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Summary

La mécanique et le stress compressif jouent un réle important dans la
progression tumorale. Plusieurs approches ont été développées récemment
pour tester le stress en compression dans des modéles 3D in vitro
(Alessandri, 2013; Montel et al.,, 2012). Dans le travail présenté ici, nous
avons d'abord exploré les effets de contrainte mécanique sur le
microenvironnement tumoral et la progression tumorale. Lorsque les
fibroblastes, parmi les composants cellulaires principaux du stroma tumoral,
présentent un changement phénotypique lié a la tumeur , ils sont appelés
fibroblastes associés au cancer (CAF) (Attieh et Vignjevic, 2016). Par rapport
aux fibroblastes normaux, les CAF contribuent a la formation d'un stroma plus
rigide (Calvo et al., 2013). Néanmoins, il existe une controverse sur le réle
des CAF dans la progression tumorale, car ils ont été signalés a la fois
comme suppresseurs et promoteurs, suggérant un rble antagoniste
(Barbazan et Vignjevic, 2019). En outre, les interactions cellule-cellule entre
tumeur et stroma, ainsi que leur réle dans la transmission de force, devraient
également étre pris en compte (Jang et Beningo, 2019). La compression des
tumeurs dans un espace confiné modifie ces paramétres (Alessandri, 2013;
Haeger et al., 2014; Helmlinger et al.,, 1997). En utilisant un modéle de
confinement 3D in vitro physiologiquement pertinent (Alessandri, 2013), nous
montrons que nous pouvons reproduire l'organisation des CAF et leur
interaction au stade du carcinome in situ. A l'aide de la technologie
d'encapsulation, nous avons mis en co-culture des CAF avec des cellules
cancéreuses du colon a lintérieur de coques élastiques creuses et
perméables. Nous montrons qu'en l'absence de contraintes spatiales, les
CAF et les cellules cancéreuses ne se mélangent pas mais se séparent en
deux agrégats distincts, chacun constitué d’'un des deux types de cellules.
Cependant, avec la compression générée par le confinement spatial de la
capsule, nous observons que les fibroblastes se réorganisent et s’enroulent
autour de la sphéroide des cellules cancéreuses, reproduisant ainsi
'organisation tumeur-CAF observée dans le carcinome in situ. Enfin, nous
montrons comment la tension de surface des sphéroides individuels ne peut
expliquer ce comportement a elle seule et comment ces changements

semblent dépendre de la réorganisation de la fibronectine, modifiant



vraisemblablement I'équilibre de tension a l'interphase entre les CAF et la

capsule d’alginate.

Dans la deuxiéme partie de ce travail, nous explorons le réle des cavéoles
dans le mechanosignaling des systemes de compression 3D. La
mécanoprotection est 'une des dernieres fonctions attribuées aux cavéoles,
lorsque notre laboratoire a démontré pour la premiére fois que les cavéoles
peuvent protéger les cellules subissant des contraintes mécaniques des
dommages de la membrane en s’aplatissant, limitant ainsi 'augmentation de
la tension membranaire (Sinha et al. , 2011b). De plus, sur la base de liens
importants existant entre cavéoles et signalisation, notre équipe a proposé
'hypothése d'un réle mécano-dépendant des cavéoles sur la signalisation,
ces structures se comportant comme un commutateur mécanique dans lequel
des composants cavéolaires peuvent interagir avec d'autres effecteurs
moléculaires de cascades de signalisation aprés désassemblage des
cavéoles sous contrainte mécanique ( Nassoy et Lamaze, 2012). Cette
hypothése a bien été soutenue par plusieurs travaux récents de notre équipe.
Tout d'abord, il a été démontré que I'ATPase EHD2, un des composants des
caveéoles, faisait la navette entre la membrane plasmique et le noyau dans
lequel elle va agir en tant que facteur de transcription. Avec mon projet de
doctorat, nous avions pour objectif de traduire ces concepts dans un modéle
de cancer physiologiquement pertinent. Pour ce faire, nous avons associé
notre expertise des cavéoles a deux études pour étudier les effets du stress
compressif sur les cavéoles dans un modéle 3D et pour explorer les
événements de signalisation en aval dans cet environnement (Kévin
Alessandri et al., 2013; Montel et al., 2011b ).

