tilted side view showing the constriction area between two non-constricted chambers. (B)
The two different designs for the constriction areas: (left) rows with identical constrictions of 5µm in width
between the circular pillars, and (right) Y-junctions with a 30µm wide channel, lined with inverted catenaries,
splitting with a 40° angle into either a 10µm and 5µm wide channel (above), or into a 20µm and 10µm wide
channel (below). Note that the pillars and the walls made of interconnected arcs mimic the discontinuous
spatial environment that cells encounter when invading interstitial matrices.

reservoirs on both sides of the device, connected with a wide bypass channel to enable
fast equilibration of fluid height between both reservoirs (Fig. 2.3A). Furthermore, they
all have a constriction area with parallel migration channels that were functionalized
with type I collagen to promote cell adhesion and crawling. Instead of long, straight
channels, we designed pillars or walls made of interconnected arcs, to mimic the dis-
continuous spatial environment found in the interstitial matrix of connective tissues
(Fig. 2.3B). Moreover, we chose constriction widths in the range of 5µm to 30µm, to
mimic the range of pore sizes found in tumor microenvironments [72]. The first design
had an array of parallel channels with sequential constrictions of 5µm. The second de-
sign had Y-junctions that start as 30µm wide channels and then split into either a 20µm
and 10µm wide channel, or into a 10µm and 5µm channel. This design allowed us to in-
vestigate how cell deformability influences the migration path when cells face a choice
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between different constrictions.

Figure 2.4: Analysis of confined cell migration efficacy in arrays of pillars. (A) Schematic and example fluores-
cence image showing how the constriction region was defined as the rectangular area (dashed box) formed by
connecting the diameters of two adjacent pillars (circles). Scale bar is 15µm. (B,C) Time lapse fluorescence
image series showing HT1080 cells (B) and MV3 cells (C) squeezing through constrictions. The images are
cropped to show the constriction region and show the cell cytoplasm labeled with Cytotracker Orange in green
and the nucleus labeled with Hoechst 33342 in blue. Scale bars are 5µm. (D) Stacked bar graph showing the
total number of cells in constriction regions for HT1080 (green) and MV3 (purple) cells, separated between
cells that actively squeezed through the constrictions (smooth) and cells that never squeezed through the area
over an observation time of 13-14 hours and spent > 10 frames in a constriction (striped). (E,F) Boxplots for
the amount of time (in minutes) that cells and nuclei were detected in the constriction areas, derived from the
number of frames with 15 minutes time intervals. (*) = p < 0.05.

HT1080 SQUEEZE FASTER THROUGH CONSTRICTIONS THAN MV3 CELLS

To determine if higher deformability is associated with faster migration of cells through
narrow constrictions, we performed migration experiments for HT1080 and MV3 cells in
the microfluidic migration device with identical constrictions of 5µm. From the time-
lapse image series, we identified all squeezing cells and measured the time duration
spent by cells and their nuclei in the constriction areas, defined as the rectangle be-
tween the diameter of two adjacent pillars (Fig. 2.4A-C, see S2.3 for videos). Migrating
cells were defined as cells that entered a constriction area during imaging and exited
the constriction area on the opposite side during imaging. Cells were classified as stuck
when they spent > 10 frames (≥ 150 minutes) in the same constriction area without ex-
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Figure 2.5: Bifurcation microfluidics to test decision making of migrating cells. (A) Overview of microfluidic
chip in which cells (green) migrate through 30µm channels with a bifurcation of 5 & 10µm. Blue square indi-
cates zoomed-in area at 4 different time points, showing two cells migrating. (B) Stacked bar graph showing
the path selection of cells at the bifurcations, analyzed by visual inspection and converted to percentages, for
bifurcations of 20µm (smooth) versus 10µm channels (striped) and of 10µm versus 5µm (cross-hatched). For
each of the four conditions, 7 different bifurcation areas were analyzed resulting in N = 11-19. For 10 & 20µm,
corresponding p-values for choice significance are p = 0.13 (HT1080) and p = 0.25 (MV3). For 5 & 10µm, corre-
sponding p-values for choice significance are p = 0.41 (HT1080) and 0.39 (MV3).

iting during imaging. We found that with the same seeding densities, HT1080 cells had
a larger number of cells squeezing through the constrictions compared to MV3 cells,
while they had a similar amount of cells stuck in a constriction (Fig. 2.4D). In addition,
HT1080 cells more often squeezed multiple times (2 or 3 times) during the time frame
of imaging (around 16 hours) compared to MV3 cells, which on average only migrated
through one constriction during imaging. To determine the amount of time it takes for
cells (Fig. 2.4E) and their nuclei (Fig. 2.4F) to squeeze through a constriction, we mea-
sured the number of frames with a Cytotracker (cytoplasm) or Hoechst (nucleus) signal.
For both cells and nuclei, HT1080 cells were significantly faster at squeezing compared
to MV3 cells. After squeezing through a constriction, cells often showed nuclear defor-
mations and/or ruptures, often also leading to migration inhibition and/or cell death.
These deformations were more prominent in MV3 cells than in HT1080 cells (Fig. S2.4)
and could indicate compromised nuclear integrity, that can lead to DNA damage and
subsequently genomic instability, senescence or apoptosis as shown in previous studies
[73, 49, 74]. Altogether, these results show that HT1080 cells, with a higher deformability,
are indeed more efficient at squeezing through narrow pores as compared to MV3 cells.

HT1080 AND MV3 CELLS MAKE SIMILAR PATH SELECTIONS IN NARROW BI-
FURCATIONS

To understand if the higher deformability and squeezing efficiency of HT1080 cells com-
pared to MV3 cells also impact confinement directionality at junctions between chan-
nels of different widths, we next performed migration experiments in the microfluidic
migration chips with bifurcation designs. In these chips, both cell types were subjected
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to constriction designs of 30µm wide channels splitting into either 20µm- and 10µm-
wide channels, or into 10µm- and 5µm-wide channels. To analyze path selection by
cells, we performed live-cell imaging of the constrictions to visualize the migrating cells
(Fig. 2.5A). We then analyzed which size channel the cells migrated into from the wider
channel (Fig. 2.5B). For the 20µm vs. 10µm bifurcation, both cells had a comparable
preference for the wider (20µm) channel, with 69.2% (HT1080) and 72.7% (MV3). Inter-
estingly, when presented with smaller constrictions of 10µm vs. 5µm, both cell types
lose their clear preference for the larger constriction, with 52.6% (HT1080) and 58.3%
(MV3) of cells migrating into 10µm channels. These results show that HT1080 and MV3
have very similar path selections when presented with confinements of different sizes.

2.4. DISCUSSION

The goal of this work was to test whether the different strategies of HT1080 and MV3
cells to perform confined migration correlate with their deformabilities. Our work was
inspired by a study by Haeger et al. (2014), which showed that, even though both cells
have similar mesenchymal features, HT1080 cells are able to squeeze through smaller
pores than MV3 cells without resorting to MMP-mediated matrix degradation or switch-
ing to collective invasion [55]. To compare the mechanical properties of the two cell
types, we first designed a microfluidic device with parallel constriction channels for
high-throughput cell deformability measurements. Using this device, we found that
HT1080 cells deformed more in the channels than MV3 cells when comparing cells of
similar sizes. However, the channels in the deformability device often clogged with cells,
which could potentially pre-select specific cell subpopulations for deformability mea-
surements [74]. This could mean that the deformability measurements are only selec-
tive representations of certain pre-existing subpopulations. It would be interesting in
future to test for this possibility using new “mechano-transcriptomics” approaches that
correlate single-cell mechanical and transcriptomic measurements [58, 75, 76, 59]. We
also found that both cell types exhibit a change in volume when forced into the nar-
row constrictions. A recent study reporting high-speed morphological measurements
on cells migrating into narrow constrictions also showed changes in cell volume [77].
However, the exact process behind this dynamic volume change is not clear. Likely,
plasma membrane channels and transporters, which transport intracellular osmolytes
(inorganic ions and small organic compounds) in and out of the cell [78, 79], are in-
volved. These transport processes generate osmotic gradients, which drive water across
the cell membrane through aquaporin water channels [80]. Directed water permeation
has indeed been implicated in confined cell migration, where polarized distributions
of Na+/H+ transporters and aquaporins facilitate volume changes [81]. To further test
this mechanism, we performed microfluidic confined cell migration experiments on
MV3 cells treated with aquaporin-1 inhibitor Acetazolamide. Acetazolamide treatment
strongly impaired MV3 confined cell migration and remaining migrating cells migrated
with an altered elongated phenotype compared to untreated MV3 cells (Fig. S2.13).
The squeezing also often resulted in cell rupture, indicating that aquaporin-dependent
volume changes are an important mechanism during confined migration of the MV3
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cells. To further investigate the exact volume changes that occur during cell squeez-
ing in follow-up studies, it will be interesting to monitor cell volume during squeezing
with high-resolution live-cell imaging, and to measure the change in cell deformability
in presence of inhibitors of membrane transporters and aquaporins to manipulate or
block water exchange [82].

To test whether the cytoskeleton plays any role in confinement-induced cell deforma-
bility, we treated MV3 cells with cytochalasin D to depolymerize actin and measured
their deformability in the constrictions. Microindentation experiments showed an aver-
age ∼5-fold decrease of the effective Young’s modulus of the cells (Fig. S2.5), confirming
successful inhibition of actin polymerization [83]. By contrast, the deformability of the
MV3 cells in the microfluidic constrictions was completely unaffected by the CD treat-
ment (Fig. S2.6). This suggests that, at least for these cells, the actin cytoskeleton does
not affect cell deformability. Interestingly, although depolymerization of actin did not
result in any measurable change in cell deformability in our assay, previous studies re-
ported an increase in deformability upon actin depolymerization [84, 83, 85, 57, 86, 87].
This apparent discrepancy may reflect cell-type–specific responses, which could depend
on the relative contributions of the actin versus intermediate filament cytoskeletal net-
works, or on compensatory mechanisms such as alterations in cellular volume. We also
note that previous work comparing MCF7 and MCF10 breast cancer cells did suggest a
correlation between cell deformability in constrictions and cellular elasticity [88]. There-
fore, we suggest that follow-up research should validate our results with other actin poly-
merization drugs, such as latrunculin A, which has similar effects on Effective Young’s
moduli of MV3 cells (Fig. S2.14). It will also be interesting to test the role of actin in
cell deformability further, together with the role of other cytoskeletal components, es-
pecially the vimentin cytoskeleton. Actin and vimentin form interpenetrating networks
and jointly determine cell deformation under compressive and tensile loading [89, 90].
Western Blot analysis shows that the HT1080 cells express higher levels of vimentin than
the MV3 cells (Fig. S2.7), which could potentially enable them to deform more without
damage [91, 92, 24]. However, this does not provide functional proof, and immunocyto-
chemistry of vimentin on HT1080 and MV3 cells does not indicate clear differences (Fig.
S2.11). Therefore, future experiments with vimentin knockdown in HT1080 and MV3
cells should be performed to provide insight in the contribution of vimentin to cancer
cell deformability. Other intermediate filaments of interest are nuclear lamins, which
govern nuclear deformability and thereby impact confined migration [51, 93]. Nuclear
stiffness is mainly dependent on the levels of lamin A/C [94], and recent work by Amiri
et al. [95] demonstrates that nuclear lamins respond similarly to deformations during
both aspiration and active cell migration. Immunocytochemistry of lamin A/C suggests
higher fluorescent signals in HT1080 than MV3 cells, potentially indicating higher lamin
A/C levels and thus an interesting distinction between the cell types (Fig. S2.12) and, in-
terestingly, in contrast to previous findings [96]. Since the nucleus is the limiting factor
in cell passage through constrictions, it will be interesting to further quantify the lamin
A/C expression levels of the HT1080 and MV3 cells as well as the size and stiffness of
their nuclei. In addition, lamin knockdowns or overexpression could further expand the
mechanistic framework.
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To couple the deformability of the cells to their ability to migrate through constrictions
that are narrow enough to cause physical arrest, we next designed a second microfluidic
device that allows for live-cell imaging of migration through a 3D environment of nar-
row constrictions with varying sizes. Although this set-up provides a controlled environ-
ment to isolate mechanical effects on confined migration, it does not fully capture the
complexity of cancer invasion in vivo, such as influences of matrix remodeling, integrin-
mediated signaling or mechanical memory. Here, we found that HT1080 could migrate
faster through small constrictions compared to MV3 cells, with fewer cells getting stuck.
Physical arrest of cell invasion is known to be controlled by cellular deformability and ex-
tracellular confinement [51]. However, studies on cancer cell invasion in different con-
fining microenvironments, including extracellular matrix gels and microfluidic constric-
tions, have shown that cancer cell plasticity can prevent physical arrest and enhance the
invasion potential. Cancer cells can adopt different strategies including migration mode
switching [51, 53, 24, 7], proteolysis of the extracellular matrix [51, 52], and individual-
to-collective migration transitions [11, 54, 55]. However, the decision-making process
behind these choices is not well understood. There is evidence that selection between
different strategies are interdependent; both mesenchymal-amoeboid migration mode
switching and individual-to-collective transitions in response to confinement depend
on proteolytic activity [97, 98, 55]. Additionally, collective invasion can also directly tran-
sition to single-cell amoeboid migration in response to hypoxia [99]. A side-by-side com-
parison between HT1080 and MV3 cells by Haeger et al. [55] showed that these cell types
have similar invasion strategies but with subtle differences: HT1080 cells were less de-
pendent on matrix proteolysis to squeeze through collagen gels with narrow pores. Our
comparison of the single-cell migration speeds of these cells through microfluidic con-
strictions confirmed that HT1080 cells can squeeze faster through narrow pores and get
less easily stuck. Moreover, we showed that this difference correlates with higher cell
deformability. This correlation is consistent with earlier findings, where cell deformabil-
ity was coupled to the metastatic potential of cancer cells [57, 56, 100]. Several recent
studies [58, 101, 102, 103, 73, 59] suggested that migration through constricting chan-
nels can cause long-lived changes in 3D genome architecture and gene expression that
may facilitate metastasis. Indeed we also observed that cells often showed nuclear de-
formations or even rupture after squeezing through constrictions, indicating significant
deformation of the nuclear envelope which could activate histone modifying enzymes
through different pathways. It will be interesting to test whether the HT1080 and MV3
cells undergo similar changes by imaging heterochromatin formation in migrating cells
and collecting cells for transcriptomic analysis after constricted migration.

Finally, to understand how cell deformability and migration efficacy impact path se-
lection in dense environments, we performed migration assays using bifurcation de-
signs in the same migration microfluidic set-up. While these junctions provide insights
into path selection in confined environments, the used Y-shaped junctions represent an
oversimplification of the complex path choices encountered within the ECM and there-
fore allow limited conclusions about the actual path selection processes. We found that
path selection was similar for HT1080 and MV3 cells and thus not influenced by their
deformabilities nor migration efficacies. Cells showed a preference for larger constric-
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tions when presented with a path selection between 20µm and 10µm constrictions, but
this preference was lost when presented with narrower constrictions of 10µm and 5µm.
Similar experiments with constriction bifurcations by Zanotelli et al. [60] described path
selection to be mainly determined by cell stiffness (Young’s modulus). This finding sug-
gests that HT1080 and MV3 cells have a comparable Young’s modulus. Indeed microin-
dentation experiments confirmed that the cells had a comparable effective Young’s mod-
ulus of ∼500 Pa (Fig. S2.5). Although migrating cells generally prefer wider constrictions
to reduce energetic costs [60, 104], both HT1080 and MV3 cells lost their clear preference
for wider constrictions in the bifurcations of 10µm versus 5µm. Because the bifurca-
tions designs in Zanotelli et al. [60] had similar constriction sizes (12µm versus 7µm)
and they did not report any loss of preference, we hypothesize that energy costs might
plateau under a certain constriction size. This size might potentially depend on cell and
nucleus size; for our cells, it is around ∼10µm. This hypothesis should be further tested
in future experimental studies using a wider range of channel widths, complemented by
computational modelling for validation, similar to the approach used by Zanotelli et al.,
2019[60].

In this work, we provide evidence that actin-independent cell deformability regulates
the efficiency of cancer cell migration under confinement, while having only minor ef-
fects on migration directionality. Gaining a deeper understanding of how the physical
parameters of cancer cells relate to migration efficacy, invasion strategies and therapy
resistance can be of great value for clinical applications. For example, computational
modeling based on spheroid-collagen invasion assays showed that tumor invasiveness
is maximized by heterogeneity in cell deformability and cell size [105]. Furthermore, de-
formability heterogeneity could potentially also promote collective invasion strategies
by enabling cells to dynamically adjust their position within the cluster [105]. As recent
work also revealed that collective invasion in vivo can create radiation-resistant niches
[13], it is important to further study how cell mechanics contribute to this invasive strat-
egy. Moreover, recent studies prove the predictive power of deformability phenotyp-
ing, for example of patient-specific leukemia cells in response to treatment efficiency
[106, 83] and of circulating tumor cells for patient prognosis [107], indicating the poten-
tial for the development of new prognostic tools.
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2.6. SUPPLEMENTARY INFORMATION

Figure S2.1: Geometrical assumptions made to derive the theoretical strain S∗ in case of cell volume con-
servation when transiting through a narrow constriction with a square cross-section. (A) The cell being geo-
metrically confined into a cylindrical shape at the inlet, with diameter D0 and height H . (B) The cell being
geometrically confined inside the constriction channel: the volume of the cell was determined as the sum of a
beam of length L with width W and height H and two hemispheres with a radius R (= 1

2 W = 1
2 H).

Figure S2.2: Simulation of pressure distribution across the microfluidic cell deformability device. (A) 3D nu-
merical simulation of the pressure distribution assuming the three ports are connected to 50 cm long rect-
angular channels mimicking the experimental tubing. A pressure gradient of 1 kPa is simulated between the
far end of the tube connected to the cell entry port P1 (4 kPa) and the tube connected to the perfusion port P2
(3 kPa), while the far end of the tube connected to the outlet port P3 is kept at atmospheric pressure (0 kPa). (B)
Zoomed-in image showing a simulation of the horizontal and vertical pressure gradients across the microchan-
nel array, demonstrated by the dashed rectangle in (A), for two different configurations: all microchannels are
open (left) and all microchannels are clogged (right).
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Figure S2.3: QR codes for cell squeezing videos HT1080 and MV3.
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Figure S2.4: Fluorescence images showing nuclear shapes of HT1080 and MV3 cells stained with Hoechst,
before and after migrating through a constriction region. Pillars with constriction regions are indicated with
white dashed circles. Zoomed-in views of nuclei indicated with red rectangles on the left are shown on the
right. Scale bars are 25µm.
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Figure S2.5: Distribution of Effective Young’s moduli of adherent HT1080 cells, MV3 cells, and MV3 cells treated
with cytochalasin D on glass, measured by microindentation using a probe with a spherical tip of radius 3µm.
Data are represented as box plots. The red lines represent the median values. (***) = p < 0.001 and (n.s.) =
nonsignificant. n=23-31 for all conditions.
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Figure S2.6: Strain measurements for MV3 cells in response to Cytochalasin D treatment using the microfluidic
cell deformability device. Histograms comparing the strain S for control MV3 cells (light green) and MV3 cells
treated with cytochalasin D (dark green), binned for cell diameter D0. Red dotted lines depict the theoretical
strain S∗ in the limit of volume conservation, calculated using Eq. (5) and inserting the largest D0 for each bin
(eg. D0 = 16µm for 15-16 bin. (ns) = nonsignificant. Error bars are SEM.

Figure S2.7: Vimentin expression levels in HT1080 and MV3 cells. Boxplot showing intensities of the vimentin
bands in a Western Blot for HT1080 (purple) and MV3 (green) cells, relative to GAPDH. The red lines indicate
the median. (***) = p < 0.001. For each condition, n = two biological replicates, each subtracted from three
different background spots, resulting in n = 6. Full blots are provided in S2.9.
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Figure S2.8: Cell size distributions measured by an automated cell counter. Binned cell sizes for MV3 cells (A)
and HT1080 cells (B). Bin size = 1µm, n = 408 cells per cell line.

Figure S2.9: Full size Western Blots for probing vimentin expression levels in HT1080 and MV3 cells. Immunos-
tained bands for (A) vimentin and (B) GAPDH, (C) and a picture of the blot showing the protein plus ladder.

Figure S2.10: Regression graphs with linear fits for strain vs. size for (A) HT1080 with a linear fit of y = 0.10718x
with R2 = 0.98, (B) MV3 with a linear fit of y = 0.0924x with R2 = 1 and (C) MV3 cells with Cytochalasin D
treatment with a linear fit of y = 0.09963x with R2 = 0.95
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Figure S2.11: Immunocytochemistry on HT1080 (top row) and MV3 (bottom row) cells for actin (green, second
column), vimentin (magenta, third and fourth column) and merged with nuclear staining (blue, first column).
Scalebars are 25 micrometer. White boxes indicate areas used for zoom images.

Figure S2.12: Immunocytochemistry on HT1080 (top row) and MV3 (bottom row) cells for nuclei (blue, second
column), lamin A/C (cyan, third and fourth column) and merged with actin staining (green, first column).
Scalebars are 25 micrometer. White boxes indicate areas used for zoom images.
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Figure S2.13: Confined cell migration microfluidic experiment in arrays of pillars, with MV3 cells treated with
10 10 micromolar Acetazolamide. Time-lapse images show merge between bright-field channel (gray) and
fluorescent channel for cytoplasm (green). Top left corners show corresponding time-stamps.

Figure S2.14: Distribution of Effective Young’s moduli of adherent MV3 cells treated with cytochalasin D (CD)
and Latrunculin A (LA) on glass, measured by microindentation using a probe with a spherical tip of radius
3µm. Data are represented as box plots. The red lines represent the median values. (n.s.) = nonsignificant.
n=24 for MV3 CD and n=14 for MV3 LA.



3
EMT-RELATED CELL-MATRIX

INTERACTIONS ARE LINKED TO

CELL UNJAMMING

Epithelial-to-mesenchymal transitions (EMT) and unjamming transitions provide two
distinct pathways for cancer cells to become invasive, but it is still unclear to what ex-
tent these pathways are connected. Here we addressed this question by performing 3D
spheroid invasion assays on epithelial-like (A549) and mesenchymal-like (MV3) cancer
cell lines in collagen-based hydrogels, where we varied both the invasive character of the
cells and the matrix porosity. We found that the onset time of invasion was correlated with
the matrix porosity and vimentin levels, while the spheroid expansion rate correlated with
MMP1 levels. Spheroids displayed solid-like (non-invasive) states in small-pore hydrogels
and fluid-like (strand-based) or gas-like (disseminating cells) states in large-pore hydro-
gels and for mesenchymal-like cells. Our findings are consistent with different unjamming
states as a function of cell motility and matrix confinement predicted in recent models for
cancer invasion, but show that cell motility and matrix confinement are coupled via EMT-
related matrix degradation. 1

1This chapter is co-authored with Zaid Rahman, Ankur D. Bordoloi, Iain Muntz, Peter ten Dijke, Pouyan E.
Boukany, and Gijsje H. Koenderink and was published in iScience (2024).
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3.1. INTRODUCTION

D ISSOCIATION of cancer cells from the primary tumor followed by invasion through
the local tumor microenvironment (TME) is a crucial first step during metastasis

of solid tumors. These first stages of invasion are often achieved through epithelial-to-
mesenchymal transitions (EMT) that promote cell motility [108] and they are influenced
by the composition of the TME. The TME has distinctive cellular components, includ-
ing cancer-associated fibroblasts (CAFs) and immune cells, as well as non-cellular com-
ponents, including cytokines, growth factors, and a unique organization of extracellu-
lar matrix (ECM) [109]. Tumor cells and CAFs remodel the ECM in the TME, generally
turning the fibrous networks from healthy tissues into denser and stiffer matrices with
smaller pores [110]. The resulting dysregulated ECM poses physical challenges for the
invading tumor cells, as the cells have to tightly squeeze their nuclei while preventing
excessive DNA damage [25, 111].

To deal with a wide variety of dysregulated tissue organizations in the TME, tumor
cells are known to adapt their phenotype and associated migration strategy in response
to their local environments. Tumor cells that migrate individually can adopt three main
modes of migration, which can be categorized by their dependency on cell-matrix ad-
hesions and actomyosin contractility. Cancer cells performing mesenchymal migration
pull themselves forward on matrix fibers relying on matrix adhesions and cell contrac-
tility. In low-adhesion or high-density tissues, cancer cells can migrate through either
amoeboid or lobopodial migration and increase their deformability [111]. Next to these
individual cell motility modes, cancer cells can also switch to multicellular migration
modes. This collective migration strategy is linked to increased survival in the blood-
stream and higher metastatic potential [10]. The phenotypic plasticity of cancer cells
enables switches between these different migration strategies in response to changes in
ECM confinement and stiffness [112, 113], oxygen and energy deprivation [114] and cy-
tokines [115].

While the role of intracellular signaling pathways (such as responses to TGF-β, epider-
mal growth factor, or cytokines released from CAFs) and the expression of EMT markers
[116, 117] in cancer cell invasion are relatively well studied, the molecular mechanisms
behind migration mode switches in response to different TMEs remain poorly under-
stood [118]. The increasing attention for the biophysical aspects of tumor invasion in
recent years has revealed that matrix confinement, determined by ECM protein density
and porosity, is an important regulator of cell migration mode switches [112, 7, 119].
Mechanistically, the link between ECM confinement and cancer cell invasion has been
explained by describing tumors as active liquid crystalline materials that undergo solid-
to-liquid-like transitions during jamming conversions [120, 111] that are determined by
cell-cell adhesions and ECM confinement [121]. Lattice-gas cellular automaton simu-
lations suggested a theoretical jamming phase diagram that describes how variations
in both cell-cell adhesions and ECM density (and hence confinement) determine un-
jamming transitions from a state where no invasion occurs (solid-like phase) towards



3.1. INTRODUCTION 53

collective cell invasion (liquid-like phase) or individual cell invasion (gas-like phase)
[121]. Later agent-based simulations predicted a non-equilibrium phase diagram that
describes these unjamming transitions in terms of ’cell motility’ and ’matrix density’
[122].

While this conceptual framework is appealing, it is complicated by the fact that these
two variables, cell motility and ECM confinement, are not independent. They are cou-
pled since cancer cells can actively modify the ECM composition and architecture, while
conversely the ECM can induce changes in cell motility [123]. Cancer cells adhere to
the ECM via integrin receptors, activating intracellular signalling pathways that trigger
cellular responses such as ECM deposition and the release of matrix metalloproteases
(MMPs) [14, 121]. MMPs are proteolytic enzymes secreted by cancer cells to break down
ECM proteins such as collagen, forming proteolytic tracks that facilitate cancer cell inva-
sion [15]. In addition, upregulation of collagen deposition by tumor cells (and CAFs) can
also promote cell invasion with the formation of specialized anisotropic migration tracks
[124, 125]. These complex events together contribute to an abnormal ECM composition,
structure and stiffness, which in turn influences cell invasion [126, 109]. In addition,
these changes in the ECM alter other cellular characteristics such as cell proliferation,
differentiation and cell mechanics, all of which also impact cancer initiation and pro-
gression [127, 128, 129, 130]. Changes in ECM stiffness and porosity can affect the mode
of migration of cancer cells [15, 131] and their invasion capacity [132, 133, 129, 134, 135].
Moreover, the ECM can also affect cell migration through the storage and release of
growth factors [136], such as the latent form of transforming growth factor-β (TGF-β)
[137, 138, 139]. TGF-β is a well-known cytokine found in the TME that triggers the up-
regulation of proteins associated with a mesenchymal state such as vimentin, and the
down-regulation of epithelial protein markers such as E-cadherin, promoting cell motil-
ity and invasion through EMT [140, 141]. Furthermore, TGF-β also stimulates the release
of MMPs from cancer cells, promoting the formation of proteolytic tracks that promote
invasion [15]. The role of TGF-β in tumor invasion is a clear example of the dynamic
reciprocity of cell-ECM interactions during invasion.

Although much work has been done on elucidating the different matrix properties that
influence cancer cell invasion, the reported correlations can be inconsistent. For exam-
ple, increased matrix stiffness correlates with enhanced invasion in 3D in vitro models
of epithelial cancers in 64% of the studies, but it is also negatively correlated in 36% of
the studies [142]. This variability is probably due to the diversity in experimental setups.
Especially the time scale over which invasion is monitored is likely important, since inva-
sion is a highly dynamic process. Because of these inconsistencies, there are still many
open questions about the roles of matrix properties in invasion, especially in combi-
nation with reciprocal cell-ECM interactions, where cell motility and matrix properties
change in concert. To gain a better understanding of how cell-matrix interactions control
cell invasion, we need cellular in vitro model systems that decouple interconnected ma-
trix properties such as stiffness and porosity [143], differentiate between different stages
of invasion, and analyse how matrix remodelling and cell signalling impact unjamming
phase transitions during invasion.
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In this study, we aimed to understand the effect of mechanochemical coupling be-
tween matrix confinement and cell motility on tumor invasion. For this, we analysed
the invasion efficiencies and migration modes of melanoma and lung cancer cells in 3D
spheroid-hydrogel assays. We related these phenotypic characteristics to protein lev-
els of EMT markers (vimentin and E-cadherin) and MMPs and to the different states of
unjamming that describe invasion behaviour [122]. To tune matrix confinement over a
wide range, we used two types of hydrogels, natural collagen (bovine type I) and semi-
synthetic gelatin methacrylate (GelMA), at different concentrations. GelMA matrices
contain pore sizes that are substantially smaller (≃ 10 nm range) than average cell bod-
ies (≃ 10µm range) so cell motility requires matrix degradation [144, 145]. By contrast,
the pore sizes of collagen type I matrices (≃ micrometric) allow for cell motility through
a combination of cell squeezing and matrix degradation. We systematically compared
the invasive capacity of epithelial-like cancer cells (A549, lung adenocarcinoma) and
mesenchymal-like, highly metastatic cells (MV3 melanoma). Furthermore, we explored
how cell-mediated matrix degradation influences invasion trends, by studying cancer
cell invasion upon TGF-β or MMP inhibitor treatments. We used a broad spectrum
MMP-inhibitor (Batimastat, BB-94), which binds to various metalloproteases including
collagenases (MMP-1) and gelatinases (MMP-2, MMP-9), to inhibit cleavage of collagen
type I and GelMA hydrogels used in this study [146]. Using a new image analysis method
to analyze the spatiotemporal characteristic of spheroid invasion, we demonstrate that
the onset of spheroid invasion is regulated by initial matrix confinement and vimentin,
while the rate of invasion and unjamming state correspond with MMP1 levels. Our find-
ings reveal that EMT-regulated cell-ECM mechanochemical interactions play an impor-
tant role in 3D spheroid unjamming transitions.

3.2. METHODS

CELL CULTURE

MV3 human male melanoma cells which were three times xenografted in nude mice
and selected for highly-metastatic behaviour [66] (a kind gift from Peter Friedl, Radboud
University Nijmegen), were cultured in DMEM-F12 (Dulbecco’s Modified Eagle Medium,
Thermo Scientific) supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher)
and 1% penicillin/streptomycin (Thermo Fisher). A549 human male lung adenocarci-
noma cells (CCL_185, ATCC) were cultured in DMEM (Gibco, #41965039), and supple-
mented with 10% FBS (Gibco) and 1% Antibiotic-Antimycotic solution (Gibco). All cells
were incubated at 37°C and 5% CO2, passaged at 80-90% confluency, and sub-cultured
2-3 times per week.

SPHEROID FORMATION

Spheroids were grown in a commercially available CorningT M ElplasiaT M 96-well plate
for high-throughput spheroid production. These well plates are round-bottom with an
Ultra-Low Attachment (ULA) surface that prevents cell-surface attachment and promotes
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cell-cell adhesion. We used an initial seeding density of 40 × 103 cells (500 cells per
micro-well) for each well to produce 79 spheroids. Spheroids were ready to use after
4 days of culture in the wells and had an average diameter of approximately 200 ±30µm
for both cell lines (Fig. S3.25). We restricted the spheroid diameter to less than 250µm to
avoid a necrotic core.

HYDROGEL PREPARATION

Bovine hide collagen type I (purity≥ 99.9%, Advanced Biomatrix) stock solutions (3 mg/mL
and 10 mg/mL in 0.01 N HCL) were used to prepare 2.4 mg/mL and 8 mg/mL collagen
gels, respectively. The collagen was made isotonic by adding 12.5 v/v% of 10x Phosphate
Buffered Saline (PBS, Thermo Fisher) to collagen. In addition, 0.1 M sodium hydroxide
was added to bring the pH to 7.4. All solutions were kept on ice. Pre-cooled Milli-Q
(MQ) was added to bring the final collagen concentration to either 2.4 or 8 mg/mL. Fi-
nal collagen dilutions were vortexed for 30 seconds and polymerized at 37° C in an µ-
slide 8-well (Ibidi) for at least 45 minutes. Gelatin methacryloyl (GelMA) was purchased
from Sigma Aldrich (300g bloom, 60% degree substitution). GelMA retains the thermo-
reversibility of gelatin [147], but the methacrylic anhydride groups can undergo covalent
cross-linking under UV light (365 nm) in the presence of a photoinitiator. We used 3 and
5 wt% GelMA with a 1:16 mass ratio of photoiniator (Lithium phenyl-2,4,6- trimethyl-
benzoylphosphinate, LAP; Sigma Aldrich). LAP and GelMA were dissolved together in
Dulbecco’s Phosphate Buffered Saline (DPBS; Gibco) at 37° C in a water bath for about
2 hours. The hydrogel was crosslinked using a UV-lamp (Spectroline, Serial no. 1832066)
at a wavelength of 365 nm for 45 s.

3D SPHEROID INVASION ASSAYS

Spheroids were embedded in collagen gels by a sandwich protocol adapted from [148].
First, collagen gel layers of 80µL were polymerized in µ-Slide 8 well chambers (ibidi)
for 45 minutes at 37° C. Next, spheroids were transferred from the culture plate onto
the collagen layers by carefully pipetting them (to avoid spheroid disruption) in culture
medium. Spheroids were incubated on the collagen gel for 30 minutes to ensure attach-
ment. Next, culture medium was pipetted out of the chambers and collagen layers of
100µL were added on top of the spheroids and polymerized for 45 minutes at 37° C. After
polymerization, 200µL of cell culture medium was added to the spheroid-collagen gels,
which were then incubated at 37° C and 5% CO2. For spheroids embedded in GelMA, we
pipetted 125µL of GelMA/spheroid suspension in a well of the µ-Slide 8-well chambers
(ibidi). We then exposed the µ-Slide to 45 s of UV-light (365 nm) using a lamp, followed
by addition of 200µL culture medium.
Recombinant TGF-β (stock concentration 5µg/mL was diluted in culture medium to a
final concentration of 10 ng/mL, selected based on previous work [149, 150]. Batima-
stat (BB-94) broad spectrum MMP-inhibitor (stock concentration 1 mM) from Abcam
was diluted to 30µM in culture medium. This concentration has also been used in prior
work [151, 152] and we verified by live-dead staining that this dose showed no cytotoxic
effects on A549 spheroids after 24 hours of incubation. The supplemented media were
added to the respective ibidi wells with spheroids embedded in hydrogels before incu-
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bation and imaging. Any cancer spheroids that made contact with the glass substrate
or the side walls of the µ-Slide (ibidi) were excluded from analysis. Spheroid invasion
was monitored using a Colibri Axio Observer 7 inverted microscope under bright-field
settings with a 5x/NA 0.16 air objective for time-lapse imaging (multiple positions) at a
time interval of 1 hr. MV3 spheroid invasion imaging was restricted to 24 hrs, while A549
spheroid invasion - which was slower - was imaged until 72 hrs. All experiments were
conducted at 37° C, 90% humidity and 5% CO2 using a stage top incubator (ibidi).

RHEOLOGY

Shear rheology of hydrogels was performed on a Kinexus pro+ rheometer (Malvern, UK),
using a 20 mm stainless steel parallel plate and 0.5 mm gap. The collagen samples were
pipetted on the bottom plate, which was held at 4° C using a Peltier system, the top
plate was immediately lowered, and the temperature was set at 37° C to induce colla-
gen polymerization. The GelMA samples were pipetted on the bottom plate at 37° C
and were crosslinked using a UV lamp (Spectroline, Serial no. 1832066) for 45 seconds
at 365 nm wavelength at a fixed distance of 2 cm from the sample. Immediately after
crosslinking, the top plate was lowered. Mineral oil was added around the sample edge
to prevent solvent evaporation. During and after polymerization, small amplitude os-
cillatory shear was applied to the hydrogels with a constant strain amplitude (0.5%) and
frequency (1 Hz) to measure the storage shear modulus (G’) and loss shear modulus (G”),
which correspond to the elastic and viscous components of the complex shear modulus,
respectively.

IMAGE AND DATA ANALYSIS FOR 3D SPHEROID INVASION ASSAYS

We developed a custom-made MATLAB script to detect the spheroid boundary and dis-
seminated single cells in bright-field time-lapse image series of invading spheroids. We
first adjusted the image brightness and contrast using the MATLAB command ’imsharpen’.
We then created a binary gradient mask by adjusting the image segmentation thresh-
old to detect discontinuities in brightness using the derivative of a Gaussian filter. This
threshold value was optimized for each set of bright-field images. The binary gradient
mask outlined the identified object, which was then post-processed to smoothen and
dilate using the MATLAB command ’imdilate’. This dilated gradient mask finally under-
went the ’fill hole’ process using the MATLAB command ’imfill’. The spheroid boundary
(outlined in red in Fig. S3.9) was detected by MATLAB command ’bwboundaries’ that
identifies exterior boundaries. From the boundary, we calculated the spheroid area and
effective circular radius. To account for variations in initial spheroid size, we normalized
the effective circular radius by its initial value at t = 0. Single dissociated cells were iden-
tified with the same threshold parameters (highlighted in green, see Fig. S3.9). In case
individual cells were already present at t = 0, we subtracted these from the cell count at
the end of the assay (24 hrs for MV3, 72 hrs for A549). Note that the cell counts likely
underestimate the actual cell number since the limited contrast of the images made it
difficult to distinguish whether cells close to the spheroid boundary had dissociated.
To identify multicellular protrusions of MV3 and A549 spheroids and determine their
lengths, we developed another MATLAB script. First we converted 2D bright-field im-
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ages from the Cartesian coordinate system (x,y) to a polar coordinate system (θ, r ). Next
we detect protrusions as peaks relative to the average spheroid radius (highlighted in
cyan, see Fig. S3.9C, D). The protrusion length analysis was performed on images ob-
tained at the end time point of each experiment (t = 24 hrs for MV3, t = 72 hrs for A549).
The average protrusion length was used as a criterion to distinguish between a solid-like
phase (length below 25µm) versus a liquid-like state (length above 25µm).

WESTERN BLOT ANALYSIS

For ’2D Western Blot’ analysis (i.e., Western Blots for cells in 2D cell culture), bovine type
I collagen (Procol, Advanced Biomatrix, 3 mg/mL) was diluted 1:100 with MilliQ water
and pipetted into six-well plates (Thermo Fisher) to cover the surface and left to incubate
for 2 hours at room temperature. The collagen coatings were washed twice with PBS.
Next, MV3 cells (300,000/well) and A549 cells (400,000/well) were seeded in the coated
plates in culture medium under control conditions 2µL/mL DMSO) or with recombinant
TGF-β at 10 ng/mL (stock concentration 5 ng/µL) or Batimastat at 30 µM (stock concen-
tration 1 mM, BB-94/Abcam). After 48 hrs (or 1 hour for SMAD activity tests), cells were
washed with PBS, lysed with cold radioimmunoprecipitation buffer (RIPA, 100µL/well,
Thermo Fisher) and transferred to Eppendorf tubes. Lysed samples were agitated at 4° C
for 30 minutes and stored at -20° C. For 3D spheroid invasion Western Blot analysis, 3D
invasion assays were made as described above with n=4 and incubated for 72 hrs at 37° C
and 5% CO2. After 72 hrs, collagen gels were removed from the wells with a spatula and
collected in pairs in 15 mL tubes with 450 µL of PBS. For each tube, 150 µL of 80 mg/mL
collagenase (C0130, Sigma Aldrich) was added and the tubes were incubated and ag-
itated at 37°C for 3 minutes to degrade the collagen. Next, each tube was filled with
8400 µL of PBS and centrifuged for 5 minutes at 250 rcf at 4° C. Next, supernatant was
removed and cell pellets were lysed in 100 µL RIPA buffer.

Laemmli buffer (2x, Bio-rad) and 4% β-mercaptoethanol (Sigma Aldrich) were added
to the lysed samples, which were incubated at 95° C for 5 minutes. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with Mini PRO-
TEAN TGX gels (Bio-rad) using 100 V for 1.5 hours. Western Blotting was executed with
a Trans-Blot Turbo Transfer System (Bio-rad) and Trans-Blot Turbo Mini 0.2µm PVDF
Transfer Packs (Bio-rad). The membranes were blocked in 5% Bovine Serum Albumin
(BSA, Thermo Fisher) in phosphate buffered saline (PBS, company) overnight. Mem-
branes were stained with primary antibodies: rabbit anti-SMAD2 (1:1000, #5339, Cell
signaling), rabbit anti-pSMAD2 (1:1000, kind gift from Peter ten Dijke [153]), rabbit anti-
MMP1 (1:1000, #54376, Bioke), mouse anti-MMP2 (1:1000, #436000, Thermo Fisher),
rabbit anti-E-cadherin (1:1000, #ab40772, Abcam), mouse anti-vimentin (1:2000, #ab8978,
Abcam), rabbit anti-SNAIL (1:1000, #3879T, Bioke), rabbit anti-ZEB1 (1:1000, #3396T,
Bioke) and rabbit anti-GAPDH (#CST2118S, Bioke) in 5% BSA overnight on a shaker at
4° C. Membranes were washed thrice with 0.1% Tween (Sigma Aldrich) in PBS (PBS-T)
on a shaker, and incubated for 3-5 hours with secondary antibodies: rabbit anti-mouse
HRP (#ab97051, Abcam) and goat anti-rabbit HRP (#ab6728, Abcam), 1:5000 in PBS-T.
Afterwards, membranes were washed thrice with PBS-T and imaged with an enhanced
luminol-based chemiluminescent substrate kit (Thermo Fisher) on a gel imager (Bio-
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rad).

IMMUNOCYTOCHEMISTRY

Spheroid invasion assays were fixated with 4% formaldehyde (Thermo Fisher) in PBS
for 15 minutes, washed three times with PBS and permeabilized with 0.5% Triton-x 100
(Sigma Aldrich) in PBS for 3 minutes. Spheroids were first blocked in 3% BSA at 4° C
overnight and subsequently incubated in 1.5% BSA/PBST with chicken anti-vimentin
(ab24525, Abcam) 1:200 at 4° C overnight. After primary incubation, spheroids were
washed three times with PBST and incubated with goat anti-chicken 488 (ab150169, Ab-
cam) 1:1000 and Hoechst 33342 (Thermo Fisher) 1:1000 in PBST for 6 hours at room tem-
perature. Spheroids were washed three times with PBST before imaging. The spheroids
were imaged on a Stellaris 8 confocal microscope (Leica), equipped with a supercontin-
uum white light laser, 405 nm laser and three hybrid detectors. Imaging was performed
with the 405 laser, a 488 nm laser line and a 20x/0.75 air objective.

PORE SIZE AND VOID FRACTION ANALYSIS OF HYDROGELS

Collagen and GelMA hydrogels were prepared in µ-Slide 8 well chambers and were im-
aged by confocal reflectance on a Stellaris 8 confocal microscope (Leica), equipped with
a white light laser and a hybrid detector (HyDS), using a 488 nm laser line and a 63x
magnification objective (1.3 NA, glycerol immersion) at room temperature. We recorded
Z-stacks starting at 100µm above the glass surface over a total depth of 30µm with a 2µm
step size. For the collagen networks, we used a custom-made python script [154, 155],
which implements the bubble method to measure the sizes of the pores in between col-
lagen fibers (see Fig. S3.2). Confocal images were denoised using the total variation
minimization method [156] on a slice-by-slice basis. A local threshold was then applied
to obtain a binary confocal stack. The Euclidean distance map was determined, rep-
resenting the distance to the nearest fiber at each point in the image, and a Gaussian
filter was applied with a standard deviation of 5 pixels to the Euclidean distance map.
Finally, the local maxima of the Euclidean distance map were determined, which rep-
resent the furthest distance from a fiber in the image. We selected these distances as
half of the pore size. The average pore size was calculated of three replicates for each
concentration (n=3). The GelMA hydrogels with their nanometric pores were too dense
to be able to directly measure the pore size distribution. Instead, we performed a void
fraction analysis on maximum intensity projections of confocal reflectance microscopy
Z-stacks of GelMA and collagen hydrogels made in Fiji [157]. The images were adjusted
for brightness and contrast by maximum intensity projection. The adjusted images were
then converted to a binary image using the ’Make Binary’ function in Fiji with white (1)
pixels corresponding to hydrogel fibers and black (0) pixels corresponding to the voids.
We determined the void fraction as the ratio of black pixels to white pixels.

GELMA HYDROGEL PERMEABILITY ANALYSIS

Permeability analysis was performed on GelMA hydrogels (30 mg/mL and 50 mg/mL) to
estimate their pore size. The permeability, K , of a hydrogel can be obtained from Darcy’s
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Law by estimating the flow velocity of tracer particles through the material. To measure
the flow velocity, we used a microfluidic platform equipped with three channels, where
the middle channel was filled with GelMA hydrogel and crosslinked by a UV-light source
(365 nm)[150]. The top and bottom channels were operated using a pressure pump de-
vice to create a pressure gradient that drives the flow through the hydrogel channel at
room temperature. The microfluidic chip was mounted on a Zeiss Axio Observer 7 mi-
croscope equipped with an ORCA Flash 4.0 V2 (Hamamatsu) digital camera with a reso-
lution of 2048 × 2048 pixels. We used Rhodamine B dye (Merck Sigma) (1% v/v solution
in 1X Dulbecco’s Phoshate Buffer Solution from Sigma Aldrich) as a tracer particle. After
applying a pressure gradient∆P = 20 mbar, the displacement of the dye front was tracked
by time-lapse imaging with a time interval of 30 seconds. Imaging was performed using
543 nm LED (excitation/emission: 543 nm/568 nm) at 30% intensity and 1.58 s expo-
sure time, and a 5x (NA 0.16/Air) objective. The images were then converted into 8-bit
color images using ImageJ [157]. A line was drawn in the direction of the flow to obtain
a histogram of the fluorescence intensity as a function of distance. The fluorescence in-
tensity is tracked by identifying the distance (pixel value × pixel length (0.62µm) value
at which the mean intensity of fluorescence is zero. This position was recorded for the
next 10 consecutive images at 30 second intervals. The difference between two consec-
utive images is divided by the time interval between images to obtain the flow velocity.
Averaging for each pair of consecutive images thus gives the average flow velocity. From
the measured velocity, we computed the hydraulic permeability of the GelMA hydrogels
using the Darcy equation:

v = (∆P ×K )/(L×µ), (3.1)

where µ is the fluid velocity across the hydrogel (m/s),∆P is the pressure gradient across
the hydrogel (Pa), L is the length of the hydrogel channel in the direction of the flow
(m), K is the hydraulic permeability (m2), and µ is the fluid dynamic viscosity (10−3

Pa.s). We recovered an average permeability of 2.36 × 10−16 m2 for 30 mg/mL GelMA
and 1.29 × 10−16 m2 for 50 mg/mL GelMA. The corresponding pore sizes, calculated as
the square root of the permeability, were 1.54 nm for 30 mg/mL GelMA and 1.14 nm for
50 mg/mL GelMA (for a detailed summary see Table 3.1).

STATISTICAL ANALYSIS

Statistical analysis was performed with Origin. Statistical details of experiments are found
in the figure legends and method details. P-value results from t-tests are indicated by:
(ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001.

3.3. RESULTS

DESIGN AND CHARACTERIZATION OF THE 3D SPHEROID INVASION MODEL

To identify the impact of ECM confinement on the invasion of cancer cells with different
metastatic potentials, we performed 3D spheroid invasion assays using two different hu-
man cancer cell lines and two different types of hydrogels. MV3 (melanoma) cells were
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Figure 3.1: Characterization of the 3D spheroid invasion model. A) Schematic showing the distinctive features
of MV3 melanoma cells and A549 lung adenocarcinoma cells. MV3 cells are mesenchymal-like, with high
vimentin expression (++VIM) and low E-cadherin expression (-ECAD), whereas A549 cells are epithelial-like,
with lower vimentin (+VIM) and high E-cadherin (++ECAD) expression and more cell-cell interactions. B)
Structural characterization of the ECM-mimicking hydrogels. (i) Photograph of the four hydrogels in an ibidi
8-well slide (without spheroids), scale bar is 10 mm. The collagen hydrogels are more turbid than the GelMA
hydrogels because of the larger width of collagen fibers as compared to GelMA strands. Confocal reflection
images of collagen at concentrations of (ii) 2.4 mg/mL and (iii) 8 mg/ml. Scale bars are 25µm. Permeability
analysis of GelMA (30 mg/mL) based on fluorescence images of Rhodamine B dye (red) at (iv) t = 0 and (v)
t = 10 min, performed in a microfluidic chip, scale bar is 200µm. We inferred the hydraulic permeability from
the distance travelled by the dye under a pressure gradient of 20 mbar (top to bottom) using Darcy’s law. C)
Storage shear moduli (G’) of collagen and GelMA hydrogels obtained by rheology measurements. D) Pore sizes
of collagen and GelMA hydrogels, obtained by image analysis and permeability analysis, respectively.

chosen as they are highly metastatic and mesenchymal-like, in contrast to the epithelial-
like character of A549 (lung carcinoma) cells (see schematic in Fig. 3.1A). We confirmed
the mesenchymal and epithelial features of the two cell lines by bright-field imaging of
the cell morphology (see Fig. S3.1A) and Western blot analysis of the protein levels of
E-cadherin and vimentin (see Fig. S3.1B,C). For hydrogel systems, we chose collagen
type I and GelMA hydrogels, because of their contrasting fibrous open-mesh network
structure versus dense confining microenvironment, respectively (Fig. 3.1Bi). Two dif-
ferent concentrations for each type of hydrogel were characterized for stiffness and for
the pore size and corresponding fiber density. Measurements of the storage modulus
(G ′) from small amplitude oscillatory shear rheology showed that the hydrogels covered
a wide range of storage moduli from 101 Pa to 103 Pa (see Fig. 3.1C). Note that these
values correspond to Young’s moduli E = 2G(1+v), which are approximately three times
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larger in magnitude. Pore size measurements were conducted through analysis of confo-
cal microscopy reflection images for collagen networks (Fig. 3.1Bii,iii and Fig. S3.2) and
through permeability measurements for GelMA hydrogels (Fig. 3.1Biv,v and Table 3.1).
The GelMA hydrogels had pore sizes in the ≃ 10 nanometer range, two orders of magni-
tude smaller than the micrometric pores of collagen hydrogels (Fig. 3.1D). Furthermore,
for both hydrogel types, the pore size decreased with increasing biopolymer concen-
tration (30 mg/mL versus 50 mg/mL for GelMA; 2.4 mg/mL versus 8 mg/ml for colla-
gen). As an independent test of matrix porosity, we also compared the fiber densities
of the four hydrogels by measuring the void fraction in confocal reflection microscopy
images. These estimations showed that the hydrogels with the smaller pores indeed had
the highest matrix fiber densities (see Fig. S3.3). These results demonstrate that the
ECM-mimicking hydrogels in this study offer a wide range of levels of cell confinement,
from full confinement of cells in GelMA hydrogels to partial confinement of cells in the
collagen hydrogels.

SPHEROID INVASION DEPENDS ON MATRIX CONFINEMENT AND ON CELL TYPE

To understand the impact of matrix confinement (i.e., pore size) on the ability of the cells
to invade, we performed invasion assays by bright-field imaging of 200µm diameter can-
cer spheroids embedded in hydrogels at the spheroid equator. For MV3 spheroids in low
density (2.4 mg/ml) collagen, we observed substantial cell invasion already by t = 8 hours
(hrs), and even more invasion after 24 hrs (Fig. 3.2A). After 24 hrs, the spheroid was par-
tially disintegrated, leaving an intact spheroid core surrounded by many disseminated
individual cells. Therefore, we limited the MV3 invasion assay to 24 hrs. In a denser
(8 mg/ml) collagen hydrogel, the MV3 spheroids showed a similar invasion pattern (Fig.
S3.4A). In 30 mg/mL GelMA hydrogels, the MV3 spheroids also showed an isotropic in-
vasion pattern, but invasion was delayed and the cells reached less far into the gel (Fig.
3.2B). In 50 mg/mL GelMA gels, we could not observe any signs of invasion on a 24 hrs
time scale (Fig. S3.4B).

The A549 spheroids showed a very different invasion behavior as compared to MV3
spheroids. Even in the least confining hydrogel (2.4 mg/mL collagen), the A549 spheroids
remained compact and developed only a small number of multicellular protrusions from
sites that were non-uniformly distributed around the spheroid periphery. Also, there
were much fewer disseminated cells (Fig.3.2C). The A549 spheroids furthermore showed
a much longer onset time for invasion (t ≈ 24 hrs) compared to the MV3 spheroids
(t ≈ 8 hrs) in the same matrix. To allow sufficient time for cell invasion, we therefore
performed 72 hrs of time-series imaging for A549 spheroids. In denser collagen hy-
drogels (8 mg/mL) and GelMA hydrogels (30 mg/mL and 50 mg/mL), A549 spheroids
showed hardly any protrusions nor disseminated cells even after 72 hrs (Fig.3.2D for
30 mg/mL GelMA and Fig. S3.5 for 8 mg/mL collagen and 50 mg/mL GelMA). These
findings demonstrate that the mesenchymal-like MV3 cells are more invasive than the
epithelial-like A549 cells and that matrix density impacts invasion in both cases.
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Figure 3.2: MV3 and A549 spheroid invasion in collagen and GelMA matrices. Bright-field microscopy images
of spheroids at different time intervals for 24 hrs invasion of a MV3 spheroid in A) collagen (2.4 mg/mL) and
B) GelMA (30 mg/mL), and for 72 hrs invasion of an A549 spheroid in C) collagen (2.4 mg/mL) and D) GelMA
(30 mg/mL). Scale bars are 200µm. Time evolution of the normalized effective circular radius of E) MV3 and F)
A549 spheroids, for different matrix compositions (see legend on top). Horizontal black dashed lines indicate
the onset time for invasion, defined as the time where the normalized radius reaches a value of 1.1. Data are
averages with standard deviations of N = 4-10 spheroids (from n = 2 independent experiments). Insets in E)
and F) show the onset time (tons ) of invasion in the different matrices (same color code as main plots).

To quantify the effects of cell type and matrix density on spheroid invasion, we tracked
the spheroid periphery for each time point through automated image analysis of the
bright-field time-lapse images. To account for varying spheroid shapes and initial sizes,
we computed the effective circular radius normalized by its initial value at t = 0 hr. For
the MV3 spheroids, we found a clear trend of decreasing cell invasion with decreasing
matrix pore size, going from 2.4 mg/mL collagen to 8 mg/mL collagen and to 30 mg/mL
GelMA and finally to 50 mg/mL (Fig. 3.2E). In the densest hydrogel (50 mg/mL GelMA),
no appreciable invasion took place. The A549 spheroids showed the same trend as MV3
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spheroids as a function of matrix pore size and likewise showed complete inhibition of
invasion in 50 mg/mL GelMA (Fig. 3.2F). These invasion trends strongly suggest that the
matrix pore size is an important determinant of the spheroid invasion capacity. Com-
pared to pore size, the matrix storage modulus appeared to have less predictive value of
the amount of invasion, as a higher storage modulus (30 mg/mL GelMA < 2.4 mg/mL
collagen < 50 mg/mL GelMA < 8 mg/mL collagen) did not correlate with invasion ca-
pacity for either cell line. It is also interesting to note that the GelMA (50 mg/mL) gel
had a rather low storage modulus of just G ′ = 200Pa, yet showed complete inhibition of
invasion for both cancer cell types.

INCREASED MATRIX CONFINEMENT DELAYS THE ONSET OF CELL INVASION

The invasion time curves clearly showed a delay time before measurable spheroid inva-
sion occurred, followed by a steady increase of normalized spheroid radius (Fig. S3.6).
To quantify this delay, we defined the onset time for invasion (tons ) as the time point at
which spheroids achieved a 10% increase in normalized radius, shown by the horizontal
dashed lines in Fig. 3.2E,F. For MV3 spheroids in collagen, the delay time was shortest
(tons = 3 hrs) in 2.4 mg/mL collagen, somewhat longer (tons = 5 hrs) in 8 mg/mL colla-
gen, and even longer (tons = 11.5 hrs) in 30 mg/mL GelMA (inset of Fig.3.2E). For A549
spheroids, the onset times were always longer than for MV3 spheroids, but there was
a similar trend of increasing onset time with decreasing pore size, from tons = 15 hrs for
2.4 mg/mL collagen, to tons = 24 hrs for 8 mg/mL collagen, and tons = 57 hrs for 30 mg/mL
GelMA (inset of Fig.3.2F). In 50 mg/mL GelMA, neither the MV3 nor the A549 spheroids
ever reached the threshold of a 10% increase in normalized spheroid radius. Based on
these results, we conclude that the matrix porosity affects the invasion capacity of the
spheroids by controlling the onset time of invasion.

MMP-MEDIATED MATRIX DEGRADATION PROMOTES SPHEROID INVASION

Since matrix porosity strongly impacted the invasion capacity of the spheroids, we hy-
pothesized that MMP secretion might be an important determinant of the invasion ca-
pacity. To test this hypothesis, we decided to tune the ability of the cells to degrade the
matrix by using treatments with TGF-β to promote MMP secretion [158, 159]. Bright field
imaging showed that TGF-β strongly promoted invasion of MV3 spheroids in 8 mg/mL
collagen (Fig. 3.3A, left). After 24 hrs, the spheroid was disintegrated, with a partially
diminished spheroid core. We observed an even more drastic effect for MV3 spheroids
in 2.4 mg/mL collagen, where TGF-β treatment resulted in spheroid disintegration al-
ready after 10 hrs and caused the spheroid core to sink to the bottom of the well (Fig.
S3.7A). For MV3 spheroids in GelMA (30 mg/mL), we observed a less drastic effect of
TGF-β addition (Fig. 3.3A, right). After 24 hrs, the spheroid core did not disintegrate,
but we did observe invasion and the presence of individual disseminated cells. For A549
spheroids, we observed qualitatively similar effects of TGF-β treatment. In 2.4 mg/mL
collagen, spheroid invasion now was already substantial after 24 hrs, with a completely
disintegrated spheroid core that sunk to the bottom of the well (Fig. S3.7B). In denser
(8 mg/mL) collagen and in GelMA (30 mg/mL), the A549 spheroids displayed protrusions
into the matrix but without any individual cell dissemination (Fig.3.3B). For both cell
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Figure 3.3: Spheroid invasion in different matrices in the presence of either TGF-β or the broad-spectrum
MMP-inhibitor Batimastat. Bright field images of spheroids after invasion (24 hrs for MV3 spheroids, 72 hrs for
A549 spheroids) for TGF-β-treated A) MV3 spheroids and B) A549 spheroids, and Batimastat-treated C) MV3
spheroids and D) A549 spheroids. In all cases, data are shown for spheroids in 8 mg/mL collagen (left) and
in 30 mg/mL GelMA (right). Scale bars are 200µm. Time evolution of normalized effective circular radius of
the spheroids for E) MV3 spheroids in collagen (8 mg/mL), F) MV3 spheroids in GelMA (30 mg/mL), G) A549
spheroids in collagen (8 mg/mL) and H) A549 spheroids in GelMA (30 mg/mL). Horizontal black dashed lines
indicate the onset time for invasion, defined as the time where the normalized radius reaches a value of 1.1.
Data are averages with standard deviations of N = 5− 10 spheroids in 2 independent experiments. Insets:
invasion onset times (tons ).

types, TGF-β treatment was ineffective to produce invasion in 50 mg/mL GelMA hydro-
gels (Fig. S3.8). These findings are consistent with our hypothesis that MMP-mediated
degradation can promote spheroid invasion in dense matrices, but only up to a point.

Conversely, to test the effect of reduced MMP-mediated matrix remodelling, we re-
peated the spheroid invasion assays in the presence of the broad-spectrum MMP-inhibitor
Batimastat [160, 161]. Bright field imaging showed a subtle effect on MV3 spheroids in
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8 mg/mL collagen, where MMP-inhibitor treatment resulted in shorter cellular protru-
sions and fewer disseminated individual cells as compared to control conditions (Fig.
3.3C left). A similar behavior was seen for MV3 spheroids in 2.4 mg/mL collagen (see
Fig. S3.7A). The effect of the MMP-inhibitor was more pronounced for MV3 spheroids in
GelMA (30 mg/ml), where invasion was completely inhibited over the 24 hrs time win-
dow of observation (Fig. 3.3C right). For the A549 spheroids, MMP-inhibitor treatment
completely suppressed spheroid protrusions and cell dissemination, both in collagen
hydrogels (Fig. 3.3D left and Fig. S3.7B) and in GelMA hydrogels (Fig. 3.3D right).

To quantify the observed effects of TGF-β and MMP-inhibitor treatments on invasion,
we again measured the normalized spheroid radii as a function of time. Compared to
control conditions, TGF-β treatment increased invasion of MV3 spheroids, as quanti-
fied by the final spheroid size, by 38% in collagen (8 mg/mL) and by 29% in GelMA
(30 mg/mL) (Fig. 3.3E). In 2.4 mg/mL collagen, we observed a 20% increase in final
spheroid size compared to control conditions, but we note that in this case we only
quantified invasion up to 14 hrs since the TGF-β treatment caused spheroid disintegra-
tion and sedimentation (Fig. S3.7C). By contrast, MMP-inhibition reduced invasion of
MV3 spheroids as quantified by the final spheroid size, by 15% in 8 mg/mL collagen,
36% in 30 mg/mL GelMA, and 34% in 2.4 mg/mL collagen (Fig. S3.7C). The effects of the
drugs were similar for A549 spheroids. TGF-β treatment increased invasion (after 72 hrs)
by 14% in 8 mg/mL collagen (Fig. 3.3G) and by 10% in 30 mg/mL GelMA (Fig. 3.3H)
compared to control conditions. By contrast, MMP-inhibition reduced invasion by 4%
in 8 mg/mL collagen, 7% in 30 mg/mL GelMA (Fig. 3.3G, H), and 38% in 2.4 mg/mL
collagen (Fig. S3.7D). These findings show that MMP-mediated degradation promotes
spheroid invasion in dense matrices (for both cell types) and that it is absolutely required
for invasion in dense GelMA gels that present pores smaller than the cell size.

MMP ACTIVITY AFFECTS THE INVASION ONSET TIME MORE STRONGLY IN

GELMA THAN IN COLLAGEN

Since we found that confinement influences invasion by delaying the onset time, we
tested whether the TGF-β and MMP-inhibitor treatments change tons . For MV3 spheroids
in 8 mg/mL collagen, we observed a trend of reduced onset time with TGF-β treatment
(tons = 4 hrs) and increased onset time with MMP inhibition (tons = 5.5 hrs) compared to
the control condition (tons = 5 hrs), but the differences were not statistically significant
(inset of Fig. 3.3E). For MV3 spheroids in 2.4 mg/mL collagen, we similarly observed a
slight increase in onset time (tons = 3 hrs) with MMP inhibition compared to control and
TGF-β treated spheroids (both tons = 2 hrs) (insets of Fig. S3.7C, D). For MV3 spheroids
in 30 mg/mL GelMA, TGF-β treatment significantly reduced the onset time (tons = 8 hrs)
compared to control conditions (tons = 11.5 hrs), while MMP-inhibition resulted in com-
plete inhibition of invasion (inset of Fig. 3.3F). Thus, MV3 spheroid invasion into this
dense matrix was dependent upon MMP-mediated degradation. In 50 mg/mL GelMA
the MV3 spheroids never invaded, even when TGF-β was added to upregulate MMP ex-
pression (Fig. S3.8C).
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Figure 3.4: Expansion rates of MV3 spheroids. We determined the expansion rates by fitting the increase in
normalized spheroid radius with time (symbols) to a power law (black lines) over the indicated temporal range.
We compare MV3 spheroid invasion behavior under A) control conditions with B) TGF-β treatment and C)
MMP-inhibitor treatment. In each case, data are shown for different matrix compositions (see legend on top).
Note that in panel C, we did not include MV3 spheroids in 30 mg/mL GelMA since there was no measurable
invasion. Data are averages with standard deviation of N = 4−10 spheroids for each condition performed in 2
independent experiments.

For A549 spheroids in 8 mg/mL collagen, we observed a stronger effect of TGF-β treat-
ment on the invasion onset time (tons = 11.5 hrs) compared to control conditions (tons = 24
hrs) than for MV3 spheroids (inset of Fig. 3.3G). However, MMP-inhibition did not sig-
nificantly change the onset time (tons = 21 hrs). In 2.4 mg/mL collagen, MMP-inhibition
did have a major influence on the onset time, increasing it from tons = 5 hrs to tons = 30
hrs (Fig. S3.7D). For A549 spheroids in 30 mg/mL GelMA, we did not see a significant
difference between the onset time with TGF-β (tons = 53 hrs) versus control conditions
(tons = 47 hrs), but MMP-inhibition completely suppressed invasion (inset of Fig. 3.3H).
This finding again shows that invasion into the dense GelMA networks requires MMP-
mediated remodelling. In 50 mg/mL GelMA, TGF-β-treatment caused a slight (2%) in-
crease in final normalized spheroid radius compared to control and MMP-inhibited spheroids
(Fig. S3.8D) and a small reduction of the onset time (tons = 57 hrs) compared to con-
trol and MMP-inhibited conditions (tons = 67.5 hrs and 68 hrs, respectively, inset of Fig.
S3.8D).

MMP-MEDIATED REMODELLING IMPACTS SPHEROID EXPANSION RATES

The TGF-β and MMP-inhibitor treatments strongly affected the final spheroid radii yet
only minimally affected the invasion onset time, particularly in collagen. To understand
this discrepancy, we analyzed the rate of expansion of the spheroids after the onset of
invasion. We determined the expansion rates as the power-law slopes of the normalized
radius versus time curves. Note that we did not perform any expansion rate analysis for
MV3 and A549 spheroids in 50 mg/mL GelMA, since invasion was negligible under these
conditions. For MV3 spheroids in collagen, the spheroid radius reached a plateau value
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around t = 20 hrs (Fig. 3.4), likely due to dissociation of cells from the spheroid that are
not included in the normalized spheroid radius (Fig. S3.9). We therefore determined the
expansion rate over an intermediate time range between the onset time and the time
where the normalized radius saturated (Fig. S3.6). For A549 spheroids, the equivalent
circular radius showed a steady increase until 72 hrs since there was little to no dissoci-
ation of cells, so we calculated the expansion rate from the onset of invasion till the end
time-point (Fig. S3.10). The spheroid expansion rates measured under all the different
conditions are summarized in Table 3.1.

The expansion rate of the MV3 spheroids was enhanced by TGF-β treatment (Fig.
3.4B) and reduced by MMP-inhibition (Fig. 3.4C) as compared to control conditions
(Fig. 3.4A). The expansion rate of the A549 spheroids was similarly impacted by TGF-β
and MMP-inhibitor treatments. Strikingly, for both cell types, the spheroid expansion
rate in control conditions was independent of matrix composition, showing compara-
ble values in collagen (2.4 mg/mL and 8 mg/mL) and in GelMA (30 mg/mL). The ex-
pansion rate for MV3 spheroids was about two-fold higher than for A549 spheroids, as
expected based on their more mesenchymal-like character. Upon TGF-β treatment, the
spheroid expansion rates significantly increased for both cell types, by about 1.5-fold for
MV3 spheroids and 2-fold for A549 spheroids. The relative increase for MV3 spheroids
was highest in 8 mg/mL collagen, while for A549 spheroids it was highest in 2.4 mg/mL
collagen, showing a cell type-dependent factor. By contrast, MMP-inhibition caused a
1.7-fold reduction of the spheroid expansion rates for both A549 and MV3 spheroids in
both collagen matrices (2.4 mg/mL and 8 mg/mL). In GelMA (30 mg/mL), there was no
detectable invasion at all in MMP-inhibited conditions. Altogether, this analysis demon-
strates that the expansion rate of the spheroids is strongly dependent on MMP-mediated
matrix remodelling for both cell types. In collagen hydrogels, MMP-mediated matrix re-
modeling speeds up invasion but is not a prerequisite. However, in GelMA hydrogels,
MMP-mediated matrix degradation is a prerequisite for invasion.

TGF-β AND MMP INHIBITOR TREATMENTS AFFECT EXPRESSION OF EMT
MARKERS

The MV3 and A549 spheroids showed a similar sensitivity to MMP inhibitors, but a slightly
different sensitivity to TGF-β treatment. The response to TGF-β likely is a combined ef-
fect from multiple upregulated cellular processes besides enhanced MMP expression.
To test the effects of the TGF-β as well as MMP inhibitor treatments on these phenotypic
changes, we used Western blot analysis to measure the levels of MMPs and EMT marker
proteins, specifically vimentin as a mesenchymal marker and E-cadherin as an epithelial
marker. For both cell lines, TGF-β treatment resulted in significantly upregulated levels
of MMP1 (Fig. 3.5A, fold changes ~3) and MMP2 (Fig. 3.5B, fold changes ~4 and ~3)
compared to the control samples. The TGF-β increased MMP2 much more than MMP1,
which is consistent with a recent study showing that in mouse models of melanoma and
lung cancer, TGF-β-induced Smad3 upregulation acts as a transcriptional activator for
MMP2[162]. At the same time, TGF-β treatment increased vimentin expression (Fig.
3.5C, fold change of ~1.3) and reduced E-cadherin expression (Fig. 3.5D, fold change
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MV3 spheroid expansion rates

2.4 mg/mL collagen 8 mg/mL collagen 30 mg/mL GelMA

Control 0.26 [0.24 – 0.27] 0.29 [0.28 – 0.31] 0.29 [0.28 – 0.31]

TGF-β treated 0.34 [0.33 – 0.36] 0.51 [0.49 – 0.55] 0.44 [0.40 – 0.48]

MMP-inhibited 0.17 [0.16 – 0.18] 0.17 [0.16 – 0.19] NA

A549 spheroid expansion rates

Control 0.15 [0.14 – 0.16] 0.14 [0.13 – 0.14] 0.1 [0.1 – 0.2]

TGF-β treated 0.37 [0.35 – 0.39] 0.19 [0.19 – 0.2] 0.23 [0.21 – 0.25]

MMP-inhibited 0.07 [0.07 – 0.08] 0.08 [0.07 – 0.08] NA

Table 3.1: Expansion rates quantified as power law slope values (unit: hrs−1) obtained from normalized
spheroid radius [-] versus time (hrs) curves for control, TGF-β-treated and MMP-inhibited MV3 and A549
spheroids in different hydrogel compositions. The table represents the average slope value for spheroids in
collagen (2.4 and 8 mg/mL) and GelMA (30 mg/mL) with upper and lower limit of error (in square brackets).
NA (not applicable) means no slope analysis was performed since no invasion was observed (MMP-inhibited
MV3 and A549 spheroids in 30 mg/mL GelMA).

of ~0.4) in A549 cells, confirming that TGF-β treatment induces an EMT switch in these
epithelial-like cells. For MV3 cells, TGF-β treatment did not affect vimentin expression
(Fig. 3.5C) nor E-cadherin expression (Fig. 3.5D), confirming that these cells are intrinsi-
cally already mesenchymal-like and therefore less affected by TGF-β treatment than the
A549 cells. The mechanism of action of TGF-β is through activation of the SMAD path-
way [139]. To test activation of this pathway and its intrinsic activity in the two cell lines,
we analyzed phosphorylated SMAD2 (pSMAD2) levels in response to 1 hr TGF-β treat-
ment by Western blot analysis. We observed a clear upregulation of pSMAD2 in response
to TGF-β treatment in both cell lines, while the SMAD2 level remained constant (see Fig.
S3.13). This confirms that TGF-β treatment activated the SMAD pathway and that the
intrinsic activity of the SMAD pathway in both cell lines was at a similar level that could
be upregulated by TGF-β.

Interestingly, the MMP-inhibitor also caused changes in protein expression in both
cell lines. MMP inhibition reduced the expression levels of MMP1 and MMP2 (Fig. 3.5A,B)
and decreased vimentin expression levels (Fig. 3.5C) in A549 cells compared to control
conditions. However, MMP-inhibited MV3 cells showed no significant change in MMP2
and vimentin protein expression and only showed significant difference in MMP1 pro-
tein expression. MMP inhibition also reduced E-cadherin expression for A549 cells (Fig.
3.5D), with a fold change of ~0.3 compared to control. Consistent with the reduction
in E-cadherin levels in A549 cells by MMP inhibitor and TGF-β treatment, bright-field
imaging showed that the drug-treated cells were more individual with less contact with
neighboring cells compared to control conditions (see Fig. S3.14). In addition, we con-
firmed that these effects were related to EMT by testing for the expression levels of EMT
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Figure 3.5: Western blot analysis of EMT marker protein expression in MV3 and A549 cells, showing the im-
pact of TGF-β stimulation and MMP inhibition. Protein levels normalized by the GAPDH levels for MV3 cells
(white, left side) and A549 cells (black, right side) treated with DMSO (control conditions), TGF-β, or the broad
spectrum MMP inhibitor Batimastat, for A) MMP1, B) MMP2, C), vimentin (VIM), and D) E-cadherin (ECAD).
P-value results from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001. Each con-
dition depicts one biological sample (n = 1) with three data points based on different background subtractions.
The other three biological replicates (total of n = 4) showed similar trends (Fig. S3.11A and Fig. S3.12A,B). We
emphasize that the compared band intensities are always from the same blots, which are shown in their en-
tirety in Fig. S3.11C,D and Fig. S3.12B.

transcription factors SNAIL and ZEB1 in response to TGF-β and MMP inhibition (Fig.
S3.15). In summary, the Western blot data confirm that TGF-β and MMP-inhibitor treat-
ments alter MMP-levels in opposite directions and show that both treatments also im-
pact EMT processes, especially in A549 cells.
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Figure 3.6: Heat map representations showing the correlation of invasion onset times and spheroid expansion
rates with MMP1 and vimentin protein expression levels for MV3 and A549 spheroids. A) Dependence of the
invasion onset time (indicated by the number (in units of hrs) in each square and the color code, see color bar
on the right) on hydrogel pore size (y-axis) and expression level of MMP1 (x-axis). B) Corresponding heat map
with the expression level of vimentin (x-axis). Note that spheroids that did not invade during the time frame
of the assay are shown in black. C) Dependence of the spheroid expansion rate (indicated by the number (in
units of hrs−1) in each square and the color code, see color bar on the right) on hydrogel pore size (y-axis) and
expression level of MMP1 (x-axis). D) Corresponding heat map with the expression level of vimentin on the
x-axis. Data for MV3 spheroids (white) symbols above the heat maps) and A549 spheroids (black symbols) and
for different treatment conditions (see symbol shapes) were pooled. Protein expression levels were normalized
by the GAPDH levels.

INVASION ONSET AND SPHEROID EXPANSION RATE ARE CORRELATED WITH

MATRIX POROSITY AND LEVELS OF EMT MARKERS

The quantitative analysis of spheroid invasion showed that matrix porosity is a major
determinant of the onset of cancer cell invasion. At the same time, the Western blot
analysis suggests that the EMT status and MMP expression levels of the cells are also
major determinants of invasion. MV3 cells were consistently more invasive than A549
cells, consistent with their higher basal levels of MMPs and the mesenchymal marker
protein vimentin. TGF-β treatment made both MV3 and A549 cells more invasive, by
upregulating MMP and vimentin expression while downregulating E-cadherin expres-
sion. Conversely, MMP inhibition made the cells less invasive by blocking MMP activ-
ity while also changing EMT marker expression. To study the interplay between matrix
porosity and cell invasiveness, we prepared heat map representations to correlate the
invasion onset times and the spheroid expansion rates with the cellular levels of EMT
markers (x-axis) and with the hydrogel pore size (y-axis). Because the heat maps com-
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bine data retrieved from the 3D spheroid invasion assays (invasion onset times, spheroid
expansion rates and hydrogel pore size) with Western Blot measurements from 2D cell
cultures, we checked that the treatments had a consistent effect on the cellular levels of
EMT-markers in the 3D spheroid invasion assays. We validated that the treatments in-
deed had similar effects on E-cadherin (Fig. S3.16) and vimentin (Fig. S3.17) expression
levels. The color code in the heat maps encodes the invasion onset time (Fig. 3.6A,B) and
the spheroid expansion rate (Fig. 3.6C,D). Note that we combined the data for A549 and
MV3 cells (distinguishable by symbol color) and for DMSO (control), TGF-β and MMP
inhibitor treatments (distinguishable by symbol shape).

The heat maps reveal that the invasion onset time is mainly determined by matrix
confinement, with a progressively longer delay as the pore size becomes smaller (Fig.
3.6A,B). In the densest 50 mg/mL GelMA hydrogels, spheroid invasion is even fully blocked
under most conditions (black squares). Higher vimentin levels were correlated with
shorter invasion onset times (Fig. 3.6B). By contrast, we did not observe any clear cor-
relation with invasion onset time for the other tested EMT markers, MMP1 (Fig. 3.6A),
MMP2 (Fig. S3.18A) and E-cadherin (Fig. S3.18B).

The heat maps further reveal that the spheroid expansion rate was rather insensi-
tive to matrix confinement, except at the smallest pore sizes (50 mg/mL GelMA), where
spheroid expansion was blocked (Fig. 3.6C,D). By contrast, the spheroid expansion rate
strongly increased with increasing expression levels of MMP1 enzymes (Fig. 3.6C). The
expansion rates did not show any clear correlation with the levels of vimentin (Fig. 3.6D),
MMP2 (Fig. S3.18C) or E-cadherin (Fig. S3.18D). Altogether, the heat maps therefore re-
veal an intriguing interplay of cellular properties and matrix porosity in determining the
onset of invasion and the spheroid expansion rate.

3.4. DISCUSSION

Here we studied how matrix porosity and cell motility parameters, specifically EMT sta-
tus, together determine tumor invasion by quantitative analysis of 3D spheroid invasion
in collagen-based hydrogels. We found that matrix confinement and cell motility have
distinct effects on the initiation of invasion and the subsequent rate of spheroid expan-
sion. Matrix confinement and the vimentin expression level of the cells were the main
determinants of the onset time of invasion. Larger pores and higher vimentin expression
levels promoted the onset of spheroid invasion. By contrast, the spheroid expansion
rates were rather insensitive to changes in matrix confinement except in dense GelMA
gels, which completely blocked invasion. The insensitivity of the expansion rate to pore
size could potentially be due to cell-mediated matrix remodeling, which may facilitate
cell invasion by providing empty space or guiding collagen bundles. The spheroid ex-
pansion rate did depend on the MMP1 expression level, suggesting that MMP-mediated
matrix degradation aids cell migration and/or cell survival into the matrix. Recent stud-
ies have explored the role of other tumor microenvironment components, for instance
showing how fibroblasts in a 3D bio-printed breast cancer model upregulate proteolytic
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degradation by tumor cells [163]. Additionally, signaling pathways originating from mechan-
otransduction events revealed a distinct 3D EMT gene signature characterized by extra-
cellular matrix remodelling in 3D culture using collagen- and GelMA-based hydrogels
[164]. It will be interesting in future studies to analyse the roles of different matrix remod-
elling mechanisms, including matrix degradation, matrix deposition, matrix crosslink-
ing, and active remodeling by actomyosin-based traction forces. Although matrix stiff-
ness is often described as a factor that influences cell invasion [142, 165], the invasion
measurements in our assays did not demonstrate any clear dependence on the elastic
shear modulus of the hydrogels. However, in this work we did not research stiffness as
an independent variable, which limits our understanding of its role. Therefore, follow-
up research is needed that also examines local mechanics, as spheroids and invading
single cells are known to generate traction forces onto matrices that induce stiffening,
while degradation can soften the ECM [166]. Viscoelasticity of matrices is also known
to affect collective strand formation and EMT processes [167]. In our hydrogel charac-
terization, measurements of the viscoelasticity of the matrices showed predominantly
solid-like behavior (G ′ >G ′′) of our hydrogels.

Previous studies of spheroid invasion for MCF-10A and MDA-MB-231 breast cancer
cells showed that spheroids show different states of unjamming that depend on cell
motility and matrix density [112, 122]. Jammed spheroids do not invade and are con-
sidered to be in a solid-like state. Spheroids can unjam to a fluid-like state character-
ized by collectively invading cell strands or to a gas-like state characterized by dissoci-
ation of cells that then migrate individually [121]. In addition to these clearly distinct
phases, spheroids can also exist in transitional or in-between phases [168, 122]. To test
whether this unjamming framework also applies to MV3 and A549 spheroids, we classi-
fied the spheroids as solid-like, fluid-like or gas-like based on the morphological appear-
ance of the spheroids at the end point of the experiments (t = 24 hrs for MV3 spheroids,
t = 72 hrs for A549 spheroids). Since fluid-like spheroid states are characterized by mul-
ticellular strands protruding into the matrix, we developed an image analysis method
to detect multicellular protrusions and measure their length (Fig. S3.19). We classified
spheroids as fluid-like when the average protrusion length was above 25µm. We chose
this cut-off value since spheroids in their initial state at t = 0 occasionally showed ap-
parent protrusions up to this length. Since gas-like spheroid states are characterized by
dissociated individually migrating cells, we furthermore measured the number of dis-
sociated cells for all spheroids. We classified spheroids as gas-like when the individual
cell count was above 10. Spheroids with protrusion lengths below 25µm and no dis-
seminated cells were classified as solid-like. We found that MV3 spheroids sometimes
showed co-existence between a liquid-like phase (with long multicellular protrusions)
and a gas-like phase (with many dissociated cells), especially in collagen (8 mg/mL) and
in GelMA (30 mg/mL) (Fig. S3.20) in control condition. However, when MV3 spheroids
were treated with MMP-inhibitor in collagen (8 mg/mL) and GelMA (30 mg/mL), spheroids
only existed in a liquid-like phase (cell count below 10) (Fig. S3.21). Similar analysis was
performed for A549 spheroids in control and treated (TGF-β and MMP-inhibitor) con-
ditions to determine the different unjamming states in collagen and GelMA hydrogels
(Fig. S3.22). For future research, it would be interesting to complement this analysis
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with high-resolution 3D imaging of the shapes of the cells (and cell nuclei) within the
spheroids, since these have been shown to correlate with (un)jamming [169].

We then constructed a phase diagram of the 3D spheroid invasion states in terms of
the degree of matrix confinement (pore size) and the MMP1 expression level of the cells
(Fig. 3.7). Spheroids in matrices with high confinement (small pores) and low cellu-
lar MMP1 levels showed solid-like behaviour (blue squares). With increasing MMP1 ex-
pression levels, spheroids in collagen (2.4 mg/mL and 8 mg/mL) and GelMA (30 mg/mL)
unjammed, initially to a liquid-like state (red squares), and eventually to a gas-like state
(yellow squares). Spheroids in GelMA (50 mg/mL) remained solid-like irrespective of the
MMP1 expression level. The unjamming phase diagram is qualitatively very similar to
earlier unjamming phase diagrams reported for breast cancer cells [112, 122]. However,
instead of the ‘cell motility‘ parameter used in earlier studies, we find that the MMP1
expression level is an important determinant of spheroid invasion. The MMP1 expres-
sion level depends on cell type (being higher in the mesenchymal-like MV3 cells than
in the epithelial-like A549 cells). Additionally, it can be tuned in both cell types through
TGF-β and MMP-inhibitor treatments, which change the levels of MMP1 and other EMT-
markers (vimentin and E-cadherin). Because unjamming transitions and EMT both de-
scribe the behaviour of immotile multicellular structures that gain motility, the question
has been raised in what way these two processes are related [170]. In epithelial mono-
layers, it was shown that unjamming transitions can operate without EMT [171]. Our
findings suggest that in 3D tumoroid invasion, EMT is coupled to unjamming, because
the transition to a more mesenchymal state enables cells to proteolytically degrade the
matrix and thus reduce confinement. Compared to previous experimental studies of
spheroid unjamming [112, 172], which used only collagen gels, we achieved stronger
confinement by additionally using GelMA gels with nanometric pores. This allowed us
to identify a new regime in the phase diagram, where cells that are in principle highly
motile (with high MMP1 and vimentin levels) undergo a jamming transition and turn
solid-like again. Moreover, MV3 cells under control and TGF-β-treated conditions in
30 mg/mL GelMA often showed amoeboid-like behaviour, characterized by cells migrat-
ing with a round morphology and blebbing (see Fig. 3.7, orange square). This behavior
suggests the presence of a fourth (or transitional) spheroid phase, in which high ma-
trix confinement pushes highly motile cells towards an amoeboid migration mode be-
fore jamming. This behaviour is consistent with described mesenchymal-to-amoeboid
transitions of (cancer) cells in response to narrow microchannels [173, 174] and confin-
ing micropatterns [7]. Moreover, a recent study reported that human melanoma cells
in dense microenvironments migrate via bleb-driven degradation of extracellular ma-
trix components rather than by the conventional proteolytic degradation[175]. It will
be interesting to further explore this tentative amoeboid-like migration phase for high
confinement and high cell motility in more detail with high-resolution microscopy and
carefully tuned GelMA concentrations just below and above 30 mg/mL.

Our data are suggestive that TGF-β stimulation may drive spheroid unjamming by up-
regulating the expression level of MMP1. However, we acknowledge that the TGF-β path-
way has pleiotropic effects and controls many other cellular characteristics [176]. For in-
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Figure 3.7: Phase diagram describing (un)jamming states of MV3 and A549 cell spheroids in terms of the degree
of matrix confinement (which depends on matrix type and concentration) and MMP1 expression level (which
depends on cell type and treatment condition). Images were ranked along the x-axis by the MMP1 expression
level, as quantified by Western blot analysis. Spheroids were classified as gas-like (yellow squares) when more
than 10 cells dissociated from the spheroid during the experimental time window, liquid-like (red squares)
when the spheroids developed protrusions longer than 25µm, and solid-like (blue squares) otherwise. Amoe-
boid behavior (transitional phase) is shown in orange square for MV3 spheroids in GelMA (30 mg/mL). Images
are bright-field images taken at t = 72 hrs (A549) and t = 24 hrs (MV3). Scale bar is 200µm

stance, TGF-β has been reported to affect cell-matrix adhesions by downregulating inte-
grins [177] and enhance cellular traction forces during cell invasion [178, 179]. Confocal
reflection microscopy images of MV3 spheroids in collagen (2.4 mg/mL) at the endpoint
of invasion experiments (t = 24 hrs) indeed indicated that TGF-β treatment not only en-
hanced matrix degradation, but also activated cellular traction forces, as evidenced by
densified and aligned collagen fibers (Fig. S3.23). We note that the collagen images also
revealed that the MV3 spheroids exerted larger traction forces on the matrix than A549
spheroids, as indicated by radially oriented collagen fibers around the MV3 spheroids as
opposed to more uniform collagen networks around A549 spheroids [180]. These differ-
ences in the mechanical cell-matrix interplay could also have impacted spheroid inva-
sion, as tensile forces on collagen are known to influence the onset of invasion [181]. To
test whether the effects of TGF-β treatments in our invasion assays were indeed driven by
changes in MMPs, we performed invasion experiments with A549 spheroids embedded
in GelMA (30 mg/mL) that were pretreated with Batimastat and subsequently treated



3.4. DISCUSSION 75

with TGF-β (Fig. S3.24). Pretreatment with MMP-inhibition blocked invasion, which
further supports our proposal that TGF-β upregulates invasion mainly through MMP
upregulation. These findings are also consistent with other studies that have shown that
MMP-inhibitor pretreatment leads to blockage of the TGF-β -induced invasion potential
in breast cancer cells [159]. To our surprise, MMP inhibition in the epithelial-like A549
cells resulted in reduced E-cadherin levels compared to control conditions. Because E-
cadherin levels can also be affected by compressive forces in 2D [182], we validated that
the effects of the TGF-β and Batimastat treatments on E-cadherin levels were similar in
the 3D spheroid invasion assays by analysing E-cadherin levels of 3D spheroid invasion
assays with Western Blot (Fig. S3.16). The E-cadherin levels responded similarly to the
treatments in 2D and 3D, showing that the observed effects were not due to compressive
forces and/or cell-matrix interactions. MMPs, including MMP1 and MMP2, have been
shown to induce EMT by regulating E-cadherin levels [183, 184, 185]. Several MMPs are
associated with E-cadherin cleavage and the soluble E-cadherin extracellular domain
that results from cleavage was found to promote cancer invasion by in turn increasing
MMP production [184, 186]. MMP-mediated E-cadherin cleavage is also found down-
stream of TGF-β activation, providing a pathway for reduced E-cadherin levels in TGF-
β-treated A549. However, the downregulation of E-cadherin levels in response to MMP
inhibition was unexpected, and to the best of our knowledge not previously reported. We
propose this effect could be an interesting direction for future research to further eluci-
date the mechanisms behind MMP inhibitors, which so far failed in the clinic for cancer
treatments [184].

In this work, we did not distinguish between invasion by cell migration versus cell
proliferation. Proliferation could play a role in setting the onset time for invasion, as it
can increase spheroid packing densities and increase the active forces of cells that reg-
ulate solid-to-liquid transitions [187]. Furthermore, the initiation of invasion has been
linked to solid tumor growth [188]. Tumor proliferation and invasion are interconnected
processes and changes in proliferation could have impacted the normalized spheroid ra-
dius over time [189]. To improve our understanding of the contribution of proliferation
in invasion, follow-up studies could measure proliferation rates or proliferation could be
blocked by adding chemical agents or cell synchronization [190], although these agents
might cause undesired effects on the cells such as replication stress or increased cell
death [191].

While jamming-unjamming transitions have become a well-established framework
to explain cancer invasion, the underlying biological mechanisms are poorly under-
stood. Recent studies have revealed possible mechanisms that impact plasticity path-
ways. For instance, the ERK1/2 pathway triggers cell motility and results in invasive
strands of collectively invading cells [120]. Also mechanosensitive pathway was iden-
tified whereby cellular confinement directly causes deformations of the cell nuclei ac-
companied by chromatin remodelling [192]. Here we showed evidence that EMT is also
a mechanism involved in 3D unjamming transitions by regulating cell-matrix interplay.
This is in line with earlier findings that reported EMT-independent unjamming transi-
tions in 2D monolayers [171]. Our findings demonstrate that the vimentin expression
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level impacts the onset time of spheroid unjamming, while the MMP1 expression level
impacts the subsequent spheroid expansion rate and associated unjamming transitions.
Understanding the biological mechanisms behind unjamming transitions is beneficial
for cancer patients, as unjamming is considered a predictor for distant metastasis [193].
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Figure S3.1: Cell morphology and Western Blot analysis for A549 and MV3 cancer cells. A) Bright-field im-
ages of the cells cultured on collagen-coated 6-well dishes. A549 cells (top panel) show clustering, which is a
characteristic of cells expressing high levels of E-cadherin (epithelial marker). MV3 cells (bottom panel) show
individual spindle-shaped cells with mesenchymal-like features. Scale bar is 250µm. B) Western Blot analysis
of A549 and MV3 cells for E-cadherin (ecad) expression levels, normalized to α-tubulin expression, showing
that A549 cells are more epithelial-like than MV3 cells. C) Corresponding Western Blot analysis for vimentin
expression levels, showing that MV3 cells express significantly more vimentin than A549 cells.P-value results
from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001.

Repeat Average velocity Hydraulic permeability (m2) Pore size (nm)
GelMA (30 mg/mL)

1. 0.54 2.43 × 10−16 15.58
2. 0.51 2.29 × 10−16 15.13
3. 0.53 2.38 × 10−16 15.42

GelMA (50 mg/mL)
1. 0.28 1.26 × 10−16 11.22
2. 0.32 1.44 × 10−16 12.00
3. 0.26 1.17 × 10−16 10.81

Table 3.1: Average pore size estimated from hydraulic permeability measurements for GelMA hydrogels with
concentrations of 30 mg/mL (15.3 ± 0.18 nm) and 50 mg/mL (11.3 ± 0.5 nm). The permeability was deter-
mined from the average flow velocity of Rhodamine B dye measured in permeation experiments performed in
a microfluidic chip at a pressure gradient of 20 mbar.
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Figure S3.2: Binarized confocal microscopy reflection images of collagen networks with concentrations of
2.4 mg/mL (left) and 8 mg/mL (right) with fitted bubbles (red circles), to determine the pore size distribu-
tion. The x- and y-axes indicate the length scale in pixels.

Figure S3.3: Hydrogel fiber density measurements based on confocal reflectance images. Binarized maximum
intensity projections of confocal Z-stacks composed of 16 slices at 2µm intervals for hydrogels of A) collagen
(2.4 mg/mL), B) collagen (8 mg/mL), C) GelMA (30 mg/mL) and D) GelMA (50 mg/mL). E) Fiber density (black
to white pixel ratio) measurements for hydrogels. Data are averages with standard deviations for 3 repeats.
Scale bar is 25µm.
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Figure S3.4: MV3 spheroid invasion in collagen and GelMA matrices. Bright-field images of MV3 spheroids
at 8 hr time intervals in A) 8 mg/mL collagen and B) 50 mg/mL GelMA at t = 0, 8, 16 and 24 hrs. Scale bars
are 200µm. MV3 spheroids invaded into the collagen network, as seen from the spheroid protrusions and
presence of disseminated single cells, but did not invade in the GelMA hydrogel.
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Figure S3.5: A549 spheroid invasion in collagen and GelMA matrices. Bright-field images of A549 spheroids
at 24 hr time intervals in A) 8 mg/mL collagen and B) 50 mg/mL GelMA. Scale bars are 200µm. The A549
spheroids had an irregular shape with occasional protrusions. Over time, the spheroid boundary remained
rather smooth and the spheroids uniformly expanded in size without the formation of protrusions or dissoci-
ation of single cells.
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Figure S3.6: Definition of invasion onset time and spheroid expansion, illustrated for MV3 spheroids. The
effective circular radius of MV3 spheroids normalized by its initial value is tracked as a function of time for
spheroids in collagen and GelMA hydrogels (see legend). The invasion onset time is defined as the time point
where the normalized radius reaches a value of 1.1 (indicated by the arrows and the horizontal dashed line).
The expansion rate was defined as the power-law slope of the spheroid growth curves after the onset of inva-
sion. Since the growth curves plateaued at long time due to the dissociation of cells from the spheroid (dashed
circle), the curves were fitted within the time range enclosed within the solid ellipse. The maximum time for
the fit range was taken as the time point where the difference in normalized spheroid radius became less than
0.01 between two successive time points.
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Figure S3.7: Effect of TGF-β and MMP-inhibitor treatments on spheroid invasion in collagen (2.4 mg/mL).
A) Bright field images of MV3 spheroids treated with TGF-β (left, t = 9 hrs) and with MMP-inhibitor (right, t
= 24 hrs). B) Bright field images of A549 spheroids treated with TGF-β (left, t = 24 hrs) and MMP-inhibitor
(right, t = 72 hrs). Scale bars in A,B are 200µm. C) Increase in spheroid radius with time for MV3 spheroids
under control, TGF-β, and MMP inhibition conditions (see legend). D) Corresponding data for A549 spheroids.
Horizontal dashed lines in C,D denote the threshold value for the normalized radius of 1.1 defined as the onset
of invasion. Insets show the invasion onset times in control and treated conditions. Neither treatment affected
the onset time of invasion much, except for MMP-inhibited A549 spheroids, where invasion was drastically
delayed. Note that upon TGF-β treatment, the spheroid cores eventually disintegrated and sedimented to the
bottom glass surface. In this condition we therefore only tracked invasion up to t = 14 hrs for MV3 spheroids
and up to t = 24 hrs for A549 spheroids.
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Figure S3.8: Effect of TGF-β and MMP-inhibitor treatments on spheroid invasion in GelMA (50 mg/mL). A)
Bright field image of a MV3 spheroid treated with TGF-β at t = 24 hrs. B) Bright field image of an A549 spheroid
treated with TGF-β at t = 72 hrs. Neither the MV3 nor the A549 spheroids showed protrusions or single cell
dissemination, despite the TGF-β treatment. Scale bars in A, B are 200µm. Increase in spheroid radius with
time in control, TGF-β treated and MMP-inhibited conditions (see legend on top) for C) MV3 spheroids and
D) A549 spheroids. Horizontal dashed lines in (C,D) denote the threshold value for the normalized radius of
1.1 defined as the onset of invasion. Inset in D): onset time of invasion for A549 spheroids. TGF-β treated A549
spheroids had a slightly lower onset time (at t = 57 hrs) compared to control and MMP-inhibited conditions
(at t = 68 hrs). Note that we could not determine the onset of invasion for the MV3 spheroids over the 24 hrs
experimental time frame.
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Figure S3.9: Quantification of cell dissociation from MV3 spheroids in collagen matrices. A) Bright-field images
of MV3 spheroids in collagen (8 mg/mL) at 8 hr time intervals. The spheroid border is outlined in red while
dissociated cells are outlined in green. B) Number of individual cells disseminated in 2.4 mg/mL collagen at
time intervals of t = 8, 16 and 24 hrs. C) Corresponding data for MV3 spheroids in 8 mg/mL collagen.
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Figure S3.10: Effect of TGF-β and MMP-inhibitor treatments on expansion rates of A549 spheroids. Quantifica-
tion of the increase in spheroid radius with time for A549 spheroids in collagen (2.4 mg/mL and 8 mg/mL) and
GelMA (30 mg/mL) under A) control conditions, B) with TGF-β treatment, and C) with MMP-inhibitor treat-
ment. The expansion rates were determined as the power law slope of the curves after the onset of invasion.
The solid black lines indicate the fits together with the temporal range.
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Figure S3.11: Western Blot analysis for vimentin and E-cadherin protein expression levels in A549 and MV3
cells cultured in 2D on collagen-coated 6-well plates. We performed a total of n = 4 biological replicates for
each condition (DMSO (control), TGF-β, and MMP-inhibitor treatments). One replicate of each is shown in
the main text. Additional replicates are shown here. A) Three replicates showing vimentin expression levels
normalized by GAPDH. B) Three replicates showing E-cadherin expression levels normalized by GAPDH. P-
value results from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001. Western
Blot images are shown for C) E-cadherin and D) vimentin. The legend on the right shows the content of each
lane (indicated by numbers above the gels).



3.6. SUPPLEMENTARY INFORMATION 87

Figure S3.12: Western Blot analysis for MMP1 and MMP2 protein expression levels in A549 and MV3 cells
cultured in 2D on collagen-coated 6-well plates. We performed a total of n = 2 biological replicates for the
MMP1 quantification and n = 4 for the MMP2 quantification, for different conditions: DMSO (control), TGF-
β, and MMP-inhibitor treatments. One replicate of each is shown in the main text. Additional replicates are
shown here. A) One replicate showing MMP1 expression levels normalized by GAPDH and three replicates
showing MMP2 expression levels normalized by GAPDH. P-value results from t-tests are indicated by: (ns) =
p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001. B) Three Western Blot images are shown for MMP1 (left) and
MMP2 (middle and right). The legend shows the content of each lane (indicated by numbers above the gels).
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Figure S3.13: Western Blot analysis for SMAD2 and pSMAD2 expression of MV3 and A549 cells cultured in 2D
on collagen coated 6-well plates. A) Protein expression of pSMAD2 after 1h (left) and 48h (right) of TGF-β
treatment in A549 and MV3 cells. B) Protein expression of SMAD after 1h (left) and 48h (right) of TGF-β. P-
value results from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001. C) Western
blot images of pSMAD2 (left) and SMAD2 (right). The legend shows the content of each lane (numbered on
top of the gels). For 1h treatments: (n=2). For 48h treatments: (n=1).
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Figure S3.14: A549 cell morphology in 2D cell culture under control (DMSO), TGF-β treated and MMP-
inhibited conditions. Bright field images were taken 2 days after seeding on collagen coated 6-well plates.
Scale bar is 250µm.
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Figure S3.15: Western Blot analysis for SNAIL and ZEB1 expression of MV3 and A549 cells treated with DMSO,
TGF-β and MMP inhibitor Batimastat. A) Protein expression of SNAIL and ZEB1 relative to GAPDH. P-value
results from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001. Each condition
depicts two biological samples (n=2) with three data points based on different background subtractions. B)
Western blot images of SNAIL, ZEB1 and GAPDH. For SNAIL blots the correct band height was chosen based
on earlier reports for this antibody [Fan et al; The EMBO Journal, 2023 & Fan et al, Science Signaling, 2023].
The legend shows the content of each lane (numbered on top of the blots).
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Figure S3.16: Western Blot analysis for E-cadherin expression of 3D spheroid invasion assays in 2.4 mg/mL
collagen. A) Protein expression of E-cadherin after 72h of invasion with DMSO, TGF-β and Batimastat treat-
ments in A549 and MV3 spheroids. P-value results from t-tests are indicated by: (ns) = p≥0.05, (*) = p<0.05, (**)
= p<0.01, (***) = p<0.001. B) Western blot images of E-cadherin. The legend shows the content of each lane
(numbered on top of the blot).
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Figure S3.17: Immunocytochemistry for vimentin (magenta) and cell nuclei (blue) in MV3 and A549 spheroid
invasion assays in 2.4 mg/mL collagen hydrogels, treated with DMSO, TGF-β and MMP inhibitor Batimastat.
Images were taken at the periphery of the invaded spheroids. Maximum intensity projections of Z-stacks over
a Z-range of 100µm recorded with a step size of 5µm. Images are representative for a set of n=3 experiments.
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Figure S3.18: Correlation of the invasion onset times and spheroid expansion rates with MMP2 and E-cadherin
protein expression levels for MV3 and A549 spheroids. A) Heat map showing the dependence of the invasion
onset time (indicated by the number (in units of hrs) in each square and the color code, see color bar on
the right) on hydrogel pore size (y-axis) and expression level of MMP2 (x-axis). B) Corresponding heat map
showing the dependence of the invasion onset time on hydrogel pore size (y-axis) and expression level of E-
cadherin (x-axis). Note that spheroids that did not invade during the time frame of the assay are shown in
black. C) Heat map showing the dependence of the spheroid expansion rate (number (in units of hr−1) in each
square and color code, see color bar on the right) on hydrogel pore size (y-axis) and expression level of MMP2
(x-axis). D) Corresponding heat map showing the dependence of the spheroid expansion rate on hydrogel
pore size (y-axis) and expression level of E-cadherin (x-axis). In all cases, data for MV3 and A549 spheroids
were pooled and protein expression levels were normalized by GAPDH.
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Figure S3.19: Analysis of spheroid protrusions and single cell dissemination aimed at classifying the state (gas,
fluid, liquid) of spheroids under different conditions. A) Bright field images of a MV3 spheroid in 2.4 mg/mL
collagen at t = 0 (initial state) and t = 24 hrs (final state). B) Bright field images of an A549 spheroids in 2.4
mg/mL collagen at t = 0 hr (initial state) and t = 72 hrs (final state). Spheroid boundaries are outlined in red
while disseminated cells are outlined in green. The yellow arrowheads highlight examples of multicellular pro-
trusions that grow over time. Note that both MV3 and A549 cells already showed some protrusions at t = 0 hr.
Additionally, the images often revealed some disseminated cells at t = 0 hr. Therefore, in all cell count quan-
tification, we subtracted the cells present at t = 0 hr. C) Polar plots determined from the MV3 spheroid images
in A, based on the assumption of radial symmetry. D) Corresponding polar plots for the A549 spheroid images
in B. In both cases, multicellular protrusions are seen as peaks (yellow arrowheads highlight examples). The
polar plots were used as a basis to detect each peak (i.e., multicellular protrusion) and quantify its maximum
height relative to the average spheroid radius (horizontal red lines). Spheroids with average protrusion lengths
greater than 25µm were considered to be in a liquid-like (unjammed) state.
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Figure S3.20: Analysis of spheroid protrusions and single cell dissemination aimed at classifying the state
(gas, fluid, liquid) of MV3 and A549 spheroids in control conditions. A) Individual cell count analysis of MV3
spheroids in collagen (2.4 and 8 mg/mL) and in GelMA (30 and 50 mg/mL) matrices. Spheroids are consid-
ered to be in a gas-like state when the cell count is above 10 (above the horizontal dashed line) and solid-like
or liquid-like when the cell count is below 10. MV3 spheroids were gas-like in collagen (2.4 and 8 mg/mL)
and solid-like in GelMA (30 and 50 mg/mL GelMA). B) Protrusion lengths for MV3 spheroids. C) Protrusion
lengths for A549 spheroids. Spheroids are considered liquid-like when the protrusion lengths are above 25µm
(above the dashed lines) and solid-like when the protrusion lengths are below 25µm. MV3 spheroids were gas-
like in collagen (2.4 and 8 mg/mL) and 30 mg/mL GelMA hydrogels and solid-like in 50 mg/mL GelMA. A549
spheroids were liquid-like only in 2.4 mg/mL collagen and solid-like otherwise.

Figure S3.21: Quantification of disseminated cells and protrusion lengths for MV3 spheroids in order to clas-
sify the state (gas, fluid, solid) of the spheroid. A) Individual cell count analysis for MV3 spheroids treated with
MMP-inhibitor in different collagen and GelMA gels (see legend on top). MMP-inhibitor treatment caused a
strong (40-50%) drop in the cell count in collagen (2.4 mg/mL and 8 mg/mL) gels and blocked cell dissociation
in 30 GelMA hydrogels. B) Corresponding data for MV3 cells treated with TGF-β. The dashed lines indicate the
transition between a liquid/solid state (cell count below 10) and a gas state (cell count above 10). TGF-β treat-
ment caused a large (73%) increase in cell count in 30 mg/mL GelMA compared to control conditions but did
not result in any individual cell dissemination in 50 mg/mL GelMA. C) Protrusion lengths for MV3 spheroids
treated with MMP-inhibitor in different collagen and GelMA gels. D) Corresponding data for MV3 spheroids
treated with TGF-β. The dashed lines indicate the transition between a solid state (maximum protrusion length
below 25µm) and a liquid state (average protrusion length above 25µm). Box plots show N = 5-10 spheroids
per condition performed in 2 independent experiments.
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Figure S3.22: Quantification of disseminated cells and protrusion lengths for A549 spheroids in order to clas-
sify the state (gas, fluid, solid) of the spheroid. A) Individual cell count analysis for A549 spheroids embed-
ded in collagen and GelMA matrices (see legend on top) in control conditions. The dashed line indicate the
transition between a liquid/solid state (cell count below 10) and a gas state (cell count above 10). Under con-
trol conditions, the A549 spheroids only disseminated individual cells in 2.4 mg/mL collagen. Note that A549
spheroids embedded in 2.4 mg/mL collagen treated with TGF-β disintegrated and sedimented to the bottom,
so we were unable to count the disseminated cells. At early times, however, we could observe cell dissocia-
tion, so we classify this condition as a gas-like phase. B) Protrusion lengths of A549 spheroids treated with
TGF-β. A549 spheroids formed protrusions characteristic of a liquid-like state in 8 mg/mL collagen and in 30
mg/mL GelMA upon TGF-β treatment, whereas they were solid-like in control conditions. In 8 mg/mL colla-
gen, the TGF-β-treated spheroids made shorter protrusions with an average length of 26µm. No protrusions
were observed for spheroids embedded in 50 mg/mL GelMA. C) Protrusion lengths of A549 spheroids treated
with MMP-inhibitor. Upon MMP inhibition, A549 spheroids were liquid-like only in 2.4 mg/mL collagen. The
dashed lines in B and C indicate the transition between a solid state (average protrusion length below 25µm)
and a liquid state (average protrusion length above 25µm). Box plots show N = 5-10 spheroids per condition.
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Figure S3.23: Visualization of cell-mediated extracellular matrix remodelling for spheroids embedded in col-
lagen (2.4 mg/mL). Confocal images of A) MV3 and B) A549 spheroids in control conditions (middle) and with
MMP-inhibition (left) or TGF-β treatment (right) around spheroid equator. Collagen fibers were imaged by
reflection and are shown in green. Nuclei stained with Hoechst were imaged by fluorescence and are shown
in blue. Scale bars are 250 250µm. Compared to control conditions, TGF-β stimulation causes more matrix
remodeling whereas MMP inhibition diminishes matrix remodeling. MV3 spheroids appear to exert higher
traction forces on the collagen than A549 spheroids, as shown by radially oriented fibers around the spheroid
under MMP inhibition and control conditions and extensive collagen accumulation upon TGF-β stimulation.
Furthermore, the black void around the MV3 spheroid upon TGF-β stimulation is indicative of MMP-mediated
matrix degradation.
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Figure S3.24: A549 spheroid invasion in GelMA (30 mg/mL) at t = 0 and t = 72 hr. A549 spheroid treated with
TGF-β (10 ng/mL) A) without MMP-inhibitor pretreatment and B) with MMP-inhibitor (30µM) pretreatment.
Scale bar is 100µm.
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Figure S3.25: Average diameter of MV3 (N = 80) and A549 (N = 85) spheroids at t = 0 hr determined from bright
field images. The spheroids had comparable average diameters of 200±30µm (MV3) and 207±26µm (A549).





4
HOW CYTOSKELETAL CROSSTALK

MAKES CELLS MOVE

Cell migration is a fundamental process for life and is highly dependent on the dynam-
ical and mechanical properties of the cytoskeleton. Intensive physical and biochemical
crosstalk between actin, microtubules, and intermediate filaments ensures their coordi-
nation to facilitate and enable migration. In this chapter we review the different mechan-
ical aspects that govern cell migration and provide, for each mechanical aspect, a novel
perspective by juxtaposing two complementary approaches to the biophysical study of cy-
toskeletal crosstalk: live-cell studies (often referred to as top-down studies) and cell-free
studies (often referred to as bottom-up studies). We summarize the main findings from
both experimental approaches and end with our perspective on bridging the two perspec-
tives to address the open questions of how cytoskeletal crosstalk governs cell migration and
makes cells move. 1

1This chapter is co-authored with James P. Conboy, Irene Istúrez-Petitjean and Gijsje H. Koenderink and was
published in Biophysics Reviews (2024).
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4.1. INTRODUCTION

C ELL migration is a process that is fundamental for life. It is a major contributor to
tissue morphogenesis in developing embryos [194] and drives angiogenesis [195],

bone formation [196], tissue repair [197] and immune surveillance [198]. On the flip side,
however, cell migration is also responsible for pathological cell migration during chronic
inflammation [199] and cancer metastasis [200]. Cell migration depends on the mechan-
ical and dynamical properties of the cytoskeleton, a network of dynamic biopolymers
that self-assemble from small protein building blocks. There are three main cytoskeletal
biopolymers: actin filaments, microtubules, and intermediate filaments (Figure 4.1A).
They have markedly different structural, mechanical and dynamical properties. In ad-
dition, septins are identified as the fourth cytoskeletal component [39] (see Chapter 5 of
this dissertation).

Actin filaments are double helices with a diameter of ∼ 7 nm, made of two strands
of globular monomers [201]. The filaments are semiflexible since their thermal persis-
tence length lp = κ/kB T (where κ is the bending rigidity and kB T thermal energy) is
∼ 10µm, of the same order as the filament contour length [202]. Actin filaments have an
intrinsic structural polarity with a “barbed end” and a “pointed end”. Polymerization-
linked ATP hydrolysis causes treadmilling, where the filaments grow at the barbed end
and disassemble from the pointed end [203]. Filaments reconstituted from purified actin
turn over slowly (one subunit every 3–4 s), but actin turnover in the cell is catalyzed by
actin-binding proteins. Typical actin network turnover times are of order seconds in the
leading edge of motile cells [204] to minutes in the actin cortex [205]. Together with
myosin motor proteins, actin filaments form networks and bundles that generate con-
tractile forces [206]. Microtubules form hollow tubes of 13 protofilaments that are much
wider (∼ 25 nm)[207] and hence substantially stiffer (lp ∼ 1 mm)[208] than actin fila-
ments. Like actin filaments, microtubules have an intrinsic structural polarity with dis-
tinct plus and minus ends. GTP hydrolysis results in dynamic instability, characterized
by alternating phases of microtubule growth and shrinkage [209]. In the cell, this process
is tightly regulated by accessory proteins that bind at the microtubule tip or lattice. In-
termediate filaments are homo-/heteropolymers made of rod-shaped proteins that are
encoded by more than 70 genes in humans [210]. Intermediate filament proteins are
expressed in a cell-type-specific manner. Mesenchymal cells for instance express vi-
mentin, whereas epithelial cells express keratins. The intermediate filament proteins
share a common secondary structure consisting of an alpha-helical rod domain flanked
by intrinsically disordered head and tail domains. Intermediate filaments are somewhat
thicker (∼ 10 nm) [211] than actin filaments, but their rope-like structure nevertheless
makes them more flexible (lp ∼ 0.5 - 2 µm, depending on intermediate filament com-
position and ionic strength [212, 213, 214, 215, 216]). Intermediate filaments are much
more stable than actin filaments and microtubules, with slow subunit exchange along
their length and annealing and fragmentation on hour time scales in reconstituted sys-
tems [217, 218] and in cells [219, 220].
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Figure 4.1: (a) Schematic of the three major cytoskeletal filament types and their distinctive physical proper-
ties. (b) Fluorescent confocal microscopy image of human melanoma (MV3) cells stained forα-tubulin (green),
F-actin (magenta), and vimentin (cyan). The cell nuclei are shown in blue. (c) An electron microscopy image
of an in vitro reconstituted three-component cytoskeletal network showing F-actin (magenta arrows), micro-
tubules (green arrows) and vimentin (cyan arrows). Filaments were pre-polymerized separately at 1 µM. Actin
and microtubules were polymerized in MRB0 buffer (80 mM PIPES pH 6.8, 1 mM EGTA and 4 mM MgCl2) with
50 mM KCl, 1 mM DTT and 0.5 mM ATP, while vimentin was polymerized in V-buffer (40 mM PIPES pH 7, 1 mM
EGTA and 4 mM MgCl2, 100 mM KCl, 1 mM DTT). The filaments were combined in MRB80 buffer (with 50 mM
KCl, 1 mM DTT and 0.5 mM ATP). Scale bar is 100 nm.

The physical properties of the cytoskeletal filaments are directly connected to their
functions in cell migration. Actin, with its ability to generate protrusive and contrac-
tile forces, provides the main driving forces for polymerization-driven mesenchymal mi-
gration and bleb-based amoeboid migration [221, 222]. Meanwhile microtubules play a
key role in establishing front-rear polarity and promoting persistent migration, aided by
their large persistence length that is much longer than the size of the cell [223]. Finally,
intermediate filaments, with their mechanical resilience, protect the migrating cell and
its nucleus from mechanical damage, which is especially important when cells squeeze
through confined environments [224, 225].

There is growing evidence that cell migration requires a dynamic interplay between
the three cytoskeletal filament systems that depends on mechanical and signaling crosstalk.
In mesenchymal migration, coupling of actin to microtubules and intermediate fila-
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Cytoskeletal 
element #1

Cytoskeletal 
element #2 Mediator(s) Function of the 

crosstalkModality

Direct interaction

Crosslinker

Molecular 
signalling

Actin Vimentin Plectin Force transmission 
to nucleus147

Steric interaction Actin Microtubules Electrostatic 
interactions

Promoting filament 
alignment141 

Actin Microtubules GEF-H1/RhoA Detachment of 
leader cells232

Microtubules Vimentin Excluded volume
Promoted strain-

stiffening136, 137

Actin Vimentin Excluded volume
Mechanical
synergy133

Microtubule Actin ACF7/MACF Guided filament 
growth141, 193

Actin Vimentin RhoGTPases Inhibition of stress 
fiber assembly156

Table 4.1: Table highlighting the different cytoskeletal crosstalk modalities that are discussed in this chapter,
each with an example from the text.

ments is for instance essential to polarize the actin cytoskeleton and control force gen-
eration [6]. In Figure 4.2 we highlight examples of the different cytoskeletal crosstalk
modalities. Here we review recent insights in the role of cytoskeletal crosstalk in cell mi-
gration, with a focus on mechanical aspects. For more detailed cell biological insights,
we refer the reader to several excellent reviews [226, 6, 227, 228, 229]. We take a mainly
experimental perspective and refer the reader to other reviews for more theoretically
oriented perspectives [230, 231]. Throughout this review, we confront two opposite ex-
perimental approaches to studying the biophysics of cytoskeletal crosstalk: live cell (top-
down) studies (Figure 4.1B) versus cell-free (bottom-up) studies of simplified model sys-
tems reconstituted from component parts (Figure 4.1C). Live-cell studies have the ben-
efit of physiological relevance, but mechanistic dissection is challenging because of the
cell’s compositional complexity. Each cytoskeletal system exhibits enormous composi-
tional diversity with different isoforms and posttranslational modifications [232]. More-
over, cytoskeletal coupling is mechanosensitive as a consequence of mechanosensory
signalling loops and transcriptional regulation [233]. Cell-free studies provide a power-
ful approach to complement live-cell studies because they allow for highly controlled
experiments from the level of single protein, to filaments, to networks.

Cytoskeletal crosstalk contributes to every aspect of cell migration (Figure 4.2). We
structure this chapter according to these aspects, from cell deformability, to front-back
polarity, contractility, adhesion control in collective cell migration, and finally plasticity,
which refers to the ability of cells to adapt their mode of migration to their environment
[234]. We end with a perspective on how connections can be made between cell-free and
live-cell studies to address the many open questions on the role of cytoskeletal crosstalk
in cell migration.
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PolarizationDeformability AdhesionContractility Plasticity

Pressure
Low High

Figure 4.2: Cytoskeletal crosstalk contributes to every aspect of cell migration including: (1) Cell deformabil-
ity that governs the ability of cells to migrate through confining environments. Red arrows show deformation
caused by the cell migrating through the extracellular matrix. (2) Contractility as a major driver of cell motil-
ity. Red arrows show actin-myosin contraction. (3) Front-rear polarity for directional migration. (4) Cell-cell
adhesions to coordinate collective migration. The leader cell is shown in dark blue. (5) Plasticity, the ability of
cells to interconvert between different migration strategies in response to their environment, for example be-
tween mesenchymal and nuclear piston modes. Here the nucleus is pulled forwards (dark blue arrow). Black
arrows show the direction of migration. Actin (magenta), vimentin (cyan), nucleus (teal), intercellular adhe-
sions (green linkers), plectin (pink linkers) and extracellular matrix fibers (purple).

4.2. CELL DEFORMABILITY

4.2.1. LIVE-CELL STUDIES

MECHANICAL CHALLENGES IN CELL MIGRATION

Migrating cells must deform their nucleus and cytoskeleton, especially when they move
through interstitial tissues that impose significant confinement. Depending on tissue
type, cells encounter extracellular matrix (ECM) and interstices between tissues with
sizes ranging between 2 and 30 µm, comparable to their own body and sometimes even
nuclear size [235]. Metastasizing cancer cells have to overcome even more severe phys-
ical barriers as they intravasate across the endothelium into blood vessels or across ep-
ithelial tissues into lymphatic vessels. Cell deformability is therefore an important de-
terminant of cell migration [236]. For many cancer cells, for instance, lower stiffness
correlates with higher motility [237]. In Chapter 2 of this dissertation, we also provide a
similar finding that migration of cancer cells through constrictions correlates with cellu-
lar deformability.

Migrating cells experience a complex combination of tensile, compressive and shear
deformations of varying amplitude and rate. The effect of these mechanical parameters
on cell deformability has been extensively characterized using quantitative biophysi-
cal techniques. To study the viscoelastic properties of cells without the impact of cell
adhesion, cells can be detached from their substrate and measured in suspension by
micropipette aspiration [238], optical stretching [239], parallel-plates rheometers [240],
or high-throughput microfluidic methods [241]. These measurements are mostly rele-
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vant for amoeboid migration where cells exhibit only weak adhesion to their environ-
ment. For mesenchymal migration, it is more relevant to study mechanics on adherent
cells. Whole-cell measurements of adherent cells can be done by monolayer rheology or
stretching [242, 243, 244] or by single-cell atomic force microscopy [245, 246]. Localized
measurements to resolve the mechanics of specific subcellular regions can be done by
magnetic twisting cytometry [247], atomic force microscopy [248], optical or magnetic
tweezers [249, 250], or particle tracking microrheology [251]. Some of these methods
allow for in situ measurements in migrating cells [252, 253].

The nucleus is the stiffest and largest organelle with a stiffness ranging from 0.1 to
10 kPa, dependent on cell type [254]. The main contributors to the rigidity of the nu-
cleus are heterochromatin and the nuclear lamina (also termed the nucleoskeleton),
which contains lamin intermediate filaments [94, 255, 256]. Intact nuclei in situ have
a higher stiffness than isolated nuclei because the nucleus is coupled to the cytoskele-
ton through the LINC complex (composed of SUN-domain proteins and KASH-domain
proteins, which physically connect the cytoskeleton to the nucleoskeleton) [257]. Since
the nucleus is not only the stiffest but also the largest cellular organelle, it poses a major
bottleneck for confined migration [25]. When cells are embedded in collagen networks
or microfabricated microchannels, their migration velocity linearly decreases with de-
creasing pore size until migration is physically blocked when the pore size reaches 10%
of the nuclear cross section [51]. Under highly confined conditions, cells can only move
if they are able to remove blocking ECM fibers with proteolytic enzymes [51, 258].

REGULATION OF CELL DEFORMABILITY THROUGH CYTOSKELETAL CROSSTALK

The actin cytoskeleton is often considered the main determinant of cell mechanics. Drug-
induced depolymerization of actin filaments indeed significantly softens cells both un-
der non-adherent and adherent conditions [259, 260]. An important contribution of
the actin cytoskeleton to cell stiffness comes from contractile forces generated by actin-
myosin stress fibers [261] and by the actin cortex [262]. Intermediate filaments form
dense networks that are mainly perinuclear, so they contribute little to cortical stiffness
but strongly affect the cytoplasmic shear modulus [263] and the resistance of cells to
compression [246]. For leukocytes and tumor cells performing 3D migration, the inter-
mediate filament cytoskeleton is a major determinant of cell deformability. Interme-
diate filament protein deletion or network disruption causes significant cell softening
while at the same time enhancing cell migration [264, 265, 26, 266]. Microtubules gener-
ally do not contribute much to cell stiffness, with drugs that interfere with microtubule
polymerization having minor effects on cell mechanics [267]. Recently, though, micro-
tubules were shown to exhibit interesting mechano-responsive properties. Cytoskeletal
compression induced by cyclic cell stretching or by confined migration was shown to
stabilize deformed microtubules by triggering recruitment of the microtubule-binding
protein CLASP2 [268]. When cells are transferred from rigid 2D substrates to softer 3D
hydrogels, the mechanical contribution of microtubules becomes more important be-
cause actin stress fibers become less prominent. In cells migrating through collagen
gels, microtubules for instance play a crucial role in mechanical support of cellular pro-
trusions [269].
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It remains an open question how the interactions between the three cytoskeletal biopoly-
mers influence the mechanics of the composite cytoskeleton. Theoretical models pre-
dict that composite networks composed of interpenetrating networks of a rigid and a
flexible polymer are substantially stiffer than expected from the sum of the moduli of
the separate networks [270]. Rigid fiber networks by themselves are expected to be soft
at low deformation because they deform in a non-affine manner, where the elasticity is
governed by fiber bending [271]. The presence of a background network of flexible poly-
mer suppresses these non-affine bending deformations [270]. Unfortunately this pre-
diction is difficult to directly test in live-cell experiments because it is very challenging
to specifically remove one cytoskeletal network without also affecting the others. Micro-
tubule depolymerization is for instance well-known to activate acto-myosin contraction
by the release of the microtubule-associated guanine nucleotide exchange factor GEF-
H1 [272]. At large strains, there is some evidence of mechanical synergy between the
cytoskeletal networks. Epithelial cell layers are able to undergo extreme stretching un-
der constant tension (’active superelasticity’) by strain-softening of the actin cortex fol-
lowed by re-stiffening thanks to the keratin intermediate filament network [273]. Physi-
cal crosslinking between actin and keratin is essential for the maintenance of epithelial
stability [274]. The ability of flexible polymers to suppress bending deformations of rigid
polymers has the interesting consequence that the rigid polymers are reinforced against
compressive loads [275]. Under compressive loading, rigid polymers exhibit an Euler
buckling instability at a critical compression force fc ∼ 10κ/L2, where L is the polymer
length. For microtubules, the critical compression force is only of order 1 pN [276]. In
the cell, however, microtubules can bear 100-fold larger compression forces because the
surrounding actin and intermediate filament cytoskeleton constrains microtubule buck-
ling [277, 278]. This is consistent with the so-called tensegrity model, which states that
cellular shape stability is achieved via a balance between actin filaments and interme-
diate filaments loaded under tension, and microtubules and thick actin bundles under
compression [279].

4.2.2. CELL-FREE STUDIES

MECHANICAL PROPERTIES OF INDIVIDUAL CYTOSKELETAL COMPONENTS

Live-cell mechanical measurements can be difficult to interpret in quantitative terms be-
cause they are sensitive to the amplitude, type and rate of deformation, geometry of the
mechanical probe, the probed location in the cell, and the cell’s extracellular environ-
ment [280]. Cell-free studies provide a useful complement because they permit quanti-
tative measurements of the mechanical properties of isolated cytoskeletal components,
both at the single filament and at the network level.

At the single filament level, cytoskeletal biopolymers have been bent, stretched, com-
pressed, and twisted using optical and magnetic tweezers [281, 282, 283, 284], atomic
force microscopy [285, 286], and microfluidic devices [287]. Actin filaments and micro-
tubules have a high bending and stretching rigidity, but they break at rather low tensile
strains (∼ 150% strains) [288, 289]. Moreover, actin filaments become more fragile un-



108 4. HOW CYTOSKELETAL CROSSTALK MAKES CELLS MOVE

der torsion [288] and microtubules soften upon repeated bending [287]. This fragility is
likely related to the fact that actin filaments and microtubules are made of globular sub-
units. By contrast, intermediate filaments are made of fibrous subunits held together by
extensive lateral interactions. Intermediate filaments easily stretch and bend due to their
open structure and they can withstand tensile strains of more than 200% before rupture
[285]. Similar to a car’s safety belt, intermediate filaments are soft under small and slow
deformations but stiff under large and fast deformations [281]. Recent evidence sug-
gests that different intermediate filament proteins respond differently to tensile loads.
When subjected to stretch-relax cycles, keratin filaments elongate with every cycle but
keep the same stiffness, whereas vimentin filaments soften with every cycle but always
return to the same initial length [290]. It appears that vimentin stretches by monomer
unfolding [291], whereas keratin filaments stretch by viscous sliding of subunits [290]. It
will be interesting to see what further diversity may be generated by co-polymerization
of different intermediate filament proteins and by post-translational modifications.

On the network level, mechanical properties of cytoskeletal filaments are most conve-
niently probed by either bulk rheology or microrheology. In bulk rheology, cytoskeletal
networks are sheared between the two parallel plates of a rheometer, providing a read-
out of the macroscopic viscoelastic response [292]. Microrheology instead probes the
localized viscoelastic response of a material by tracking the motion of embedded probe
particles, either in response to thermal fluctuations (passive microrheology [293]) or to
a force applied by optical or magnetic tweezers (active microrheology [294]). The me-
chanical response of cytoskeletal networks is determined by an interplay of the stiffness
of the filaments and their interactions.

EFFECTS OF CROSSLINKING ON THE MECHANICAL PROPERTIES OF CYTOSKELETAL NETWORKS

Actin filaments and microtubules form entangled networks that easily fluidize under
shear due to filament disentanglement [295, 296, 297]. Filament crosslinking via crosslinker
proteins prevents this fluidization and causes the networks to strain-stiffen. This strain-
stiffening response is only moderate for microtubules because of their high rigidity and
because shearing causes force-induced unbinding of crosslinks [295, 294]. Actin net-
works exhibit more pronounced strain-stiffening because their elasticity is affected by
the entropic elastic response of the filaments to tensile loading [298]. Tensile loading re-
duces the conformational entropy of actin filaments, pulling out bending fluctuations,
causing entropic strain-stiffening [299]. Increased crosslink densities shift the onset of
strain-stiffening to smaller shear strains because less excess length is stored in bending
fluctuations when the crosslinks are more closely spaced [298]. Some crosslinker pro-
teins (most notably filamin) are so large that their compliance directly contributes to the
network response. Crosslinker extensibility increases the rupture strain by postponing
the point where the actin filaments experience tensile loading [300, 301]. Bundling of
actin filaments, which is common at high concentrations of crosslinker proteins, sup-
presses entropic elasticity. Bundled actin networks still strain-stiffen [298], but by an
enthalpic mechanism that involves a transition from soft bending modes at low strains
to rigid stretching modes at high strain [302, 303]. Under compression, actin and mi-
crotubule networks soften due to filament buckling [246]. For branched actin networks,
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compressive softening has been shown to be reversible, likely because the buckled fila-
ments are prevented from collapsing by their connections with the network [304].

The mechanical properties of intermediate filament networks differ in various respects
from those of actin and microtubule networks. First, intermediate filaments form strain-
stiffening networks even in absence of any crosslinker proteins, as demonstrated for vi-
mentin, neurofilaments, desmin, and keratin [305, 306]. The filaments spontaneously
form crosslinks mediated by electrostatic interactions between their disordered C-terminal
tails. Upon tail truncation, the networks no longer strain-stiffen [307, 308, 309]. The ef-
fective crosslink density depends on the concentration of divalent cations such M g 2+,C a2+
or Z n2+ [307, 306, 310, 311] and is sensitive to the buffer ionic strength and pH [312].
For keratins, there are additional hydrophobic interactions between the central rod do-
mains that stiffen the networks [214]. Second, intermediate filament networks have
much larger rupture strains than actin and microtubule networks as a consequence of
the larger single-filament extensibility. This is reflected in the dependence of the elastic
modulus K on the applied shear stress σ. While actin networks only exhibit an entropic

strain-stiffening regime where K increases asσ
3
2 , intermediate filament networks exhibit

an additional enthalpic regime where K increases more weakly, reflecting strain-induced
filament alignment [305]. After yielding, intermediate filament networks can even re-
cover their initial shear modulus, likely by the re-establishment of tail-tail crosslinks
[313, 308].

MECHANICAL CHARACTERIZATIONS OF COMPOSITE CYTOSKELETAL NETWORKS

Recently there has been increasing attention for the mechanical properties of cytoskele-
tal composites. Reconstitution of composite networks requires careful tuning of the
buffer conditions since the different cytoskeletal polymers are traditionally reconstituted
in their own optimized buffer conditions. Intermediate filaments are especially sen-
sitive to solution pH and ionic concentrations, forming filaments of different widths
and protein mass-per-length ratios depending on the buffer [314]. Until now nearly
all studies of composite networks have focused on two-component composites of cy-
toskeletal filaments co-polymerized in the absence of crosslinkers. At small strains, co-
entangled composites (specifically combinations of actin/vimentin [315], actin/keratin
[316, 317], actin/microtubules [318], and vimentin/microtubules [319]) have generally
been shown to exhibit a simple additive viscoelastic response. However, there is evi-
dence for direct interactions of vimentin filaments with actin filaments [320] as well as
microtubules [321], which could potentially influence the network rheology. These in-
teractions could potentially lead to cell-type specific cytoskeletal crosstalk, since they
are mediated by the C-terminal tail of intermediate filaments that shows large length
and sequence variations between different intermediate filament proteins. It was fur-
thermore shown that vimentin can impose steric constraints that hamper actin network
formation and thus cause network weakening [322]. At large strains, there is evidence of
synergistic enhancement of the mechanical properties in certain cytoskeletal compos-
ites. For actin/keratin composites, the strong strain-stiffening response of the keratin
network was found to dominate the high-strain response of the composites [317]. For
actin/microtubule composites, microtubules were shown to promote strain-stiffening
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of the actin networks, even at low density [323, 324]. This effect was explained by the
ability of rigid microtubules to suppress nonaffine bending fluctuations of actin fila-
ments. It will be interesting to explore how these synergies are modified in the pres-
ence of crosslinkers. Recent work showed that when actin filaments and microtubules
are crosslinked to each other by biotin-streptavidin, the composite is more elastic than
when both filaments are independently crosslinked [325].

To the best of our knowledge, there has so far been only one study of three-component
networks combining actin, vimentin and microtubules [326]. It was shown by microrhe-
ology that the linear elastic modulus of the composite is dominated by actin, with little
contribution from either microtubules or vimentin. Yet vimentin was shown to signif-
icantly extend the elastic regime to longer timescales. The authors proposed that the
vimentin network that fills in the pore spaces of the actin network [327] slows stress re-
laxation by constraining actin reptation. More work is needed to systematically study
cytoskeletal composites and to explore the impact of crosslinking with cytolinker pro-
teins such as plectin. Due to their high molecular weight these proteins are difficult to
purify. To circumvent this problem, one can engineer proteins that contain only the cy-
toskeletal binding domains separated by a spacer [328]. Using this approach, our group
recently found that crosslinking with a plectin-mimetic crosslinker causes synergistic
stiffening of actin-vimentin composites [329].

4.3. CELL CONTRACTILITY

4.3.1. LIVE-CELL STUDIES

ACTO-MYOSIN CONTRACTION IS THE DRIVING FORCE BEHIND CELL MIGRATION

The actin cytoskeleton is the engine behind cell migration[330]. Depending on the ex-
tracellular environment, cells can switch between different mechanisms that use actin-
based forces in different ways[331]. Fibroblasts and other adherent cells perform mes-
enchymal migration, which relies on integrin-based adhesion to the extracellular ma-
trix (ECM). The process occurs via a four-step cycle. First, actin polymerization pushes
against the membrane at the leading edge, producing lamellipodia in cells migrating on
flat rigid surfaces or pseudopodia in cells migrating in 3D extracellular matrices. Next,
the cell generates integrin-based adhesions with the substrate that connect to the con-
tractile machinery of acto-myosin stress fibres. Through a combination of pulling from
the front and squeezing from the rear, the cell body moves forward. Finally, old ad-
hesions are detached from the substrate or dissolved at the trailing edge [332]. The
contractile forces involved in cell migration have been measured through the traction
forces exerted on the substrate. This is usually done by adhering cells to a hydrogel
substrate with known mechanical properties, such as polyacrylamide. By measuring
the displacements of fluorescent tracer particles incorporated in the gel with fluores-
cence microscopy, one can computationally infer the traction forces using continuum
mechanics models [333]. Adherent cells that experience strong confinement utilize a
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nuclear piston mechanism where actin-myosin contraction in front of the nucleus pulls
the nucleus forward. Since the nucleus divides the cell in forward and rearward com-
partments, it acts as a piston that pressurizes the forward compartment and drives for-
ward a cylindrical lobopodial protrusion [334]. Weakly adherent cells such as leukocytes
and physically confined fibroblasts and cancer cells perform amoeboid migration, char-
acterized by spherical membrane blebs at the leading edge (reviewed in [335]). Blebs are
created by myosin-driven contraction of the actin cortex underneath the cell membrane,
which builds up hydrostatic pressure in the cytoplasm. Local rupture of the actin cortex
or its attachment to the membrane causes local membrane delamination, pushing for-
ward a membrane bleb. Over time the actin cortex regrows under the bleb membrane
and myosin contraction drives bleb retraction. Confinement can also induce other mi-
gration modes that require little substrate adhesion. Cells can move via friction gener-
ated by actin flows within the cortex generated by myosin contraction and actin turnover
[336], and some tumor cells can still migrate by using active transport of water from the
front to the back of the cell to propel themselves forward (osmotic engine model [337]).

THE ROLE OF MICROTUBULES AND INTERMEDIATE FILAMENTS IN ACTO-MYOSIN MEDIATED

CELL CONTRACTILITY

While not being components of the contractile machinery, both microtubules and in-
termediate filaments are important for regulating cell contraction. Microtubules nega-
tively regulate the assembly and contractility of actin stress fibers by sequestering GEF-
H1, an activator of the small GTPase Rho, in an autoinhibited state [338]. Microtubule
depolymerization by nocodazole releases active GEF-H1, leading to a global increase of
contractility as measured by traction force microscopy [339]. During both mesenchy-
mal and amoeboid migration, microtubule depolymerization and consequent GEF-H1
is tightly regulated so that actin contractility can be precisely timed and localized in a
mechanosensitive manner [340, 341, 342]. Besides biochemical regulation, it is likely
that mechanical synergy is also involved in microtubule-based control of actin contrac-
tility, since microtubules are able to absorb some of the forces from the contractile actin
cytoskeleton [279].

Intermediate filaments likewise regulate actin-based cell contraction by a combina-
tion of mechanical synergy and biochemical signaling. In cells migrating on flat surfaces,
vimentin has been reported to inhibit stress fiber assembly and contractility through
down-regulating GEF-H1 and RhoA [343]. Nevertheless, traction force measurements
have shown that vimentin-null cells are less contractile than their wild-type counter-
parts [327]. Taken together with the observation that vimentin filaments orient traction
stresses along the front-rear axis, this suggests a mechanical synergy where vimentin
helps build up and transmit larger contractile forces [344]. Recently it was shown by
structured illumination microscopy and electron microscopy that vimentin filaments
are closely associated with actin stress fibers, forming meshworks that wrap around
stress fibers or co-align with them [327, 233]. Physical coupling between the two systems
is dependent on the cytolinker protein plectin [345] Interestingly, it was recently shown
that plectin binds vimentin in response to acto-myosin pulling forces [346]. The mech-
anism for this mechanosensitivity is unknown but could involve catch bonding [347].
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Plectin-mediated coupling of actin and vimentin was recently shown to be essential for
cells migrating via the nuclear piston mechanism [346]. The vimentin network helps
transmit acto-myosin pulling forces to the nucleus, thus enhancing the pressure in the
front of the nucleus. It is not yet known whether intermediate filaments also influence
cell migration modes driven by contractile activity of the actin cortex, but recent ob-
servations that vimentin and F-actin are associated within the cell cortex suggest this is
likely [327].

4.3.2. CELL-FREE RECONSTITUTION STUDIES

There is an extensive body of work using cell-free reconstitution to elucidate the mech-
anisms by which myosin II motor proteins contract actin networks (reviewed in [206]).
The contraction mechanism has been found to depend on the actin network connectiv-
ity, which is controlled by filament length and by crosslinking. Well-connected networks
of long filaments contract because myosins generate compressive stress that causes the
actin filaments to buckle and break [348]. By contrast, when the filaments are short,
myosins contract the network by polarity sorting, transporting and clustering actin fila-
ment plus ends to form polar actin asters [349]. In both cases, the length scale of con-
traction is set by the network connectivity. Global network contraction requires the actin
network to be crosslinked above a critical percolation threshold [350]. However, exces-
sive crosslinking will prevent contraction by making the network too rigid [351]. As de-
scribed above, several cell migration mechanisms rely on myosin-driven contraction of
the actin cortex. Recently several groups have been able to reconstitute biomimetic actin
cortices by co-encapsulating actin and myosin inside cell-sized lipid vesicles. For weak
actin-membrane attachment, the network detaches from the membrane upon contrac-
tion [352]. In case of stronger attachment, myosin contraction can cause membrane
blebbing [353]. Cortical flows that are important for driving amoeboid migration re-
quire not only myosin activity, but also network remodeling through actin depolymer-
ization [354]. Under particular conditions, crosslinked actin-myosin cortical networks
in emulsion droplets have been observed to exhibit cortical flows [355], likely because
myosin can promote actin turnover [356]. Cell extracts, which contain additional pro-
teins to promote actin turnover, also exhibit cortical flows when encapsulated in emul-
sion droplets [357, 358, 359]. When these droplets are confined, the myosin-driven cor-
tical flows can propel the droplets forward due to friction with the channel walls, mim-
icking amoeboid migration of nonadhesive cells [360].

So far only few studies have looked at the effect of intermediate filaments or micro-
tubules on contraction of actin-myosin networks. The addition of a vimentin network
that interpenetrates an actin network has been shown to promote myosin-driven con-
traction by increasing the network connectivity [361]. Similarly, also the addition of mi-
crotubules has been shown to promote uniform macroscopic myosin-driven contrac-
tion [362].
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4.4. FRONT-REAR POLARIZATION

4.4.1. LIVE-CELL STUDIES

CROSSTALK BETWEEN ACTIN AND MICROTUBULES GOVERNS CELL POLARIZATION IN MI-
GRATION

Directed cell migration requires the breaking of cell symmetry to generate a cell front
and a cell rear along an axis aligned with the direction of locomotion. Until now, the
role of cytoskeletal crosstalk in front-rear polarity has mostly been studied in the con-
text of 2D mesenchymal cell migration [363]. It is long known that the microtubule cy-
toskeleton is essential for maintaining a polarized distribution of actin-based forces with
actin polymerization in the front and myosin II-based contraction forces in the cell body
and rear [364]. Microtubules align along the axis of cell movement with their plus ends
oriented towards the leading edge. They appear to stimulate actin-driven cell protru-
sion by multiple mechanisms. They activate Rac1 and inhibit Rho, therefore promot-
ing actin polymerization and preventing myosin-II-driven contractility at the leading
edge. Moreover, actin filaments have been observed to grow directly from microtubule
tips toward the leading edge in growth cones of neurons, with the help of protein com-
plexes involving APC and CLIP-170 [365, 366]. There is an interesting actin/microtubule
reciprocity, though, since the microtubules require guidance along actin stress fibers
to reach the leading edge. This guidance requires actin-microtubule crosslinking, for
instance by ACF7, Growth Arrest-Specific Proteins (Gas2L1), CLIP-associating proteins
(CLASPs) or drebrins (reviewed in [226]). These proteins target growing microtubule
plus ends by binding to EB (end-binding) proteins, and all of them except drebrin also
possess a microtubule-lattice-binding domain. When these crosslinkers are depleted
from cells, microtubules cease to grow along actin stress fibers and the microtubule ar-
ray loses its front-rear polarity [367, 368]. Persistent cell migration is strongly hampered
as a consequence, not only because actin-based protrusions are misregulated, but also
because microtubules fail to reach cortical microtubule stabilizing complexes (CMSCs)
that surround focal adhesions [369]. Microtubule dynamics have been shown to regulate
amoeboid cell migration by locally promoting the retraction of protrusions. In migrat-
ing dendritic cells, microtubule depolymerization within protrusions distant from the
microtubule organizing center triggers actomyosin contractility, which is controlled by
RhoA and its corresponding exchange factor Lfc [342]. Tethering and stabilization of
microtubule plus ends by CMSC binding is required for microtubule-dependent focal
adhesion turnover, which is essential for migration (reviewed in [229]).

It is not yet clear how these crosstalk mechanisms are modified when cells perform
3D mesenchymal migration, but likely the core mechanisms are shared. One important
new factor in 3D migration is that microtubules have a more important mechanical role
and are needed to support pseudopodia [269]. A second important new factor is that the
rigidity of the nucleus hampers migration through small pores. It was recently shown
that microtubules anchored to the nucleus play an important role in active transport of
MT1-MMP, which degrades the extracellular matrix, to the cell surface where it drives
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extracellular matrix proteolysis in front of the nucleus [370].

INTERMEDIATE FILAMENTS CONTRIBUTE TO CELL POLARIZATION VIA CROSSTALK WITH ACTIN

AND MICROTUBULES

Although intermediate filaments lack intrinsic polarity, they do contribute to directed
mesenchymal migration [227]. When the vimentin network is disassembled using pep-
tides or when vimentin expression is knocked down, cells lose their polarity and lamel-
lipodia appear all around the cell [371]. Vimentin forms closely associated parallel arrays
with microtubules in migrating cells [372, 373]. Experiments conducted using vimentin-
deficient mouse embryonic fibroblasts attached to polarized and non-polarized protein
micropatterns demonstrated that the lack of vimentin alters microtubule organisation,
disrupting cell polarity [374]. The two cytoskeletal networks organize in an interdepen-
dent manner. The vimentin distribution is polarized by a collaboration between active
motor-driven transport along microtubules and actin-driven retrograde flow [375]. Con-
versely, since the vimentin network is about 10-fold more long-lived than the micro-
tubule network, it can serve as a template for guiding microtubule growth along pre-
vious microtubule tracks [344]. This provides a feedback mechanism to sustain front-
rear polarity. Moreover, the alignment of the vimentin network with the polarity axis
mechanically integrates actin-based forces and orients them to promote directional mi-
gration [376]. This mechanical integration is probably aided by vimentin-microtubule
crosslinker proteins such as plectin and APC [377]. In addition to this mechanical role,
there is growing evidence for signalling functions of intermediate filaments in cell migra-
tion (reviewed in[6]). At the cell periphery, there is for instance Rac-mediated crosstalk
between vimentin and actin, where Rac causes vimentin disassembly by controlling the
phosphorylation of vimentin at Ser-38, a p21-activated kinase phosphorylation site, pro-
moting actin-driven membrane protrusion [371]. Intermediate filaments also regulate
focal adhesion clustering and turnover by binding integrins and via biochemical sig-
nalling [378].

4.4.2. CELL-FREE RECONSTITUTION STUDIES

POLARIZATION CROSSTALK STUDIES INVOLVING INTERMEDIATE FILAMENTS

Several studies have explored how interactions between two different cytoskeletal fil-
ament types may contribute to the front-rear polarity of migrating cells. These stud-
ies mostly used surface assays where one or both cytoskeletal filaments were surface-
anchored to facilitate imaging and control the geometry of interaction. Here, we are able
to probe the crosstalk involved in filament polymerization, an essential component of
cell polarization. Just a few of these investigated the interplay of intermediate filaments
with actin or microtubules. When surface-anchored microtubules are grown in the pres-
ence of an entangled vimentin network, they were found to be stabilized against depoly-
merization by direct interactions with vimentin filaments [321]. Vimentin attachment
reduced the catastrophe frequency and induced rescue of depolymerizing microtubules.
However, in the absence of crosslinker proteins, these interactions were found to be
short and infrequent. It is likely that vimentin-microtubule crosslinkers such as APC and
plectin create more drastic effects on vimentin and microtubule polymerization. Inter-
estingly, the vimentin-binding region of APC by itself was shown to promote vimentin
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polymerization [377], which may perhaps promote vimentin polymerization along mi-
crotubules. It was recently shown that actin and vimentin filaments do not interact in
the absence of crosslinkers, but when an engineered plectin-mimicking crosslinker was
added, actin filaments polymerized along surface-anchored vimentin filaments [329].

MUTUAL REGULATION OF POLARIZATION BY ACTIN AND MICROTUBULES

A larger set of studies investigated the interplay of microtubules with different actin net-
work structures designed to mimic structures found at front of crawling cells. Branched
or densely entangled actin network that mimic the dense actin array in the lamellipodia
were shown to act as a steric barrier for microtubule growth[379, 380, 381]. However,
when microtubules were crosslinked to actin by Tau protein, they were able to gener-
ate sufficient polymerization force to penetrate dense actin barriers [381]. By contrast,
when actin was arranged in stiff bundles that mimic actin stress fibers and bundles in
filopodia, steric interactions were instead found to promote alignment and growth of
microtubules along the actin bundles [379, 381]. Actin-microtubule crosslinking pro-
teins such as ACF7, Gas2L1, or CLASP2 were shown to promote actin-guided micro-
tubule growth by allowing growing microtubules to be captured by and zippered along
the actin bundles [379, 381, 382, 383, 328, 384]. Conversely, microtubules can also influ-
ence actin polymerization. Microtubule-lattice binding crosslinkers can induce guided
polymerization of actin filaments along microtubule [383, 385]. Microtubule-tip binding
crosslinkers can induce active transport of actin filaments by the growing microtubule
tip [328, 386]. Computer simulations and theoretical modeling showed that this trans-
port is driven by the affinity of the cross-linker for the chemically distinct microtubule
tip region [386]. These interactions may potentially enable growing microtubules to relo-
cate newly nucleated actin filaments to the leading edge of the cell and thus boost migra-
tion. Altogether, these studies suggest that coupled polarization of the three cytoskeletal
filament systems can at least partly be understood on the basis of a mechanical interplay.

4.5. COLLECTIVE MIGRATION & INTERCELLULAR ADHESIONS

4.5.1. LIVE-CELL STUDIES

INTERCELLULAR ADHESIONS ESTABLISH MECHANICAL COUPLING AMONG CELLS DURING

COLLECTIVE MIGRATION

Many cell types have the ability to synchronize their movement and perform collec-
tive migration. Collective migration is important for organogenesis and wound heal-
ing but also contributes to cancer metastasis. Depending on cell type and tissue con-
text, different modes of collective migration can emerge. Epithelial cells tend to move
as sheets adhered to the extracellular matrix [387], while cancer cells often migrate as
three-dimensional strands or clusters through tissues [388]. Remarkably, multi-cellular
migrating structures behave similarly to liquid crystalline materials and undergo solid-
to-liquid transitions in response to confinement. These jamming/unjamming transi-
tions are linked to cell and nucleus shapes [169, 389] and are determined by molecular
interactions that regulate cell-matrix and cell-cell adhesions [11, 390, 120]. Traction force
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measurements for epithelial and endothelial monolayers have shown that cells within
the monolayer tend to migrate in the direction in which the normal stress is greatest and
the shear stress least [391]. This mechanism of collective cell guidance called plithotaxis
critically relies on mechanical coupling between the cells by cell-cell adhesions. Plitho-
taxis is regulated by the tumor suppressor protein merlin, which coordinates polarized
Rac1 activation and lamellipodium formation at the multicellular scale [392]. We spec-
ulate that, since Rac1 is an important shared regulator of all three cytoskeletal systems,
there could be crosstalk with intermediate filaments and microtubules in plithotaxis.
At the same time, intercellular adhesions help collectively migrating cells to establish
supracellular polarization with leader cells at the front and follower cells behind [393].
The leader cells explore the tissue environment using focal adhesions, find the path, and
- if necessary - carve out a path by degrading the ECM. Cancer cells dynamically re-
arrange leader and follower positions during collective invasion to cope with the large
energy usage of the leader cells [394].

Epithelial and endothelial cells interact through mechanosensitive adherens junctions
based on classical cadherins and VE-cadherins, respectively, which connect to the actin
cytoskeleton viaα-catenin and vinculin[393, 395]. Endothelial cells are additionally con-
nected by complexus adhaerentes junctions that connect to vimentin via VE-cadherin
[396]. Epithelial cells are additionally connected by desmosomes based on desmosomal
cadherins that connect to the keratin intermediate filament cytoskeleton via the adaptor
proteins desmoplakin, plakophilin, and plakoglobin [397, 398, 395]. The desmosomal
junctions are expendable under homeostatic conditions but strictly required for pre-
serving cell-cell adhesion under mechanical stress [399]. As reviewed elsewhere [6, 400],
there is growing evidence that cytoskeletal crosstalk is important for the organization,
dynamics and mechanoresponsiveness of intercellular adhesions during multicellular
migration, although the exact extent is not clear.

CYTOSKELETAL CROSSTALK MEDIATES INTERCELLULAR ADHESION DYNAMICS

Keratin intermediate filaments and actin jointly influence desmosomes and adherens
junctions because they are crosslinked via plectin. In epithelia, plectin organizes keratin
into a rim-and-spoke configuration where contractile forces generated by acto-myosin
are balanced by compressive elements provided by the keratin network, thus balanc-
ing internal tension and stabilizing cell-cell contacts [274]. Deletion of plectin there-
fore causes perturbations of both desmosomes and adherens junctions. Although en-
dothelial cells do not have desmosmes, also here plectin-mediated crosslinking between
F-actin and vimentin intermediate filaments regulates adherens junction strength and
tissue integrity [401]. Migrating epithelial cells need to dynamically rearrange their ad-
hesive contacts. Desmosome remodeling is dependent on both actin and keratin. As-
sembly of desmosomes at the leading edge and subsequent transport to the lateral sides
is mediated through extensive actin remodelling, while more matured desmosomes are
guided via keratins to the cell center to eventually disassemble [402]. Intermediate fil-
aments have an important mechanical role in distributing actin-myosin based forces,
similar to their role in single-cell migration. Collective movement of both embryonic
cells and astrocytes with proper leader-follower dynamics was shown to be highly de-
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pendent on this mechanical synergy of actin and intermediate filaments [403, 404]. 3D
tumor cultures of ex vi vo breast cancer demonstrated heterotypic keratin expression
between leader and follower cells [27], which was speculated to be necessary to reg-
ulate individual cytoplasmic viscoelasticity and mechanical coupling through desmo-
some anchoring during collective invasion [405]. Invasion assays of epithelial cancers
with manipulated keratin expressions also indicate that keratin expression can regulate
migration mode; keratin-14-positive cells are leaders of migrating strands in organoid
carcinoma assays, while keratin-8 and keratin-18 depletion can shift migration from in-
dividual to collective [27, 406]. Interestingly, keratins can also organize asymmetrically
in migrating cells and localize in lamellipodia to support polarization and invasive phe-
notype, which is mediated by actin filaments [407].

There is ample evidence that microtubule-actin crosstalk affects adherens junctions
via mechanisms similar to those observed for focal adhesions. Adherens junctions con-
tain multiple proteins that bind microtubule plus ends, including APC, ACF7 and CLASP
[408, 409]. This allows microtubules to promote myosin II activation and local concen-
tration of cadherin molecules [410] and facilitates trafficking of junctional components
to the cell surface [411, 412]. At the same time, microtubules promote junctional actin
assembly by promoting liquid-liquid-phase separation of the actin nucleator cordon
bleu (Cobl) [413]. During collective migration in vivo, it was found that cell-cell contacts
differed in their requirement for dynamic microtubules along the leader-follower axis
[414]. Cells of the leading domain remained cohesive in the absence of dynamic micro-
tubules, whereas dynamic microtubules were essential for the conversion of leader cells
to epithelial followers. Interestingly, it was recently shown that physical confinement of
collectively migrating cancer cells can induce the dissociation of leader cells by actin-
microtubule crosstalk [415]. Confinement-induced microtubule destabilization releases
and activates GEF-H1, which promotes RhoA activation and results in leader cell detach-
ment.

4.5.2. CELL-FREE RECONSTITUTION STUDIES

Interactions between cytoskeletal filaments and cell-cell adhesion complexes are rela-
tively unexplored in reconstituted systems. Adherens junctions are based on transmem-
brane cadherin adhesion receptors. The extracellular domains of cadherins on adjacent
cells form adhesions by homodimerization. The cytosolic domains of cadherins bind
β-catenin, which in turn binds α-catenin [416]. Biochemical studies showed that actin
filaments do not bind directly to cadherins, but are tethered indirectly viaα-catenin [417,
418]. In solution, α-catenin does not interact with actin filaments and the cadherin-β-
catenin complex simultaneously [419]. However, under tension α-catenin stably con-
nects the cadherin-catenin complex to actin filaments via a directionally asymmetric
catch bond [420, 421]. This mechanosensitivity implies directional regulation of cell-
cell adhesion in response to tension, which may connect to cooperative phenomena
such as (un)jamming and plithotaxis mentioned above. Biochemical studies have shown
thatα-catenin influences the organization of junctional actin both directly, by inhibiting
barbed-end growth, and indirectly, by interactions with various actin-binding proteins
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including Arp2/3 [422]. With the complexity of cadherin-actin interactions starting to
become uncovered, it will be interesting to study how crosstalk with microtubules may
further regulate adherens junctions. Recently a first study in this direction was able to
reconstitute the effect of microtubules on junctional actin nucleation, as was described
above in live-cell studies [413]. When dynamic microtubules were incubated together
with G-actin and Cobl, actin filaments were found to be nucleated via Cobl condensates
from both the tips and lattice of microtubules.

Regarding desmosomes, so far there have been mainly biochemical and structural
studies, but few cell-free biophysical studies. Biochemical studies of the desmosomal
cadherins showed that they form cell-cell connections via heterodimerization of the ex-
tracellular domains of desmogleins and desmocollins [423]. Single-molecule force spec-
troscopy by AFM showed that the binding force is 30 to 40 pN [424]. The cytoplasmic do-
mains of desmosomal cadherins bind plakoglobin and plakophilins, an interaction that
has also been reconstituted [425]. Plakoglobin and plakophilins in turn bind to desmo-
plakin [426], which finally binds keratins. Biochemical and structural studies showed
that desmoplakin interacts via its C-terminus to the rod domain of keratin [427, 428]. To
the best of our knowledge, there are no cell-free studies addressing cytoskeletal crosstalk
with desmosomes.

4.6. PLASTICITY OF CELL MIGRATION

4.6.1. LIVE-CELL STUDIES

CELLULAR PLASTICITY IS MEDIATED THROUGH FOCAL ADHESIONS

Most terminally differentiated cells such as epithelial and stromal cells migrate only dur-
ing morphogenesis. However, tissue injury can induce cell plasticity. Mature cells can
reenter the cell cycle and change their phenotype guided by paligenosis programs [429].
Unfortunately plasticity can also contribute to disease. For instance, malignant can-
cer cells are often hyperplastic, contributing to their invasiveness. A well-studied exam-
ple of cell plasticity is epithelial-mesenchymal transition (EMT), a reversible process in
which epithelial cells lose polarity through cytoskeletal remodelling, individualize and
gain motility. EMT is a critical process in embryonic development and wound heal-
ing, but it also plays a key role in fibrosis and cancer invasion. EMT and the reverse
mesenchymal-epithelial transition (MET) are influenced not only by biochemical cues,
but also by mechanical properties of the ECM [430, 431].

Cells sense the mechanical properties of the ECM through their acto-myosin cytoskele-
ton at focal adhesions, mediating mechanotransduction and activating downstream plas-
ticity mechanisms in response to environmental changes. Focal adhesions are based on
integrin adhesion receptors that interact with the ECM through their extracellular do-
mains and with the actin cytoskeleton through their cytoplasmic tails [432]. The actin-
integrin connection is mediated through talin and kindlin (reviewed in [433]). Single in-
tegrins form small and transient junctions, but mechanical stimulation reinforces inte-
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grin adhesions by causing maturation into large focal adhesions. Upon mechanical stim-
ulation, talin and kindlin undergo conformational changes that expose cryptic binding
sites for additional cytoskeletal and signalling proteins [432]. Mechanical stimulation
further reinforces focal adhesions by inducing actin polymerization [434]. Variations
in the biochemical composition and physical properties of the ECM can elicit differ-
ent 3D cell migration modes characterized by different amounts of cell-ECM adhesion
[331, 435]. Highly crosslinked and dense matrices elicit lobopodial migration, character-
ized by a high number of focal adhesions and high actomyosin contractility. Less dense,
fibrous environments elicit mesenchymal migration with a characteristic front-to-rear
gradient of focal adhesions. In low-confining areas that lack adhesion sites, cells depend
on bleb formation to drive themselves forward, a mechanism that does not require focal
adhesions [331].
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Not much is known about the role of cytoskeletal crosstalk in migration plasticity. Mi-
crotubules are likely involved through their feedback interactions with actin near fo-
cal adhesions. It was recently shown that higher substrate rigidity promotes micro-
tubule acetylation through the recruitment of α-tubulin acetyltransferase (α TAT) to fo-
cal adhesions by talin [233]. In turn, microtubule acetylation tunes the mechanosensi-
tivity of focal adhesions by promoting the release of GEF-H1 from microtubules to ac-
tivate RhoA and thereby promote actomyosin contractility [233]. In breast cancer cells,
actin-microtubule crosstalk near focal adhesions via the scaffolding protein IQGAP1 was
demonstrated to promote invasion in wound healing and transwell assays [436]. In fi-
brosarcoma cells, the microtubule-destabilizing protein stathmin was shown to influ-
ence migration mode switching [437]. Increased stathmin activity, and as a result less
stable microtubule networks, promoted amoeboid-like migration, while phosphoryla-
tion of stathmin led to a more elongated migratory phenotype. Besides crosstalk near fo-
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cal adhesions, microtubules can also influence migration mode switching through me-
chanical effects. In confined or compressed cells, microtubules are stabilized through
CLASP2 localization to the lattice, providing a mechanosensitive pathways for cells to
adapt to highly constricting environments [268].

CONTROL OF MIGRATION MODES BY CYTOSKELETAL CROSSTALK AT FOCAL ADHESIONS

The intermediate filament protein vimentin is considered a key cellular plasticity regula-
tor and marker of tumor cell malignancy, especially based on its general upregulation in
EMT and in motile cancer cells [438]. Carcinoma cells in addition express integrin α6β4,
which recruits vimentin to focal adhesions through its binding to plectin, promoting a
3D invasive phenotype switch [439]. Together with nuclear lamins, vimentin contributes
to migration plasticity through regulation of nuclear deformation, for instance allowing
for a transition towards amoeboid-like and faster migration in Hela cells and melanoma
cells when encountering confinement [82, 225]. Moreover, cells migrating under high
confinement use their nucleus as a piston to squeeze through small pores. This com-
plicated pulling mechanism is regulated through crosstalk between the vimentin cage
around the nucleus and actomyosin in front of the nucleus [334].

4.6.2. CELL-FREE RECONSTITUTION STUDIES

Understanding the molecular basis of migration plasticity is an enormous challenge
since integrin-based matrix adhesions contain over 100 types of molecules that are po-
tentially mechanosensitive [440]. One of the first mechanotransduction events during
adhesion maturation is stretching of talin, followed by vinculin binding and activation.
This core process was elegantly reconstituted by overlaying a network of actin-myosin
bundles mimicking stress fibers on a talin-micropatterned surface [441]. It was shown
that direct binding of the contractile actin-myosin network to talin was sufficient to
stretch the protein and induce the association and activation of vinculin. Talin bind-
ing facilitates vinculin activation by allosterically weakening the head–tail interaction
that keeps it in an auto-inhibited conformation [442]. Exposure of the actin-binding
tail induces a positive feedback that reinforces the connection with actin [441]. Using
the same assay, it was shown that activated vinculin can interact with Arp2/3 complex-
mediated branched actin networks and modify their organization by crosslinking actin
filaments into bundles [443]. This is likely an important step towards focal adhesion mat-
uration. Single-molecule studies showed that vinculin forms a directionally asymmetric
catch bond with F-actin [444]. In this way vinculin can organize the polarity of the actin
cytoskeleton and contribute to front-rear asymmetry in migrating cells. Recently the in-
teraction of integrins, talin and kindlin, another major focal adhesion regulator, was re-
constituted on giant unilamellar vesicles [445]. It was shown that phosphoinositide-rich
membranes recruit talin and kindlin, which then cause the formation of large integrin
clusters that can recruit actin-myosin. Another study showed that membrane-bound
talin can also activate vinculin and the two proteins together can link actin to the mem-
brane [446].
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Cell-free reconstitution studies suggest that the actin cytoskeleton itself also contains
proteins that mediate mechanotransduction. An example is filamin A (FLNA), a large
multi-domain scaffolding protein that cross-links actin filaments and binds numerous
proteins via cryptic binding sites along its length. Using reconstituted actin networks
crosslinked with FLNA, it was shown that mechanical strain on the FLNA crosslinks alters
its binding affinity for its binding partners [447]. Both externally imposed bulk shear and
contraction by myosin-II increased binding of the cytoplasmic tail of β-integrin while it
weakened binding of FilGAP, a GTPase that inactivates Rac. Mechanical strain on FLNA
can thus stabilize extracellular matrix binding and at the same time influence actin dy-
namics through Rac activity.

4.7. THE ROAD AHEAD

Cytoskeletal crosstalk is increasingly recognized as a major determinant of cell migra-
tion. Coupling between the actin, microtubule and intermediate filament cytoskeleton
influences cell migration by regulating cell deformability, contractility, front-rear polar-
ity and migration plasticity. Coupling of filaments through entanglements, crosslinking
and bundling regulates a variety of mechanisms that mediate cellular mechanics and
cytoskeletal dynamics involved in these migration strategies (Figure 4.3). To complicate
matters, there is growing evidence that a fourth cytoskeletal protein family, the septins,
also strongly impacts cell migration. Septins are well-equipped to mediate cytoskele-
tal crosstalk since they can bind to the cell membrane, actin and microtubules [448].
Recent research demonstrated roles of septins in mesenchymal and amoeboid single-
cell migration [449, 450] and in the regulation of endothelial and epithelial cell-cell ad-
hesion [451, 452]. In Chapter 5 of this dissertation, we further investigate the role of
septins in cancer invasion through regulation of cell shape. Elucidating the biophysical
mechanisms by which cytoskeletal crosstalk regulates cell migration is challenging due
to the enormous molecular complexity of the cell and feedback between mechanical
forces and biochemical signaling. Cell-free reconstitution provides a valuable comple-
ment to live-cell studies because it simplifies the challenge of separating biochemical
and physical contributions to cytoskeletal crosstalk. We note that caution should be
used when translating findings regarding cytoskeletal crosstalk from bottom-up stud-
ies to cells. Cell-free model systems present a highly simplified environment in terms of
molecular complexity, crowding, ionic conditions, spatial heterogeneities, mechanical
conditions, etcetera. Cytoskeletal interactions or mechanical effects observed in a cell-
free system do not necessarily occur (in the same way) in the cellular environment. The
power of cell-free studies is to develop and test hypotheses regarding possible interac-
tions and their biophysical impact under well-controlled conditions. Using cell-based
studies, one can then test how these findings carry over to the cellular environment.
Clearly there still remains an enormous gap between the complexity of cells and the sim-
plicity of reconstituted systems. How can this gap be bridged?

We propose different routes to bridge this gap (Figure 4.4). One obvious direction to
bridge this gap is to enhance the complexity of cell-free assays. Simple assays combin-
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Cell free (bottom up) Live cell (top down)

Micropatterning

Optogenetics 
light-controlled interactions

Figure 4.4: The proposed route to bridge the gap between live cell (top down) and cell free (bottom up) ap-
proaches in the research of cytoskeletal crosstalk in cell migration. Mi cr opat ter ni ng and optog eneti c
tool s can be used to manipulate cytoskeletal interactions and help to bridge the gap between the two research
approaches. Actin (magenta), microtubules (green), intermediate filaments (cyan) and crosslinkers (pink).

ing cytoskeletal filaments without any accessory proteins showed that steric interactions
alone suffice to give rise to nonlinear stiffening and enhanced compressive strength.
There is some evidence that intermediate filaments directly interact with actin filaments
and microtubules via electrostatic interactions [320, 321], but this could be an artefact of
in vitro conditions. Single-molecule measurements of filament interactions within cells
or cell lysates could shed light on this issue. An important next step to bridge the gap to
the cell is to incorporate accessory proteins that mediate cytoskeletal coupling. Several
studies have shown that crosslinking via cytolinkers is sufficient to give rise to cytoskele-
tal filament co-alignment and mechanical synergy (e.g. [328, 329]). More detailed in-
vestigations of the effects of cytolinkers, both in vitro and in cells, will be important to
delineate their roles in cytoskeletal co-organization, mechanical synergy, and mechan-
otransduction. In the cell, cytoskeletal crosstalk is guided by geometrical constraints
provided by the cell membrane. The membrane organizes the cytoskeleton through
spatial confinement and by providing adhesion sites where cytoskeletal filaments are
nucleated or anchored. Reconstitution experiments have begun to recapitulate these
constraints by encapsulating cytoskeletal proteins inside cell-sized emulsion droplets
or lipid vesicles, including actin/microtubule and actin/keratin composites [316, 453].
These model systems could form a basis for reconstituting synthetic cells capable of
migration. Adhesion-independent migration is probably easiest to reconstitute. Flow-
driven confined migration was recently reconstituted, although based on a cell extract,
so the minimal set of ingredients is not yet known [360]. It will be interesting to incor-
porate microtubules and/or intermediate filaments in this assay to control cell polarity
and mechanics. Mesenchymal migration is likely more challenging to reconstitute be-
cause it requires coordinated actin polymerization, contraction, and cell-matrix adhe-
sion. Motility driven by actin polymerization has been successfully reconstituted on the
outer surface of lipid vesicles (reviewed in [454]), but motility of vesicles with actin poly-
merization inside will require substrate adhesion. Surface micropatterning provides an
interesting approach to impose polarized shapes to synthetic cells by forcing them to
adapt to the pattern shape and size [455]. In addition, one can use light-induced dimer-
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ization to induce spatial patterning and symmetry breaking of cytoskeletal networks.
Light-inducible dimers (LIDs) come from photoactivatable systems naturally occurring
in plants and allow for reversible photoactivation [456]. Recently it was for instance
shown that microtubule-interacting proteins fused to optochemical dimerization do-
mains can be used to drive symmetry breaking of microtubule networks inside emulsion
droplets [457].

The opposite direction to bridge the gap between live-cell and cell-free studies is to
tame the complexity of living cells. Some of the same techniques that can provide more
control over cell-free systems can also provide control over the behavior of living cells.
Surface micropatterning for instance allows one to confine cells to adhesive islands with
precisely controlled geometries, forcing the cells to adopt prescribed shape and corre-
sponding cytoskeletal organizations (see Chapter 5 of this dissertation). Imaging many
cells adhered on the same pattern greatly facilitates quantification of cytoskeletal crosstalk
[374]. Moreover, micropatterning can be used to investigate how cytoskeletal interac-
tions affect single-cell and collective cell migration dynamics [458]. Light-inducible dimer-
ization can be used to manipulate cytoskeletal interactions with high spatial and tempo-
ral control. It was for instance recently shown that F-actin can be crosslinked to micro-
tubule plus ends by transfecting cells with an iLID-tagged EB-binding SxIP peptide and
SspB-tagged actin-binding domains [459]. This could be an interesting tool to system-
atically study the crosstalk of microtubules with actin and intermediate filaments that
takes place near cell adhesions. Finally, molecular tension sensors provide a very inter-
esting tool to selectively interrogate mechanical interactions between cytoskeletal net-
works. Tension sensors consist of two fluorescent proteins separated by a peptide with a
calibrated mechanical compliance. Under strain, the fluorescent proteins are separated,
decreasing fluorescence energy transfer (FRET) between them. By embedding a tension
sensor in the actin crosslinker FLNA, it was recently shown that molecular tension can
be measured within the actin cytoskeleton [460]. It will be interesting to use a similar ap-
proach to measure tension within the intermediate filament cytoskeleton and test force
transmission between the actin and intermediate filament cytoskeleton.
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5
SEPTINS PROMOTE BREAST CANCER

INVASION

Septins are cytoskeletal proteins that assemble into hetero-oligomers that form fibers and
bundles in cells to act as scaffolds and diffusive barriers. Through interactions with the
cell membrane and the cytoskeleton, septins are known to contribute to cell division, mor-
phology, mechanotransduction and migration. High expression of septins is correlated to
breast cancer malignancy by promoting invasion, but it is challenging to dissect the mech-
anisms by which septins impact cancer cell invasion. Here we created a CRISPR/Cas9
septin 7 knockout in the metastatic triple-negative breast cancer cell line Hs578T to ex-
amine the role of septin in breast cancer invasion. Invasion from 3D spheroid assays in
collagen hydrogels was inhibited in response to septin 7 depletion. Additional single-cell
migration studies with physical constriction mimicked by micropatterns, microchannels
and 3D collagen gels showed that septin 7 expression regulates confined cell migration
through control of cell shape and actin-based protrusions.
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5.1. INTRODUCTION

S EPTINS belong to a family of proteins that is increasingly recognized as an essen-
tial component of the cytoskeleton in mammalian cells [461]. All septins are guano-

sine triphosphate (GTP)-binding proteins. Paralogous septins are categorized into four
groups based on sequence homology, named SEPT2, SEPT6, SEPT7 and SEPT3 [462].
Humans possess 13 septin genes referred to as SEPT1-12 and SEPT14. Septins from each
group assemble into palindromic hetero-oligomers in a defined linear sequence of sub-
groups [463]. In mammalian cells, both hexamers (with the general sequence SEPT2-
6-7-7-6-2) and octamers (with the general sequence SEPT2-6-7-3-3-7-6-2) are found in
cell-type-specific proportions [464]. Each septin subunit can be exchanged with another
from the same group (Kinoshita Rule [465]) and certain septins, like SEPT9, have mul-
tiple splice variants. The large variety of ensuing septin combinations may contribute
redundancy, but also cell-specific functions. Each septin has two interaction sites for
binding adjacent septins: one formed by the GTP-binding domain (G-interface) and
the other by N- and C-terminal extensions (NC-interface). This enables the complexes
to assemble end-to-end via their SEPT2 subunits to form thin (4 nm) linear filaments
that are nonpolar [466]. These filaments can laterally pair through interactions of the C-
terminal coiled coil domains [467]. It is still poorly understood how cells regulate septin
(de)polymerization and higher-order organization, although post-translational modifi-
cations of septins [468] and Borg family proteins [469, 470, 471, 472] are known to be
important.

Septin filaments in mammalian cells are often found in association with the plasma
membrane. Membrane-associated septin structures have been proposed to serve as
scaffolds and diffusive barriers [473, 474]. Septins can directly bind lipid membranes
through interactions with phosphoinositide lipids including phosphotidylinositol 4,5-
bisphosphate (PIP2) [475, 476]. However, septins can also associate with the cell cor-
tex through interactions with the actin cytoskeleton, either through direct actin binding
or through indirect binding via nonmuscle myosin-2 and anillin [477, 465, 183]. Actin-
associated septins have been found to regulate the structural stability and contractil-
ity of actin stress fibers in adherent cells [478, 479, 480], the actin cortex in immune
cells [481], and the actin cortex in epithelial and endothelial tissues [482]. Septins may
also bind to microtubules in certain cell types or physiological circumstances α-tubulin
[483, 484] through a short amino-terminal repeat motif unique to the septin 9 splice iso-
form SEPT9-i1 [485, 486]. Through their interactions with cell membranes and the cy-
toskeleton, septins contribute to a wide range of cellular functions. They are essential
for cell division and promote cell migration, cell and tissue shape regulation, immune
responses, and mechanotransduction [487, 488, 489, 481, 490].

Septin dysfunctions are associated with a wide range of diseases including different
forms of cancer [491]. Some septin family members function as suppressors of tumor
cell invasion, which prevents cancer progression and metastasis. In glioma cells, for
instance, high septin expression is linked to inhibition of cell invasion through down-
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regulation of metalloproteases (MMPs) and integrins and through reorganization of the
actin and microtubule networks [492, 493]. In contrast, septins function as tumor cell
invasion promoters in breast cancer. For example, high expression of SEPT2 and SEPT7
in breast cancer is associated with more aggressive forms of the disease [494, 495]. In
various breast cancer cell lines, inhibition of septin dynamics with forchlorfenuron was
shown to lower cell proliferation and invasion rates, while septin over-expression had
the opposite effect [494]. Of all septins, SEPT9 is most strongly linked to cancer, espe-
cially breast cancer [496]. High expression of SEPT9 has been associated with a high
clinical stage, poor clinical outcomes and resistance to treatment. SEPT9 overexpression
promotes metalloprotease-dependent invasion of breast cancer cells [497], which is also
associated with adaptations of the cytoskeleton and focal adhesions [498]. Given the
complexity of septins and their vast interactome, it is challenging to dissect the mecha-
nisms by which septins impact cancer cell invasion.

Cancer cell invasion is a complex process that relies on all cytoskeletal networks jointly
regulating cell deformability, cell contractility, integrin-mediated interactions with the
tissue microenvironment, and formation of specialized membrane protrusions [499, 500,
501, 502]. Septins influence all of these functions. They influence cell deformability by
enhancing the mechanical stability of the actin cortex [473]. They influence cell contrac-
tility by reinforcing actin stress fibers [503, 464]. Septins can both recruit and compete
with myosin for actin binding, directly impacting actomyosin activity and thus cell con-
tractility [479, 504, 505]. Septins influence focal adhesions through their stabilization
of actin stress fibers [503, 464]. In migrating endothelial cells, they furthermore influ-
ence focal adhesion turnover through the guidance of growing microtubuli towards focal
adhesions [506]. Finally septins influence the formation of various types of specialized
membrane protrusions that contribute to cell migration. Protrusion types are associated
with different migration modes, that are dependent on cell type and environmental fac-
tors. Mesenchymal migration is characterized by actin-rich lamellipodia and filopodia,
while amoeboid migration uses actin-independent bleb formation [9]. Cancer cells often
also contain podosomes and invapodia, which are specialized in matrix degradation to
enhance invasion [507], and microtubule-enriched microtentacles of the cell membrane
[508, 509]. In breast cancer cells, septins influence microtentacle formation by control-
ling actin-microtubuli crosstalk [501]. In T-cells, septins contribute to persistent amoe-
boid cell motility by preventing blebbing and promoting retraction of the cell’s leading
edge when cells change direction [489, 481]. It is still unknown how septins regulate
membrane protrusion formation, but this may involve curvature-sensitive membrane
binding [510, 511, 512].

Because septins play extensive roles in cytoskeletal reorganization and membrane dy-
namics, we hypothesized that septins govern breast cancer cell motility through affect-
ing cell shape and specifically protrusion formation. To test this hypothesis, we pro-
duced an inducible CRISPR/Cas9 knockout of septin 7 in Hs578Ts, a metastatic triple
negative human breast cancer cell line that is resistant to various therapeutic strategies
[513]. Hs578T cells express septins 1/2/7/9/11, which co-localize with actin filaments
and not with microtubules [501]. To knockdown septins, we decided to target septin 7,
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since this septin is the only member of its family and it plays a critical role in the stability
of septin complexes within the cell [473, 514]. When septin 7 is absent, expression levels
of other septins are often reduced as well and the remaining septins are unable to form
stable oligomers or filaments. Furthermore, septin 7 expression has been implicated in
breast cancer [494]. We first investigated how septin 7 depletion influences breast cancer
cell invasion using 3D spheroid invasion assays in collagen hydrogels. To investigate the
mechanism by which septins impact invasion, we then studied single cell invasion in dif-
ferent artificial environments (micropatterns, microchannels and 3D collagen gels) that
mimic physical constriction. We found that septin 7 is a crucial regulator of confined cell
migration. Without septin, confined cell shapes in 2D and 3D were more compact and
less complex, indicating reduced contractility and protrusion formation.

5.2. METHODS

CELL CULTURE AND GENERATION OF KNOCKOUTS

Human breast cancer cells (Hs578T, #HTB-126, ATTC) were cultured in Dulbecco’s Mod-
ified Eagle Medium (DMEM, Thermo Fisher, #11574486) supplemented with 5% Fetal
Bovine Serum (Thermo Fisher Scientific, #11573397) and 1% penicillin-streptomycin
(Thermo Fisher Scientific, #11528876). Cells were subcultured between 80-90% conflu-
ency and incubated at 37°C and 5% CO2.

A doxycycline-inducible Hs578T Cas9 cell line was produced using Edit-R Inducible
Lentiviral hEF1α-Blast-Cas9 Nuclease Plasmid DNA (Dharmacon, CAS11229, CO, USA).
A subconfluent monolayer of Lenti-X 293T cells (Clontech, #632180, CA, USA) was ad-
hered to a 10 cm dish overnight. A DNA mixture was prepared with third generation
lentiviral helper vectors using 2.6µg pMDLg-RRE, 1.4µg pCMV-VSVG and 2.0µg pRSV-
Rev (all from Addgene, #12251, #8454, #12253, respectively, MA, USA, adjusted by the
Netherlands Cancer Institute) and 4.0µg of the Cas9 plasmid. Lenti-X 293 T cells were
transfected with the DNA mixture and 0.05 mg Polyethylenimine (Polysciences, #23966-
2, PA, USA) in 10 mL culture medium. After 24 hours the medium was refreshed, after
48 hours and 72 hours the medium was collected and filtered through a 0.45µm filter.
50,000 Hs578T cells were adhered in a 6-wells plate (Greiner Bio-one, #657160, Austria)
and virus-containing medium was added and supplemented with 5µg/mL Polybrene
(Sigma-Aldrich, MO, USA). After 24 hours the medium was changed and cells were se-
lected using 2µg/mL Blasticidin (Sigma-Aldrich, #203350, MO, USA). A single clone of
Hs578T-Cas9 was isolated, expanded and tested for Cas9 expression upon Doxycycline
(Selleckchem, #S5159, TX, USA) exposure. For sgRNA plasmids, the following guide RNA
was added into U6-gRNA/PGK-Puro-2A-BFP vector (Addgene, #50946) by the LUMC:
SEPT7: ’CCTGTTATCGACTACATTGATAG’; Additionally a non-targeting sgRNA was used
as negative control. HEK293T cells were transfected with the pKLV-U6-gRNA/PGK-Puro-
2A-BFP vectors cloned with sgSEPT7 or a non-targeting control sgRNA, with 2.5 mg/mL
polyethylenimine (Polysciences, #23966-2) in phosphate-buffered saline (PBS). Lentivirus-
containing medium was collected from the HEK293T cells for 2 days and used to trans-
duce Hs578T-Cas9 cells. Selection of transduced cells was performed with 1µL puromycin
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(Thermo Fisher, #A1113803) for two days. For induction of the CRISPR-Cas9 knock-
out, media was supplemented with 1µg/mL doxycycline (Bio-connect, S5159), creating
Hs578T cells with a septin 7 knockout (Hs578T SEPT7 KO) and a non-targeting control
(Hs578T NT CTRL). We found that a minimum of 7 days was needed for maximal septin 7
knockdown (Fig. S5.1 and S5.2). Knockout cultures were used for a maximum of three
weeks.

ACTIN POLYMERIZATION INHIBITION

In experiments requiring actin depolymerization, we incubated the cells for a minimum
of 30 minutes with culture media supplemented with 50µM Cytochalasin D (Merck Sigma,
#C2618) or with 0.025µL/mL DMSO (Bioke, #12611P) as a control. Previous research has
shown that incubation of fibroblasts with this concentration of CD reduced the cell stiff-
ness as measured by uniaxial stress-strain testing by 50 % [67].

MICROFLUIDIC MIGRATION ASSAYS

We designed a microfluidic device tailored for observing cell deformation during migra-
tion through custom-designed constriction areas inspired by the work of Davidson et
al. [64]. The multi-layered master mold was created using standard soft lithography at
the Kavli Nanolab Delft, with a µMLA laserwriter (Heidelberg Instruments). The design
consists of a 5µm tall and 440µm wide constriction area aligned with an adjacent 50µm
tall perfusion channel for cell loading, chambers that end at the constriction area, and
a bypass channel to equilibrate the fluid levels between the reservoirs positioned at the
outer sides of the chamber.

The first layer of the design consisted of 5µm SU-8 2005 photoresist (Kayaku Ad-
vanced Materials) and was spun on a 4-inch silicon wafer that was soft-baked and post-
baked at 95 °C for 2 minutes. The second layer consisted of 45µm SU-8 3050 (Kayaku Ad-
vanced Materials) and was soft-baked at 95 °C for 15 minutes, post-baked for 1 minute at
65 °C and 5 minutes at 95 °C, and developed with a SU-8 developer (Sigma Aldrich). After
developing, trichloro(1H,1H,2H,2H-perfluoroctyl)silane (Sigma Aldrich) was coated on
the master mold. Microfluidic chips were made from PDMS (Sylgard 184, Dow Corning),
prepared with a curing agent with a 10:1 (w/w) ratio. The PDMS was poured on the sili-
con mold, degassed and cured at 65 °C for 3 hours. Reservoirs and cell-loading ports were
punched with a revolving punch plier (Knipex) and a 0.75 mm diameter punch (Rapid-
core, Welltech), respectively. PDMS chips and glass coverslips were plasma cleaned (Har-
rick Plasma) at 30 W for 150 seconds and bonded overnight at 65 °C.

For live-cell experiments, microfluidic chips were sterilized with 70% ethanol and
subsequently washed three times with MQ and once with PBS. Chips were coated with
collagen by adding 100µL 100µg/mL PureCol type 1 bovine collagen (Advanced Bioma-
trix) in PBS through the cell-loading ports and incubating for 2 hours at room temper-
ature. Chips were washed thrice with PBS and once with cell culture medium. Next,
6µL containing 30,000 cells was added to each chip via the cell-loading ports. The reser-
voirs were filled with cell culture media and the chips were incubated overnight at 37°C
and 5% CO2, together with a 15 mL falcon tube cap filled with MQ to prevent evapora-
tion. One hour before imaging, cell culture medium was removed from the reservoirs
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and replaced with cell culture medium containing live-cell dyes to stain the nucleus
(Hoechst 33342, Thermo Fisher, 1:10,000 solution) and the cytoplasm (Cytotracker Or-
ange, Thermo Fisher, 1:1,000 dilution). After one hour incubation, the device was sealed
with a glass coverslip and imaged.

MICROPATTERNING

For micropattern fabrication, we adapted a deep UV printing protocol from Ref. [515].
Coverslips were first cleaned with isopropanol (VWR Chemicals, #20922.264) and Milli-Q
(MQ) and sonicated for 5 minutes in an Ultrasonic Cleaner (Emerson, Brandson 2510),
followed by 5 minutes in a UV plasma cleaner (BioForce Nanoscience, UV Ozone Pro-
Cleaner Plus). PLL-PEG coatings were made using PLL-g-PEG (Susos AG) diluted 1:10 in
10 mM HEPES buffer, pH 7.4 (Thermo Fisher, #11560496) and pipetted in 50µL droplets
on parafilm. Cleaned coverslips were placed on top of the droplets and incubated at
room temperature for 1-2 hours. Next, coated coverslips were washed 10x in MQ and
dried using a nitrogen spray gun.

The photomask was fabricated by DeltaMask BV. The photomask was first cleaned
with acetone and isopropanol and next plasma cleaned for 10 minutes in the UV plasma
cleaner. To attach the coverslips to the photomask, 1.5µL droplets were pipetted onto
the patterns before adding the coverslips on top. The patterns were printed in the UV
plasma cleaner for 10 minutes. Patterned coverslips were sterilized with 70% ethanol
and washed twice with PBS. Patterned coverslips were incubated with 100µL 10µg/mL
Rhodamine-labeled fibronectin (Universal Biologicals, #FNRO1-A) in PBS for 1 hour.
Next, coverslips were washed with PBS and stored in PBS at 4 °C for a maximum of 1
week. To seed the cells on the patterns, patterned coverslips were placed in 6-well plates
and seeded with a density of 50,000 cells/well for at least 24 hours to ensure attachment.

SPHEROID INVASION IN COLLAGEN GELS

Bovine hide collagen type I (purity ≥ 99.9%, Advanced Biomatrix) stock solution of 3
mg/ml collagen in 0.01 N HCL was used to prepare 2.4 mg/ml collagen gels. The gels
were made isotonic by adding 12.5 v/v% of 10x Phosphate Buffered Saline (PBS, Thermo
Fisher). Next, 0.1 M sodium hydroxide was added to bring the pH to 7.4. The solution
was further diluted with pre-cooled MQ and vortexed for 30 seconds and polymerized at
37°C in an µ-slide 8-well (Ibidi) for 45 minutes.

For spheroid formation, cells were seeded in round-bottom and ultra-low attach-
ment ElplasiaT M 96-well plates (Corning), with a seeding density of 40,000 cells/well to
create spheroids with an average size of ∼200µm. Spheroids were incubated for 2-3 days
for spheroid formation and compaction, with a moderately necrotic core, and pipet-
ted out of the wells using a cut-open 200µL pipet tip to prevent shearing the spheroids.
Spheroids were pipetted on top of 80µL polymerized collagen in each Ibidi well and in-
cubated for 45 minutes. Medium was pipetted out of the well, and another 100µL colla-
gen was polymerized on top of the spheroids, creating a sandwich model, adapted from
Ref. [148]. The collagen samples were supplemented with culture medium containing
Hoechst 33342 and Cytotracker Orange.
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IMMUNOCYTOCHEMISTRY

For fixation of samples, culture medium was removed and 4% para-formaldehyde (PFA,
Tebu-Bio) in PBS was incubated for 10 minutes. PFA was removed and samples were
washed three times with PBS. Next, cells were permeabilized with 0.5% Triton X-100
(Merck Sigma) in PBS for 3 minutes and washed three times with PBS supplemented
with 0.1% Tween (PBS-T, Merck Sigma). The samples were blocked for 30 minutes with
3% Bovine Serum Albumin (BSA, Merck Sigma) in PBS.

Primary stainings were made in 1.5% BSA/PBS and incubated between 6-24 hours at
4 °C. Primary antibodies used were anti-α-tubulin (1:1000, Invitrogen, #32-2500), anti-
gm130 mouse (1:500, BD Biosciences, #610823), anti-PIP2 mouse IgG2a (1:100, Sigma,
#MABS2282), anti-septin 7 rabbit IgG (1:250, Thermo Fisher, #PA5-56181) and anti-septin
9 rabbit IgG (1:200, Proteintech, #10769-1-AP). After primary staining, samples were
washed three times with PBS-T.

Secondary stainings were made in PBS-T and incubated between 1-6 hours at room
temperature. Secondary antibodies and dyes used were anti-rabbit goat IgG 488 (1:1000
Thermo Fisher, #A11008), anti-mouse goat IgG 568 (1:1000, Thermo Fisher, #a11004),
anti-rabbit goat IgG 647 (1:1000, Thermo Fisher, #a27040), Hoechst 33343 (1:1000) and
Phalloidin 647 (1:250). After secondary staining, samples were washed three times with
PBS-T and once with MQ. Coverslip samples were mounted on microscope slides (Thermo
Fisher, #16309475) using ProLong Diamond mounting solution (Thermo Fisher, #15468070),
air-dried and stored at 4 °C. Ibidi chamber slide samples were stored in PBS at 4 °C.

Spheroid-collagen samples were stained with the same protocol as described above,
but with increased incubation times and without mounting the samples. Instead, the
samples were stored in PBS at 4 °C. Incubation times were adapted for BSA blocking
(overnight), primary staining (overnight), secondary staining (overnight) and wash steps
(30 minutes).

MICROSCOPY IMAGING AND AUTOMATED IMAGE ANALYSIS

Confocal fluorescence and reflectance imaging was done on a Stellaris 8 confocal mi-
croscope (Leica), equipped with a supercontinuum white light laser, 405 nm laser and
three hybrid detectors. Immunocytochemistry samples were imaged with 40x/1.25 or
63x/1.30 glycerol objectives, 405 nm laser, and 488/553/650 nm laser lines. Live-cell
imaging of microfluidic chips and spheroid assay was performed with a 20x/0.75 air ob-
jective, 405 nm laser, 458 nm laser line and 488 laser line for confocal reflection. Time-
lapse image series at multiple locations were acquired with time intervals of 15 minutes
over a total period of 24-72 hours. Environmental control regulated the temperature at a
constant 37 °C and 5% CO2.

Automated image analysis to detect 2D cell shape parameters was done in in Fiji [68]
in which we binarized Cytotracker Orange and actin signals from which we measured
area, aspect ratio, circularity and solidity. To measure cell lengths we analyzed the skele-
ton with the ’skeletonize’ plugin in Fiji and measured the longest path of the skeleton.
In 3D samples, cells had a variety of orientations which was challenging to quantify. For
3D image analysis, we used the ’skeletonize’ plugin of Fiji on binarized maximum pro-
jections of actin intensities. From the skeleton, we could count the number of junctions
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in the skeleton as a measure for protrusions, and extract the longest path in the skele-
ton to determine the cell length in XY. To also determine the length in Z, we counted the
number of Z-stacks in which the cell was imaged. Cell elongation was defined as the
combination of measured cell lengths in XY and in Z. Cells were selected when placed
> 20µm from the coverglass. Maximum time projections of time-lapse imaging series of
3D spheroid invasion were made by making inverted maximum projections of the time-
lapses.

WESTERN BLOT ANALYSIS

Hs578T NT CTRL and SEPT7 KO cells were seeded with a cell density of 300,000/well
in 6-well culture plates. After a minimum of 24 hours, cells were washed with PBS
and lysed in radioimmunoprecipitation buffer (RIPA, 100µL/well, Thermo Fisher) and
stored at -20°C. Loading samples were made with Laemmli buffer (2x, Bio-rad) and
4% β-mercaptoethanol (Sigma Aldrich) and were boiled at 95°C for 5 minutes. Mini-
PROTEAN-TGX gels (Bio-rad) were used for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 100V for approximately 1.5 hours. Western Blotting of the
gels was done on Trans-Blot Turbo Mini 0.2µm PVDF Transfer Packs (Bio-rad) using a
Trans-Blot Turbo Transfer System (Bio-rad). After blotting, membranes were blocked
in 5% BSA/PBS overnight. Membranes were stained with primary antibodies: anti-
GAPDH rabbit IgG (1:1000, #CST2118S, Bioke), anti-septin 2 rabbit IgG (1:1000, Sigma,
#HPA018481), anti-septin 7 Rabbit IgG (1:1000, #18991, IBL-America) and anti-septin 9
rabbit IgG (1:10000, Proteintech, #10769-1-AP) in 5% BSA/PBS overnight, on a shaker
at 4°C. After primary stainings, membranes were washed thrice with PBS-T. Secondary
stainings were done with goat anti-rabbit HRP (#ab6728, Abcam), 1:5000 in PBS-T.
Membranes were washed thrice with PBS-T. Imaging was executed with an enhanced
luminol-based chemiluminescent substrate kit (Thermo Fisher) on a gel-imager (Bio-
rad). Intensity bands were measured three times in Fiji [68] and subtracted from differ-
ent background spots.

DYNAMIC COMPRESSION OF SPHEROIDS

To measure the viscoelastic properties of the NT CTRL and SEPT7 KO spheroids, dy-
namic compression was imposed on spheroids using a microfluidic constriction device
with constriction size of 84µm in width and 110µm in length. The microfluidic chip
design and experimental setup are described in Ref. [516]. For spheroid formation,
NT CTRL and SEPT7 KO cells were seeded in round-bottom and ultra-low attachment
ElplasiaT M 96-well plates, with a seeding density of 60,000 cells/well. Spheroids were
incubated for 3 days and pipetted out of the wells using a cut-open 200µL pipette tip to
prevent shearing the spheroids. Spheroid compression was imaged on an inverted flu-
orescence microscope (Zeiss Axio-Observer) with camera streaming using a 5xNA 0.16
air objective and Zeiss Axio-Observer 0.63x digital camera. Experiments with more than
one spheroid present during compressions were not considered in the analysis. Auto-
mated image analysis via a Matlab function detected spheroid boundary and centroid,
to calculate velocity and axial strain. The viscoelastic properties were extracted from
the axial strain evolution over time, which characterized the spheroid deformation, via
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the fitting of a Dynamic Modified Maxwell Model (DMMM). The DMMM was derived by
defining applied stress σ in the Modified Maxwell Model by pressure differences across
the channel, accounting for time-dependent pressure differences present in the system
(mathematical derivations are found in Ref. [516]).

STATISTICAL ANALYSIS

Statistical analysis was performed using Microsoft Excel. Two-tailed Student’s t-tests
were performed using the TTEST function. Statistical details of experiments are found in
the figure legends and method details. P-value results from t-tests are indicated by: (ns)
= p≥0.05, (*) = p<0.05, (**) = p<0.01, (***) = p<0.001. Error bars represent the standard
error of the mean.

5.3. RESULTS

CHARACTERIZATION OF SEPTIN 7 DEPLETION IN HS578T CELLS

To test the impact of septins on cancer cell invasion, we decided to create an inducible
CRISPR/Cas9 knockout of septin 7 in Hs578Ts, a metastatic triple negative human breast
cancer cell line [513]. Hs578T cells transfected with lentivirus containing a CRISPR/Cas9
construct with sgSEPT7 were treated for several days with doxycyclin to activate the
CRISPR/Cas9 and induce the septin 7 knockout (SEPT7 KO). Control (NT CTRL) cells
were obtained by performing the same treatment but using non-targeting sgRNA. We
checked the extent of septin knockdown by immunofluorescence microscopy (Fig. S5.1)
and Wester Blot analysis (Fig. S5.2) after 2-day, 5-day, 6-day and 7-day induction. We
found that 7-day treatment with doxycyclin significantly reduced septin levels. To char-
acterize the efficiency of septin knockout we first took immunocytochemistry images of
cells at day 0 and after 7 days of doxycyclin treatment, staining for septin 7 and F-actin
(Fig. 5.1A). In control cells, septin 7 was clearly visible as linear signals co-localizing with
actin stress fiber (Fig. 5.1A(i-iii)). After 7 days of doxycyclin treatment, 80-90% of the cell
population lost visible septin expression (Fig. 5.1A(iv-vi)). Western Blot analysis con-
firmed that doxycyclin treatment reduced the expression level of septin 7 by 6-fold after
7 days (Fig. 5.1B(i)). As septin 7 plays a critical role in the stability of septin complexes
within the cell [464, 463], we also expected a decrease in the levels of other septins. West-
ern Blot analysis indeed showed markedly reduced expression levels of both septin 2 and
9 after doxycyclin treatment (Fig. 5.1B(ii-iii)). Immunocytochemistry images confirmed
that cells depleted of septin 7 also had a markedly lower signal for septin 9 as compared
to control cells (Fig. 5.1C(i-ii,iv-v)). We additionally found that cells depleted of septin
7 regularly contained disrupted Golgi apparatus (Fig. 5.1C(iii,vi)) and dysregulated mi-
crotubules with dense compact structures near the cell cortex (Fig. 5.1D). Both of these
artifacts showed co-localization with residual septin 9 structures, indicating that these
defects originate from aberrant localization of residual septin 9 in the septin 7-depleted
cells.
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Figure 5.1: Characterization of septin 7 knockdown in Hs578T breast cancer cells. (A) Immunocytochemistry
images and Western Blot quantification of Hs578T SEPT7 KO cells at day 0 and day 7 of doxycyclin treatment.
Left: Cells are stained for F-actin (green), septin 7 (magenta) and nuclei (blue). Scale bars are 50µm. (B) West-
ern Blot (top) and corresponding boxplots quantifying Western Blot intensities relative to GAPDH (bottom)
for septin 7, septin 2 and septin 9 before and after 7 days of doxycyclin treatment. (C) Immunocytochemistry
images of cells before and after doxycyclin treatment for septin 7 (magenta), septin 9 (green), GM130/Golgi
(red), α-tubulin (cyan) and nuclei (blue). Scale bars are 25µm. In the boxplots, (*) = p < 0.05, (***) = p < 0.001.
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SEPTINS MODULATE ACTIN ORGANIZATION AND CELL SHAPE ON MICROPAT-
TERNS

In control cells, we observed that septins localize with actin stress fibers but not with mi-
crotubules, consistent with previous findings [501]. To investigate the interplay between
the actin and septin cytoskeleton in Hs578T cells, we analyzed how each responded to
depletion of the other. When we depleted actin fibers by cytochalasin D (CD) treatment,
septins transformed from linear structures co-aligned with long stress fibers (Fig. 5.2A,
top row; zoom-in areas indicated by white arrows) into smaller fibers, often crescent
shapes and rings (Fig. 5.2A, middle row). Conversely, depletion of septin 7 from the cells
resulted in minor actin reorganizations (Fig. 5.2A, bottom row). The most prominent
change in the actin cytoskeleton was a clear loss of perinuclear fibers. In perinuclear
areas of the cells (areas indicated by white squares in Fig. 5.2C, left, zoomed-in images
in Fig. 5.2C, middle and right), stress fibers are visible in control cells but lost in septin
7 knockout cells. In addition, control cells had frequent linear actin-filled protrusions,
likely non-motile cilia as they co-localized with microtubules, whereas septin 7-depleted
cells showed much fewer such protrusions (Fig. 5.2D, zoom-in areas indicated by white
squares). Analysis of the 2D cell areas showed that neither actin fiber inhibition nor
septin 7 depletion significantly impacted the area on average (Fig. 5.2B). However, si-
multaneous depletion of F-actin and septin by CD treatment of SEPT7-KO cells caused
a significant reduction in cell area (Fig. S5.3), indicating that the networks somehow
jointly contribute to cell spreading on 2D substrates.

In the tissue microenvironment, breast cancer cells adhere to collagen fibers, which
constrain adhesion from 2D to quasi-1D. To test how septin depletion affects cell spread-
ing under quasi 1D-confinement conditions, we seeded cells on top of 15µm-wide lined
micropatterns coated with fibronectin. Control cells adapted to the pattern by form-
ing rather regular elongated shapes with tapered ends (Fig. 5.2E, left). SEPT7 KO cells
showed notably less well-defined shapes, suggesting a less contractile morphology (Fig.
5.2E, right). Quantification of the cell shapes showed that the SEPT7 KO cells indeed had
significantly smaller aspect ratios than control cells (Fig. 5.2G) despite having similar
cell areas (Fig. 5.2F). We conclude that in Hs578T cells, septin 7 interacts with F-actin
and regulates perinuclear and cortical actin networks that are important for cell shape
control under 1D and 2D adherent conditions.

SPHEROID INVASION IS REDUCED IN SEPT7 KO HS578T SPHEROIDS

The role of septin in breast cancer cell invasion was researched by generating Hs578T
cell spheroids and performing spheroid invasion assays in 2.4 mg/mL collagen gels, pro-
viding confined conditions (average pore size ∼1.3µm [517]). We performed live-cell
imaging on the spheroids to track the progression of cell invasion. At the start (defined
as t = 0h, circa 2 hours after embedding the spheroid in collagen), we already observed
distinct differences in the number of protrusions the spheroid displayed between con-
trol and septin knockout spheroids (Fig. 5.3A). NT CTRL spheroids show clear protru-
sive behavior into the collagen gel at various sites along their contour, while SEPT7 KO
spheroids have a limited number of protrusions within the same incubation time. Imag-
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Figure 5.2: Interplay between septin and F-actin in Hs578T cells. (A) Immunocytochemistry of control Hs578T
cells (NT CTRL) cells treated with cytochalasin D (CD) and control (DMSO) and images of septin 7 knockout
cells (SEPT7 KO). The columns show fluorescence signals of F-actin (green), septin 7 (magenta) and nuclei
(blue). White arrows in MERGE images indicate areas used for MERGE (ZOOM) images. (B) Boxplot indicating
the cell areas of control Hs578T cells (NT CTRL + DMSO) and cells depleted of septin 7 (SEPT7 KO), actin fibers
(NT CTRL + CD), or both (SEPT7 KO + CD). (C) Immunocytochemistry images of F-actin in NT CTRL cells
(top) and SEPT7 KO cells (bottom). Numbered squares indicate zoomed-in areas for analysis of perinuclear
areas. Stress fibers are indicated by white arrows. (D) Immunocytochemistry images of F-actin in NT CTRL
cells (top) and SEPT7 KO cells (bottom). Numbered squares indicate zoomed-in areas for analysis of the cell
cortex. Protrusions are indicated by white arrows.(E) NT CTRL and SEPT7 KO Hs578T on linear fibronectin-
coated micropatterns with a width of 15µm. Note that fibronectin is rhodamine-labeled and is therefore visible
outside the cells in the SEPT7 channel. (F) Boxplot showing areas of micropatterned NT CTRL and SEPT7 KO
cells. (G) Boxplot showing aspect ratios of micropatterned NT CTRL and SEPT7 KO cells. In boxplots, (*) = p <
0.05, (**) = p < 0.005, (ns) = non-significant. All scale bars are 25µm.
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Figure 5.3: Impact of SEPT7 KO on Hs578T cell invasion in collagen type I networks measured by a 3D live-cell
spheroid invasion assay. (A) Spheroid protrusions stained with cytotracker (gray) imaged at t = 0 h (∼2 hours
after placing spheroid in 2.4 mg/mL collagen) for NT CTRL and SEPT7 KO spheroids. (B) Correlation between
cell invasion and collagen network remodeling. Top panels show an overlay of spheroid invasion for cyto-
tracker signal at t = 0h (gray) and t = 24h (cyan), showing the amount of invasion for NT CTRL and SEPT7 KO
spheroids. Bottom panels show the corresponding reflection images of the collagen network at t = 24h of inva-
sion. (C) Time lapse image series of spheroid invasion. First four columns show overlays of spheroid invasion
for cytotracker signal at t = 0h (gray) and t = 24h, t = 48h and t = 72h (cyan), indicating the progression of inva-
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100µm. N = 6-9 for 24h live-cell experiments and N = 3 for 72h live-cell experiments.
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ing the invasion for 24 hours revealed that also at later times, 3D invasion was noticeably
limited by septin depletion. NT CTRL spheroids consistently protruded in more areas
and further away from the spheroids than SEPT7 KO spheroids, with mesenchymal-like
invasion of single cells that detached from the spheroids (Fig. 5.3B). Interestingly, SEPT7
KO spheroids often invaded in a distinct way, where only cells on two opposite ends
of the spheroid invaded in a collective-like manner, with little to no cell detachment
(see Fig. 5.3B, top right panel). The resulting ’polarized’ invasion shape also affected
the collagen network surrounding the spheroids, with increased fiber bundling around
SEPT7 KO spheroids compared to more homogeneous collagen networks surrounding
NT CTRL spheroids. To test whether these differences persist on longer time scales, we
also performed live-cell imaging of spheroid invasion for 72 hours (Fig. 5.3C). Consis-
tent with the 24 hour invasion assays, septin 7 depletion again strongly restricted cell
invasion, indicated by invasion in fewer areas and less far from the spheroid, with cells
migrating > 500µm in NT CTRL versus ∼120µm in SEPT7 KO invasions shown in Fig.
5.3C.

SEPTIN 7 IS NECESSARY FOR 3D SPHEROID INVASION

Septin 7 expression of the spheroid invasion assays was analyzed with immunocyto-
chemistry to evaluate the residual septin 7 expression levels of cells that invaded the
collagen. Invaded cells in the NT CTRL assays show consistent septin 7 expression (Fig.
5.4 left). Interestingly, the SEPT7 KO spheroids also showed some residual septin 7 ex-
pression but only in the few cells that protruded into the gel (Fig. 5.4 right). This indi-
cates that these remaining cells with residual septin 7 expression are the ones that are
responsible for the residual invasion in the SEPT7 KO assays. These results, together
with the live-cell imaging of spheroid invasion, strongly indicate that septin expression
is essential for 3D spheroid invasion in Hs578T cells.

SEPTINS GOVERN 3D INVASION POTENTIAL AND DIRECTIONAL PERSIS-
TENCE OF HS578T CELLS

Time-lapse imaging of spheroid invasion showed that Hs578T cells confined in
2.4 mg/mL collagen exhibit a mesenchymal migration phenotype where cells invade
singly. We therefore decided to quantify the invasion potential of individual control and
septin knockout cells into collagen. To this end, we plated the cells on non-coated glass
at sub-confluent density and tested what percentage of cells were able to migrate up-
wards into the 3D collagen network layered on top of them within a period of 3 days (Fig.
5.5A). To count the cells, we imaged the cell nuclei using Hoechst labeling in the first
250µm of collagen. Side views (XZ-projections) of the invaded collagen gels indicate im-
paired invasion of septin 7 depleted cells (Fig. 5.5B). Image analysis of the XZ-projections
allowed for quantification of the number of invaded cells, which we defined as the num-
ber of cell nuclei observed within the Z-range of 20 - 250µm. Normalizing these numbers
by the total cell count in these areas (over the entire Z-range of 0-250µm), we measured
a larger percentage of invaded cells for NT CTRL cells (8.2%) as compared to SEPT7 KO
cells (4.7%) (Fig. 5.5C). Moreover, binning the distribution of invaded cells in 20µm Z-
steps showed that the SEPT7 KO cells invaded the collagen networks significantly less
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Figure 5.4: Immunocytochemistry of spheroid invasion shows that invading cells contain septin 7. NT CTRL
spheroids (left) and SEPT7 KO spheroids (right) imaged after 24h of invasion in 2.4 mg/mL collagen gels,
stained for actin (green), septin 7 (magenta) en nuclei (blue). Images are maximum projections of 70µm Z-
stacks with 10µm Z-steps, with the spheroid equator positioned in the middle of the Z-stack. White asterisks on
spheroid images indicate areas used for zoom-in images. White arrows in SEPT7 KO zoom-in images indicate
invaded cells with residual septin 7 expression. Scale bars are 100µm for whole-spheroid images and 25µm for
zoom-in images. N = 6-9 for each condition, consisting of three biological replicates with 2-3 spheroids.
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far compared to the NT CTRL cells, with cells detected up to 200µm versus 250µm, re-
spectively. These results demonstrate that septin 7 depletion reduces both the invasion
potential and the directional persistence of breast cancer cells.

Figure 5.5: Quantitative analysis of the effect of septin knockdown on single-cell invasion into collagen. (A)
Schematic of the assay. Hs578T NT CTRL cells or SEPT7 KO cells (in purple) are seeded on glass. At t=0 hr,
they are overlaid with a 2.4 mg/mL collagen network. At t=72 hr, we image a confocal z-stack and count the
cells remaining on the glass and those that invaded into the collagen gel. (B) Side views (XZ-projections) of
250µm Z-stacks showing the nuclei (Hoechst label) of NT CTRL cells (top) and SEPT7 KO cells (bottom). Cells
localized within 0-20µm of the glass are classified as non-invaded. Cells localized between 20-240µm (220µm
total) are counted as invaded. (C) Quantification of the percentage of invaded cells shown as a bar diagram
(top) and as a population pyramid (bottom) demonstrates differences in the extent and range of invasion for
NT CTRL (purple) and SEPT7 KO (gray). Percentages inside bars show the distribution of invaded cells, binned
for 20µm Z-steps. For both conditions, N = 9.

SEPTINS PROMOTE CELL PROTRUSIONS AND ELONGATION DURING CON-
FINED MIGRATION

Since 3D mesenchymal migration requires a distinct polarized cell shape with
lamellipodial-like protrusions in front, we tested whether septin knockout affects the
shape of individually migrating Hs578T cells in collagen networks. To this end, we
seeded NT CTRL and SEPT7 KO cells in collagen networks (2.4 mg/mL) and immunos-
tained the cells after 48 hours for nuclei, actin and septin 7. Confocal imaging revealed a
striking difference in cell shape, with NT CTRL cells showing much more complex shapes
than SEPT7 KO cells (Fig. 5.6A). Control Hs578T cells containing septin 7 showed a va-
riety of shapes with numerous protrusions at the leading edge (see Fig. 5.6A, NT CTRL
top). In addition, they often appeared in a ’crab’ shape with the nucleus positioned in
the middle, from which two equally sized ’arms’ protrude forwards (see Fig. 5.6A, NT
CTRL middle and bottom panels). Confocal reflection imaging revealed that the cells
interacted with the collagen matrix, showing aligned collagen near protrusions. Septin
depletion led to a marked change in cell shape, with fewer protrusions and more com-
pact configurations (see Fig. 5.6A, SEPT7 KO). Confocal reflection imaging showed that
the cells still interacted with collagen, but only at the cell poles where collagen alignment
is visible.
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To quantify the shape difference between the two cell types, we performed automated
skeleton detection and counted the number of junctions in the skeletonized cells as an
indicator for cell shape complexity/protrusions (Fig. 5.6B). As shown in Fig. 5.6C, septin
7 depletion significantly decreased the complexity of the 3D cell shapes as compared to
control cells, meaning less (prominent) protrusions. The SEPT7 KO cells were also con-
sistently less elongated in both the XY-plane and along the Z-axis compared to control
cells, as shown by analyzing the cell lengths in all three dimensions (Fig. 5.6D). These
results indicate that septin 7 contributes to cell shape regulation during confined 3D cell
migration, promoting protrusion formation and elongation.

We hypothesized that the breast cancer cells need protrusions to navigate the complex
confining pore space presented by the collagen gels and make directional decisions. To
test this and examine the role of septin depletion, we seeded NT CTRL and SEPT7 KO
cells in a microfluidic chip with constriction areas made from PDMS that mimic the in-
terconnected narrow pores present in collagen (Fig. 5.5A(i-ii)). We imaged the cells in the
constrictions to analyze the cell shapes during confined migration (Fig. 5.5A(iii)). Sim-
ilar to cells in collagen gels, we found that SEPT7 KO cells had less complicated shapes
compared to NT CTRL and more often migrated with rounder shapes (Fig. 5.5B). In
contrast, NT CTRL cells more often showed protrusions into one or multiple constric-
tions, indicating a ’probing’ shape. These findings have a striking analogy to the 3D cell
shapes presented in the collagen gels. We also further analyzed these shapes for cell area,
length, circularity and solidity. We found that depletion of septin 7 did not affect aver-
age cell area, but decreased cell elongation, and increased circularity and solidity during
squeezing (Fig. 5.5C(i-iv)). These quantifications further demonstrate the loss of com-
plexity from the cell shapes upon septin depletion. We find that septins are necessary
for cell protrusions and probing phenotypes during confined migration, both in systems
with simple and complex irregular pore spaces.

5.4. DISCUSSION

Septins are cytoskeletal proteins that assemble into higher-order structures and inter-
act with various key cellular components to support functions like cell polarity and cell
shape control. High septin expression was previously correlated to metastatic breast
cancers [494, 495, 496, 497, 498], but the exact mechanisms by which septins contribute
to the enhanced invasion potential of breast cancer cells remain unknown. By using a
gene-edited breast cancer model (based on the metastatic triple negative human breast
cancer cell line Hs578T) together with a series of 2D and 3D microenvironments to
mimic confinement imposed by the tumor microenvironment, we showed that septin
expression regulates the invasion potential of Hs578T cells by allowing the formation of
actin-based protrusions needed for navigating the collagen interstitial matrix.

Metastasis is driven by reorganization and crosstalk between cytoskeletal networks.
Because septins are known to regulate cytoskeletal dynamics in various instances, we
first characterized the effects of septin 7 depletion on the architecture of cytoskeleton
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Figure 5.6: Impact of SEPT7 depletion on cell shape inside collagen matrices and in matrix-mimicking mi-
crofluidic constrictions. (A) Maximum intensity Z-projections of confocal images of NT CTRL and SEPT7 KO
cells in a collagen gel after 48 hours. Cells were fluorescently stained for nuclei (blue), actin (green) and septin
7 (magenta), while collagen (blue) was imaged by reflection microscopy. Scalebars are 25µm. Separate panels
are shown in Fig. S5.4. (B) Image analysis pipeline for cell shape analysis. Maximum Z-projections were bina-
rized and used for skeleton detection, from which we determined the cell length (longest path) and number of
junctions. (C) Scatter interval plot of the number of junctions counted in each skeleton from 3D maximum Z-
projections. (***) = p<0.001. (D) Scatter plot for the detected cell lengths in XY-plane and Z-axis in 3D stacks of
NT CTRL (magenta) and SEPT7 KO (gray) cells. (D) (i) Schematic of the microfluidic set-up, zoomed in on the
constriction areas. (ii) Design of the constriction area, with an array of pillars through which the cells migrate.
(iii) Microscopy images of a Hs578T NT CTRL cell in the constriction area, constructed from bright-field (gray)
and fluorescent channels for cytoplasm (yellow) and nuclei (blue). Scalebar is 25µm. (E) Binarized images
from cells in the constriction area, representative of NT CTRL and SEPT7 KO shapes during constriction. (F)
Cell shape parameter boxplots, measured from NT CTRL and SEPT7 KO binary images, for (i) cell area, (ii) cell
length, (iii) circularity and (iv) solidity. (*) = P<0.05, (n.s.) = non-significant.
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in 2D-adherent cells. We found that septin 7 depletion also decreased septin 2 and
septin 9 protein levels and often resulted in dysregulated Golgi and microtubule net-
works. Because both the Golgi apparatus and α-tubulin showed co-localization with
residual septin 9, these defects likely arise from abnormal septin 9 localization, consis-
tent with previous research showing that septin 9 interacts with Golgi-associated lipids
and bundles microtubules [483]. In SEPT7 KO cell cultures we also noticed an increase
in giant and multi-nucleated cells (Fig. S5.11), in line with previous reports of septin-
depleted cells [494]. However, the percentage of these giant cells in the cultures was
only 5 - 10 % and qualitatively it appeared that proliferation at a population level was
not greatly affected. In many cell types septins have been shown to be necessary for cell
division through their interactions with the contractile actomyosin ring and abscission
machinery[518, 488, 519, 520, 521, 522, 523]. However, some cells such as hematopoi-
etic cells can switch to septin-independent mechanisms of division [524]. Our observa-
tions suggest that the Hs578T cells also have ways to overcome septin-deficiency. In-
terestingly, we observed examples of cells that appeared to divide by crawling away from
each other (Fig. S5.12). This mechanism of cytokinesis closely resembles wave-mediated
cytofission observed in giant multinucleated amoebae, which is driven by cortical actin
waves [525]. Because septins are known to interact with actin and co-localize with stress
fibers[478, 479, 480], we additionally tested the interplay between septins and actin in
Hs578T cells. Inhibition of actin polymerization with cytochalasin D (CD) altered septin
architecture from fibers to rings, as was previously reported for other cell lines [478, 526].
Depletion of septin 7 resulted in loss of peri-nuclear stress fibers and small actin protru-
sions. The loss of peri-nuclear stress fibers could reflect destabilization due to the loss of
septin structures. Alternatively, there could be a disturbed balance between septin 9 iso-
forms in response to the septin 7 knockout, as Sept9i2 expression is associated with a loss
of perinuclear stress fibers [527]. The micron-sized actin protrusions that were lost in
SEPT7 KO cells co-localized with microtubules (Fig. S5.10) suggesting they are primary
cilia and/or tunneling nanotubes [528]. The loss of primary cilia in septin-depleted cells
is consistent with prior evidence that septins contribute to the biogenesis and function
of cilia [524]. The loss of septin-dependent cilia could contribute to the impact of septin
depletion on impaired cell invasion, as Hs578T cells were previously reported to have a
large primary cilium that promotes invasion [529]. We also noticed a decrease in inter-
cellular actin protrusions in septin knockout Hs578T cells compared to control cells (Fig.
S5.10A). Because these protrusions co-localize with microtubules (Fig. S5.10B), we iden-
tify them as tunneling nanotubes. These membranous protrusions provide intercellular
transport and communication and are linked to tumor invasion, proliferation and ther-
apy resistance [528, 530]. As we additionally found septin 7 co-localization with these
protrusions in control cells (Fig. S5.10C), we hypothesize that septin 7 impacts tumor
invasion strategies through regulating cell-cell communication.

To test the impact of the septin 7 knockout and associated loss of septin structures
on Hs578T cell invasiveness, we performed 3D spheroid invasion assays in collagen
gels. Upon septin knockdown, protrusive behavior by spheroids decreased and inva-
sion within 24 hours and 72 hours time-frames was strongly inhibited. Immunocyto-
chemistry additionally showed that residual invasion from SEPT7 KO spheroids came
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from the small fraction of septin 7 positive cells within the knockout culture. Moreover,
septin knockout spheroids often collectively invaded into collagen, in contrast to the
individual invasion in control spheroid assays. It would be interesting to further inves-
tigate why the migration mode was altered in these conditions as collective invasion is
related to increased metastatic site formation in vivo [531]. We propose that the hetero-
geneity of the knockout spheroids, which consist of mainly immobile (SEPT7 KO) cells
and a small fraction of motile cells (with residual septin 7), may impact the spheroid
unjamming transition [532]. We noticed that the edges of SEPT7 KO spheroids before
embedding in collagen appeared more rough than for control spheroids, which could
indicate a smaller packing density and less cohesion of the spheroid (Fig. S5.5). To test
this idea, we measured the viscoelastic properties of the spheroids in a microfluidic de-
vice designed for spheroid compression (Ref. [516]). We found that septin depletion
significantly decreased spheroid elasticity, which could be the result from loss of stress
fibers we observed in 2D adhered cells (Fig. S5.9). Furthermore, our measurements indi-
cated a trend towards lower viscosity, which could be related to lower packing densities.
Analysis of the effect of septin 7 knockout on cell-cell interactions and deposition of ECM
proteins in the spheroids, for instance by Western Blot analysis, could further elucidate
the role of septin in spheroid viscoelasticity, a factor that may impact the mode of inva-
sion when the spheroids are embedded in collagen.

Since we observed mainly single-cell mesenchymal migration, we next used single-
cell migration assays with physical constrictions that mimic the physical restrictions
from the tumor microenvironment. This approach facilitates more high throughput
and high-resolution analysis of cell shape and motility, and allows us to study the im-
pact of septins on confined migration in absence of septin-dependent ECM remodeling
[497, 533]. To this end, we used micropatterns, microfluidic constrictions and collagen
hydrogels. We found that in minimal quasi-1D constriction conditions imposed by mi-
cropatterns, septin depletion led to reduced cell aspect ratios. In 3D single-cell inva-
sion assays with collagen hydrogels, we confirmed that septin depletion impaired cell
invasion and found that the septin knockout cells were less protrusive and less elon-
gated than control cells. These shape indicators mainly describe the actin-based lamel-
lipodia and filopodia protrusions, and indicate that the septin-depleted cells lose the
ability to properly form these structures. These results suggest that septins stimulate
lamellipodia and filopodia formation in breast cancer cells. A similar observation was
previously made in MCF-7 breast cancer cells, where SEPT9 inhibited protrusion for-
mation, while overexpression of the SEPT9i1 isoform promoted the formation of lamel-
lipodia and filopodia [498]. Furthermore, the control cells adopted crab-like shapes, ex-
tending protrusions along different paths in the confining collagen gels and pillar ar-
rays. Recent studies with micropatterned branched micropatterns show that cells ex-
tend these protrusions in a seesaw manner dependent on actin polymerization at the
leading edge [534]. Hence our findings suggest that septins may regulate actin poly-
merization. Septins have been identified at the bases of actin-rich lamellipodia in en-
dothelial cells and fibroblasts [535, 533]. Also, they were recently found to control lamel-
lipodia formation through small Rho GTPase-mediated actin dynamics [536]. Since the
bases of cell protrusions are defined by positive membrane curvature, we hypothesize
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that septins also contribute to stabilizing this curvature by sensing membrane geometry
[512], a process potentially mediated by Borg proteins, which are known to crosslink
actin and septins and promote actin filament polymerization along septin structures
[535, 471]. Moreover, extensive elongation of protrusions found in NT CTRL cells, that
we defined as long arms of so-called ’crab’ shapes, were absent in SEPT7 KO cells. These
long protrusions could also be indicators of the cells’ ability to break through basement
membranes, which contributes to invasiveness [537]. In microfluidic migration devices
with constrictions that mimic ECM pores, the septin-depleted cells migrated through
the constrictions with less complex and rounder cell shapes than the NT CTRL cells, re-
sembling cell shapes in collagen. However, the overviews from microfluidic constriction
areas do not show clear differences in the number of migrating cells (Fig. S5.7), indi-
cating that the inhibitory effects of septin depletion on single-cell invasion may involve
ECM remodeling besides protrusion regulation.

Besides actin-dependent effects on cell shape regulation, there could also be septin-
mediated effects on the cell membrane, such as changes in membrane tension and se-
questering of excess membrane [475]. Cell-free reconstitution studies have shown that
septins interact with phosphoinositide lipids such as PIP2 and create membrane curva-
ture [510]. Thus, direct septin-mediated membrane reshaping could contribute to cell
shape and protrusion formation during confined migration. Preliminary immunofluo-
rescence results indicate that the PIP2 levels are lower in cells depleted of septin 7 than in
control cells (Fig. S5.6). Fluorescence lifetime imaging shows a lower fluorescent lifetime
of the lipid-packing Flipper TR probe [538] in septin 7 knockout cells (Fig. S5.8), which
could indicate changes in membrane tension and/or composition. However, more data
is needed to interpret the origin of these changes, as the lifetime of Flipper TR and thus
lipid packing in the cell membrane could be affected by various mechanisms. For exam-
ple, septins can also change membrane trafficking through their interactions with Golgi-
associated lipids and mediating microtubule-based vesicular transport [483, 539, 540].

Collectively, our findings show that septins regulate confined invasion by controlling
cell shape and supporting protrusion formation to explore porous networks. The strong
impact of septin on cell shape is interesting in light of evidence that cell shape indicators
for complexity and protrusions correlate with triple negative breast cancer tumor growth
and metastasis, tested in in vivo mouse models [541]. Although recent work proves the
predictive power of cell shapes and protrusion analysis for cancer cell invasiveness [541,
542], we still understand little about the cellular processes that govern cancer cell shapes
and protrusive behavior, and how these are impacted by the biophysical properties of
the tumor microenvironments. In this research, we propose a role for a septin-mediated
mechanism of cell shape and actin-based protrusion regulation that promotes 3D-tissue
invasion.
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Figure S5.1: Immunocytochemistry analysis of the time dependence of doxycyclin induction of septin 7 knock-
out in Hs578T. Rows (from top to bottom): 0 days doxycyclin, 2 days doxycyclin, 5 days doxycyclin, 6 days doxy-
cyclin and 7 days doxycyclin. Columns show stainings for actin (green), septin 7 (magenta), merge of actin and
septin 7 and zoom-in of merge images at spots indicated with white asterisks. Scale bars are 50µm.



148 5. SEPTINS PROMOTE BREAST CANCER INVASION

(A) (i) (ii) (iii)

(B) GAPDH SEPT7 GAPDH SEPT7 GAPDH SEPT7

1   2   3   4   5   6 1   2   3   4   5   6 1   2   3   4   5   6 1   2   3   4   5   6 1     2    3    4    5    6 1     2    3    4    5   6 

1 - 3
4 - 6

0 DAY DOX
5 DAYS DOX

1 - 3
4 - 6

0 DAY DOX
6 DAYS DOX

1 - 3
4 - 6

0 DAY DOX
7 DAYS DOX

(i) (ii) (iii)

*

2.0

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0

Figure S5.2: Western Blot analysis of the time dependence of doxycyclin induction of septin 7 knockout in
Hs578T. (A) Quantification of septin 7 signal intensities normalized to GAPDH signal intensities for (i) 0 and 5
days doxycyclin treatment, (ii) 0 and 6 days doxycyclin treatment and (iii) 0 and 7 days doxycyclin treatment.
(**) = p < 0.005, (***) = p < 0.001. (B) Western Blots showing GAPDH and septin 7 stainings for (i) 0 and 5 days
doxycyclin treatment, (ii) 0 and 6 days doxycyclin treatment and (iii) 0 and 7 days doxycyclin treatment.
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Figure S5.3: Cytochalasin D treatment of SEPT7 KO Hs578T cells adhered on glass results in small 2D-adhered
cell size. Immunocytochemistry images of SEPT7 KO cells treated with cytochalasin D for (A) actin (green) and
septin 7 (magenta), and (B) PIP2 - mouse anti-PIP2 (#MABS2283, Sigma-Aldrich), as an indicator for the cell
membrane (cyan). Inhibition of actin polymerization with cytochalasin D combined with septin 7 depletion
results in a small 2D-adhered cell size, as quantified in Fig. 5.2. White arrow in MERGE image indicates area
used for MERGE (ZOOM) images. Scale bars are 25µm.
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Figure S5.4: 3D-cell shapes of cells in collagen showing separate fluorescence and reflection panels. Maximum
intensity Z-projections of confocal images of NT CTRL and SEPT7 KO cells in a 2.4 mg/mL collagen gel after 48
hours. Cells were stained for nuclei (blue), actin (green) and septin 7 (magenta). Collagen (blue) was imaged
by reflection microscopy. Scale bars are 25µm.
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Figure S5.5: Morphological characterization of cell spheroids. Brightfield images of NT CTRL (top) and SEPT7
KO (bottom) Hs578T spheroids formed in round-bottom and ultra-low attachment ElplasiaT M 96-well plates
after 48 hours of incubation. Note that the SEPT7 KO spheroids are less round and increased edge roughness
compared to NT CTRL spheroids. Scale bars are 75µm.



150 5. SEPTINS PROMOTE BREAST CANCER INVASION

N
T 

C
TR

L
SE

PT
7 

K
O

Figure S5.6: Immunocytochemistry indicates a difference in PIP2 content in the cell membrane of control and
septin 7 knockout cells. Immunocytochemistry for NT CTRL (top row) and SEPT7 KO (bottom row) Hs578T
cells for PIP2 (cyan) and nuclei (blue). Scale bars are 25µm.
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Figure S5.7: Overview images of cells in microfluidic migration chips. Brightfield images of microfluidic mi-
gration chips for NT CTRL (top) and SEPT7 KO (bottom) Hs578T cells after 24 hour incubation, merged with
Cytotracker Orange (yellow) signals for cell labeling. Note that the number of cells within the constriction areas
is comparable for NT CTRL and SEPT7 KO cells.
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Figure S5.8: Measurements of lipid packing in control and septin 7 knockout cells. (A) Boxplot showing fluo-
rescent lifetime τ measurements for SEPT7 KO Hs578T cells before septin 7 knockout (0-DAYS doxycyclin) and
after septin 7 knockout (7-DAYS doxycyclin). (ns) = p > 0.05. (B) Life-time microscopy images of Flipper-TR
probe on SEPT7 KO Hs578T cells before septin 7 knockout (0-DAYS doxycyclin) and after septin 7 knockout
(7-DAYS doxycyclin). Color bar (right) for life-time τ. Approximately 5 minutes before the measurement, 1µM
of the Flipper-TR probe in culture medium was added to the cells.
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Figure S5.9: Spheroid viscoelasticity. (A) Brightfield images of NT CTRL and SEPT7 KO Hs578T spheroids in
the microfluidic constriction channel: snapshots at time t1 (start of tongue formation) and t2 (start of com-
pression). Scale bars are 100µm. (B) Strain curves from NT CTRL and SEPT7 KO Hs578T spheroids shown
in panel (A). Strain curves start at the beginning of the tongue formation (t1) and are fitted to the Dynamic
Modified Maxwell Model[516], which is schematically illustrated in the inset. (C) Measurements for spheroid
bulk elastic moduli E , (D) viscosity η and (E) entry time tE . (***) = p < 0.001, (ns) = p > 0.05. Bar and whiskers
show the mean and standard error. N = 3 per condition. (F) All individual strain curves from NT CTRL spheroid
compressions and (E) SEPT7 KO spheroid compressions.
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Figure S5.10: Intercellular actin-based protrusions. (A) Immunocytochemistry of NT CTRL and SEPT7 KO
Hs578T cells stained for actin (green) and nuclei (blue). Connecting actin protrusions between cells are re-
duced in SEPT7 KO compared to NT CTRL, as seen in the areas indicated by white squares. (B) Immunocyto-
chemistry of NT CTRL Hs578T cells stained for actin (green), α-tubulin (cyan) and nuclei (blue). Zoom panels
are indicated by white squares. Intercellular actin protrusions co-localize with α-tubulin, indicating that these
structures are tunneling nanotubes. (C) Immunocytochemistry of NT CTRL Hs578T cells stained for actin
(green), septin 7 (magenta) and nuclei (blue). Zoom in panels are indicated by white squares. White arrows
indicate the connecting actin protrusions and co-localization with septin 7 signals. Scale bars are 25µm.
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Figure S5.11: Giant multinucleated SEPT7 KO Hs578T cells. Immunocytochemistry of SEPT7 KO cells stained
for actin (green) and nuclei (blue). Cells that are shown have an increased size (> 100µm) and contain multiple
nuclei. Scale bars are 25µm.
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Figure S5.12: Dividing SEPT7 KO Hs5789T cells. (A) Bright-field image of connected SEPT7 KO cells (indicated
by white arrow) that are polarized in opposite directions. (B) Immunocytochemistry of SEPT7 KO cells for actin
(red) and nuclei (blue). Image shows a multi-nucleated giant cell that appears to divide into two cells that crawl
away from each other (indicated by white arrow). Scale bars are 25µm.
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OUTLOOK

In this dissertation we explored how biophysical factors play a significant role in control-
ling the invasion strategies of cancer cells, specifically through cell-matrix interactions
and cytoskeletal crosstalk. In this outlook, we further underline the potential of study-
ing cytoskeletal crosstalk in the context of cancer cell invasion. We discuss preliminary
work on studying the role of the cytolinker plectin and development of plectin truncation
variants to dissect the different cellular functions during invasion. Finally, we show the
potential of using new microfluidic migration chips designs as a method to study cancer
cell migration modes, in particular collective invasion strategies.
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6.1. INTRODUCTION

T HE origin of cancer stems from biological processes that cause genomic abnormali-
ties, but evidence is growing that biophysical aspects also play a key role in the ini-

tiation of cancer as well as in cancer metastasis. In the first half of this dissertation, we
investigated the biophysics behind cell-matrix interactions during cancer cell invasion.
In Chapter 2 we specifically looked into cancer cell deformability and how this regulates
migration efficacy through confinements using custom-made microfluidic devices. We
found that cancer cell deformability correlates with the active migration speed of the
cells through narrow constrictions. To further examine the function of cell-matrix inter-
actions during invasion, we explored the role of extracellular matrix properties and the
EMT status of the cells in 3D spheroid invasion assays in Chapter 3. Here, we found that
matrix porosity and vimentin expression regulate the onset of invasion while MMP1 ex-
pression levels correlate with the spheroid expansion rate. Our findings confirm recent
models proposing that tumor invasion can be described as a physical unjamming pro-
cess but highlight that cells actively influence the unjamming process by degrading the
matrix. For the second half of this dissertation, we focused our research on cytoskele-
tal crosstalk as a key regulator of cancer cell migration. In Chapter 4, we summarized
current insights in the role of cytoskeletal crosstalk in migration, describing how cou-
pling of filaments through entanglements, crosslinking and bundling regulates cellular
mechanics and cytoskeletal dynamics involved in migration strategies. In Chapter 5 we
demonstrated that septins, only recently recognized as a central mediator of cytoskele-
tal crosstalk, strongly impact invasion of breast cancer cells by regulating cell shape and
protrusion formation.

Together, the research in this dissertation contributes further to the emerging con-
sensus that biophysics is an important aspect of cancer invasion. Additionally, the work
in this dissertation strongly indicates that classical biological perspectives of cancer cell
motility and more recent physics-based descriptions of cancer invasion should be in-
tegrated to to fully understand the mechanisms driving cancer invasion. Our studies
show that cell-matrix interactions and cytoskeletal crosstalk are interesting mechanisms
to study the coupling between biology and physics in cancer research. We particularly
highlighted this in Chapter 3 by showing that EMT and unjamming transitions are cou-
pled by MMP1-mediated cell-matrix interactions, and in Chapter 4, where we reviewed
the role of cytoskeletal crosstalk in cell mechanics during migration. In this Outlook
chapter, we aim to further underline the potential of studying cytoskeletal crosstalk in
the context of cancer cell invasion, by discussing some preliminary work on plectin
knockout cancer cells. In addition, we will also discuss the novel development of vari-
ants of plectin that will make it possible to better dissect the different cellular functions
of this (and related) cytolinker proteins. Finally, we will show the potential of using mi-
crofluidic migration chips as a new method to study cancer cell migration modes, in
particular collective invasion strategies.
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6.2. PLECTIN-MEDIATED CYTOSKELETAL CROSSTALK IN CAN-
CER INVASION

Plectin is an essential crosslinker in cells that binds to actin filaments, intermediate fila-
ments, microtubules, and the nuclear lamina. As a major cytoskeletal crosslinker, plectin
provides structural integrity and mediates mechanotransduction in cells [543, 544].
Therefore, plectin-mediated crosstalk is required for many aspects of cell migration, as
described in Chapter 4. In response to acto-myosin contractility, plectin-mediated actin-
vimentin coupling is necessary to generate the nuclear piston machine that drives con-
fined cell migration [345, 346]. Actin-intermediate filament linkage by plectin also stabi-
lizes intercellular junctions [274, 545] and microtubule-actin crosslinking in the cortex
by plectin influences cell deformability [546]. Because of plectin’s broad range of bind-
ing partners and involvement in migratory processes, it is not surprising that plectin is
also associated with cancer progression. It was recently shown that removing plectin
from cancer cells blocks their migration in vitro and in vivo [547, 548]. Since plectin is
strongly upregulated in many types of cancer cells [549], it could be an effective and se-
lective new target for migrastatic drugs. However, further progress is hindered because
the mechanisms through which plectin promotes cell migration are poorly understood.
Previous research on plectin associated plectin with EMT, where plectin knockdown in
hepatocellular carcinoma cells leads to higher E-cadherin and lower N-cadherin and
vimentin levels, indicating a more epithelial phenotype [550]. Recent studies showed
that plectin regulates invapodia formation by anchoring vimentin to invapodia via F-
actin binding and delivering the invadopodia-specific protease MT1-MMP to invapodia
[548, 551]. Both mechanisms promote invapodia formation and subsequently increase
ECM degradation, which elevates the invasion potential of cancer cells. Another recent
study showed that high matrix stiffness can upregulate plectin expression, mediated by
integrin β1, to promote F-actin polymerization and invasion [552], and integrin α6β4
binds to plectin and vimentin to enhance 3D invasion [553]. Plectin also recruits vi-
mentin filaments to the nucleus, which is implicated in nuclear dysmorphia of breast
cancer cells [554].

To further elucidate the role of plectin-mediated cytoskeletal crosstalk in cancer inva-
sion, we performed preliminary experiments with plectin knockout HS578T breast can-
cer cells, created with a doxycyclin (DOX) inducible CRISPR/CAS9 system using a PkLV-
U6-gRNA/PGK-Puro-2A-BFP vector (Addgene, #50946) cloned with plectin (PLEC KO) or
a non-targeting control (NT CTRL) single guide RNA sequence. Breast cancer cells often
have high levels of plectin [548] and plectin dysregulation is implicated in breast cancer
progression [548, 555, 556]. Through immunocytochemistry (Fig. 6.1A) and Western Blot
analysis (Fig. 6.1B), we confirmed that we successfully depleted plectin from the HS578T
cells, as the plectin signal in the stainings and Western Blots was lost in HS578T PLEC
KO cells treated with DOX. Interestingly, lamin A/C stainings in PLEC KO cells were more
heterogeneous than control stainings, possibly indicating a dysregulation of the nuclear
envelope in response to plectin depletion.
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Figure 6.1: Characterization of the extent of doxycyclin (DOX) inducible plectin knockdown in HS578T breast
cancer cells. (A) Immunocytochemistry of HS578T plectin knockout cells without (no DOX) and with (+ 7 days
DOX) induction of the knockout. Left panels are stained for plectin (magenta), actin (green) and nuclei (blue),
right panels are stained for lamin A/C (yellow) and nuclei (blue). Insets of right panels are zoomed-in images of
cell nuclei indicated by the white arrows. Scale bars are 50µm. (B) Western blot analysis of plectin expression
levels in HS578T without (no DOX) and with (+ 7 days DOX) induction of the plectin knockout. Bar graph shows
the intensities of the plectin bands relative to α-tubulin. (***) = p < 0.001. For each condition, n = 2 biological
replicates, each subtracted from 3 different background spots, resulting in n = 6.

To test the effect of the plectin knockout on cancer cell invasion, we next performed
single-cell and spheroid migration assays in collagen I gels (Fig. 6.2). The plectin knock-
out had no effect on single-cell migration, as the number of migrated cells and their
distribution in the collagen gel were identical for NT CTRL and PLEC KO cells, as indi-
cated by the population pyramid of invaded cells (Fig. 6.2A-C). Surprisingly, 3D spheroid
invasion into collagen gels for 24 hours was enhanced in PLEC KO HS578T spheroids
compared to control spheroids (Fig. 6.2D). Invading PLEC KO HS578T cells migrated
further from the spheroid within the time-frame of 24 hours and were more heteroge-
neous in orientation and cell shape compared to NT CTRL cell invasion. This result is
contradictory to earlier findings of plectin being upregulated in most types of cancer
[549], also breast cancer [548, 556]. However, low expression of plectin was also found to
promote breast cancer progression through affecting nuclear centrosome relocalization
[555]. The increasing focus on plectin-related cancer research in the last years starts to
illuminate the complexity behind studying plectin. We now begin to understand that
plectin has a dual role in cancer progression: both high and low plectin expression are
found to promote tumor invasion, as further reviewed in Ref. [544]. This complex role
of plectin in (breast) cancer is poorly understood, and further investigation of the differ-
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Figure 6.2: Migration assays with plectin knockout cells. (A) Schematic of the assay to quantify single-cell
invasion into collagen. HS578T NT CTRL cells or PLEC KO cells (in purple) are seeded on glass. At t = 0 hr,
they are overlaid with a collagen gel. At t = 72 hr, we image a confocal z-stack and count the cells remaining
on the glass and those that invaded into the collagen gel. (B) Side views (XZ-projections) of 250µm Z-stacks
showing the nuclei (Hoechst label) of NT CTRL cells (top) and PLEC KO cells (bottom). Cells localized within 0-
20µm of the glass are classified as non-invaded. Cells localized between 20-240µm (220µm total) are counted
as invaded. (C) Quantification of the percentage of invaded cells as a population pyramid, demonstrating the
distribution and range of invasion for NT CTRL (green) and PLEC KO (gray). Percentages inside bars show the
distribution of invaded cells, binned for 20µm in Z for gel areas. For the collagen invasion assays, N = 9. (D)
Maximum Z-projections of spheroid invasion assays of NT CTRL and PLEC KO spheroids in 2.4 mg/mL bovine
type I collagen for 24 hours. Spheroids were stained for actin (gray) with Phalloidin 647. Z-projections were
70µm upwards from the bottom of the spheroid, with 10µm steps. N = 3. Scale bars are 100µm.

ent functions of plectin will help us understand how to target plectin-mediated cancer
progression.
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6.3. EXPERIMENTAL PATHWAYS TO STUDY PLECTIN-MEDIATED

CANCER PROGRESSION

To distinguish between the different functions of plectin and thus better understand
the mechanisms behind plectin-mediated cancer progression, we discuss new research
pathways below. First of all, we propose using microfluidic migration designs similar to
the designs described in Chapter 2, inspired by Refs. [62, 63], in combination with the
plectin knockout HS578T cell line. Most of what we currently know about the role of the
cytoskeleton in migration is based on in vitro migration assays using cells cultured on flat
two-dimensional (2D) substrates. However, such unconstrained 2D migration assays fail
to mimic the strongly constraining 3D structure of tissues. Tissues impose huge physical
barriers on cancer cells because they are densely crowded with cells and extracellular
matrix [557]. Invading cancer cells have to squeeze themselves through narrow pores
and make directional choices each time they encounter junctions. 3D migration assays
based on cancer cell tumoroids embedded in collagen have become a standard assay to
simulate 3D tissue invasion [558] (Fig. 6.3A). But this assay poses limitations for funda-
mental research into the cell migration mechanism because the heterogeneous structure
of collagen networks makes it impossible to separate the roles of cell squeezing versus
directional decision making. Also it is difficult to image cells in 3D with the subcellular
resolution needed to visualize cytoskeletal network remodeling. Microfluidic migration
devices are a convenient tool to quantitatively study the impact of confinement on cell
migration. It will be interesting to compare wild type and plectin knockout HS578T cells
in microfluidic constrictions, in order to analyze the roles of plectin in cell squeezing
(Fig. 6.3Bi-ii), decision making (Fig. 6.3Biii-iv) and combinations thereof (Fig. 6.3Bv-vi).

Since plectin is a multidomain protein with many binding partners, an important next
step will be to use plectin truncation variants to study the contributions of its different
domains (Fig. 6.3C-D). Our group recently developed an engineered variant of plectin
called ACTIF, which only has the actin-vimentin crosslinking function of plectin. ACTIF
has an actin-binding domain (from MACF) and an intermediate filament-binding do-
main (from plectin), separated by a coiled-coil linker for dimerisation. Cell-free recon-
stitution showed that ACTIF indeed efficiently crosslinks actin and vimentin into com-
posite networks and bundles [559]. Furthermore, plectin-1c, a plectin isoform that is
known to bind to the nuclear membrane [560], could be used as the basis for an engi-
neered construct that reconstitutes plectin’s ability to anchor vimentin to the nucleus.
The plectin knockout HS578T cells provide an ideal cellular background to reconstitute
the crosslinking (Fig. 6.3F, left panel) or nucleus anchoring (Fig. 6.3F, right panel) func-
tions of plectin using the engineered plectin constructs. To test the importance of plectin
as a crosslinker, live-cell confocal imaging of the three cytoskeletal networks (using fluo-
rescent protein tags) during confined migration could help to analyze how each of them
redistributes during cell squeezing in constrictions and decision making at junctions.
We anticipate that deleting plectin crosslinking will slow down migration and decision
making by impairing front-rear polarization. To test the importance of plectin as an an-
choring protein, we propose to monitor the shape and integrity of the cell nucleus dur-
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Figure 6.3: Schematic of new experimental pathways to study plectin-mediated cancer cell invasion. (A) 3D
spheroid invasion assays in collagen mimic tumor invasion but are difficult to interpret due to the heteroge-
neous pore structure of collagen networks. (B) Microfluidic channels can be precisely designed to separate the
impact of confinement on cancer cell squeezing vs. decision making in constrictions. (C-E) Engineered plectin
constructs can be used to separate plectin’s crosslinking versus anchoring roles in the cell.

ing migration. We hypothesize that deleting plectin anchoring will make cell squeezing
easier by making the nucleus more deformable, but will also make the nucleus prone to
rupture.

6.4. COLLECTIVE INVASION DESIGNS FOR MICROFLUIDICS

Clinical studies from the last decade revealed that cancer cells can overcome physical
arrest imposed by dense environments by migrating in clusters. Although single cells
migrate faster and are more common in cancer, migrating cell clusters have more di-
rectional efficiency and result in more metastatic site formations [12, 10]. For exam-
ple, breast cancer circulating tumor cells (CTCs) in the bloodstream traveling together as
clusters have a significantly enhanced metastatic potential compared to individual cells
[531]. Cluster CTCs, which undertake the full metastatic cascade of intravasation and
circulation as one conserved unit, display a metastatic potential that is up to 50 times
larger than for individual CTCs [531, 561]. Although collective migration can protect
against programmed cell death and therefore increase survival rates, it remains an open
question how cancer cell clusters invade effectively. The increased overall volume, pres-
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ence of multiple cell nuclei, and requirement for coordination of directionality between
cells can pose great physical challenges in the complex microenvironments encountered
during metastasis [9].

Figure 6.4: Studying collective invasion in custom-designed microfluidic devices. Preliminary experiments
with migration devices with constrictions of 30µm and high cell densities (left panel) to study collective inva-
sion (right, zoomed-in cyan panels). Cells are stained with Cytotracker orange to label the cytoplasm (yellow)
and Hoechst (cyan) to label the nucleus. Scale bars are 25µm.

In order to address these open questions, we designed new constriction areas for the
microfluidic migration chip used in Chapter 2 and Chapter 5 of this dissertation, inspired
by designs from Ref. [62, 63]. The new designs have wider constrictions regions, allow-
ing for cells to migrate collectively. We designed two new constriction regions; (1) pil-
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lars with 30µm distance (Fig. 6.4A, left panel) and (2) a constriction channel decreasing
from 30µm to 5µm (Fig. 6.4A, right panel). To induce collective invasion into the con-
striction areas, we performed preliminary experiments with these chip designs where
we seeded cells in high density, creating a monolayer of cells in front of the constriction
area. In these experiments (Fig. 6.4B, left panel), we could identify cells migrating col-
lectively into the constriction areas (Fig. 6.4B, right panels) as indicated by the white
arrows. These preliminary experiments show great potential for the use and adaptation
of existing microfluidic designs to research complicated invasion strategies such as col-
lective invasion in higher resolution compared to 3D-spheroid invasion assays. This will
provide more detailed analysis for intercellular processes during collective invasion, for
example the remodelling mechanisms of the cytoskeleton, which would be a great step
towards finding new molecular targets to block cancer cell invasion.
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