Nous avons démontré que la lignée cellulaire triple négative du cancer du
sein (le type de cancer du sein le plus agressif, dépourvu d'expression de
HERZ2, des récepteurs des cestrogenes et de la progestérone) Hs578t est
capable de répondre au stress mécanique en 3D en réduisant I'expression
protéique de 'ATPase EHD2 et probablement en affectant la dynamique des
cavéoles. Nous avons de plus observé que le stress de compression

entrainait a court terme des changements dans la distribution et I'architecture



des cavéoles car les cellules présentaient moins de cavéoles a leur surface
sous ces contraintes. |l est intéressant de noter que la compression a long
terme semble réduire préférentiellement la présence de rosettes caveéolaires
(inclusion de plusieurs cavéoles dans la membrane). Nous avons également
utilisé notre modele de cellules 3D pour surveiller I'activation de la voie de
signalisation JAK-STAT et nous avons confirmé son inhibition sous une
contrainte de compression.

En raison de nos résultats antérieurs établissant le réle des cavéoles en tant
que meécanosenseurs et de la preuve que cette propriété était retrouvée
également avec un modéle 3D, nous avons décidé d'effectuer une série de
criblages a haut débit. Tout d'abord, nous avons trouvé un profil d'expression
génique différentiel sous compression par rapport aux conditions de repos.
Fait intéressant, il a été révélé que le profil d’expression génique de chaque
méthode de compression (capsule versus systéme hyper-osmotique) variait
de maniére significative, notamment pour la régulation de plusieurs voies de
signalisation impliquées dans la régulation de la matrice extracellulaire,

l'ubiquitinylation, le cytosquelette ou encore les composants exosomes.
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Abreviations list

* Extracellular matrix (ECM)

* Atomic force microscopy (AFM)

* Focal adhesions (FA)

* Focal adhesion kinase (FAK)

* Phosphatidylinositol-3 kinase (PI3K)

* Epidermal growth factor (EGF)

* Mesenchymal stem cell (MSCs)

* Epithelial mesenchymal transition (EMT)

* Circulating tumor cells (CTCs)

* Two-dimensional (2D)

* Three dimensional (3D)

* Digital light processing (DLP)

* Electron microscopy (EM)

* Plasma membrane (PM)

* Caveolin1 (Cav1)

* Caveolin 2 (Cav2)

* (Caveolin-3 (Cav3)

* Protein kinase c (PKC)

* Interleukin-6/ signal transducer and activator of transcription (IL6/STAT3)
* HR1 and HR2 domains (Helical region 1 and 2)
* Phosphatidylinositol (4,5)-bisphosphate (PIP2)

* Endothelial nitric oxide synthase (eNOS or NOS3)
» Epithelial growth factor receptor (EGFR)

* Transforming growth factor 3 receptor (TGF-BR)
* Insulin receptor (IR)

* Caveolin scaffolding domain (CSD)

* Caveolin binding motif (CBM)

» Cancer associated fibroblasts (CAFs)

* Janus kinase 1 (JAK1)

* Clathrin heavy chain (CHC)



Principal component analysis (PCA)
Gene ontology terms (GO)

Reverse phase protein assay (RPPA)
Multivesicular bodies (MSV)



-INTRODUCTION-



Cell mechanics and mechanotransduction

Physiological relevance of cell mechanics in biology

All complex multicellular organisms are composed by cellular units which, scaling up
to higher levels of hierarchy, form tissues, organs and, progressively, a whole
organism. Cells, as any other object, have physical properties which respond to

physical processes.

Not surprisingly a tight connection was found with regard to the importance of
macroscopic physical processes paired with biological processes at different levels.
One of the first modern science reports on mechanics contributing to the behavior of
organs comes back to 1892 with the observations from Julius Wolff, describing the
remodeling of human adult bone in response to mechanical stress (Wolff, 1892). It
was then followed by the pioneering mathematical modeling work on biological
patterning from Thompson (Thompson, 1917). But the close relationship between cell
biology and mechanics was not really explored until relatively recent times. It was
made possible by the arising of new tools that permit to mimic the stresses that cells
stand inside the organism, to image and to measure them. Some good examples are
the initial works on traction force from Harris and colleagues. They developed a
substrate suitable to observe the deformation that cells exerted on the surface they
adhered to. This set up gave knowledge on how cells can pull on the substrata by
their own inner machinery (Harris et al., 1980) In addition, the development of
magnetic beads coated with fibronectin mimicking peptide Arg-Gly-Asp (RGD), the
known ligand of integrin a5p1, allowed to define the binding force of integrin
molecules to the substrate (Wang et al., 1993). Through the introduction of
microfabrication in cell biology, Ingber and colleagues managed to define the
importance of geometry in cell growth and death, showing how cells die on 10 pym
squares but survive on 10 ym diameter circle, independently from how cells are
attached to the substrate: different extracellular matrix (ECM) molecules or
antibodies against integrins (Chen et al.,, 1997). At the molecular level, the
measurement of the folding force and response against force of some proteins such
as the globular spring-like domains of titin was made possible by the introduction of

atomic force microscopy (AFM) (Rief et al., 1997). At least, tuning the stiffness of a



collagen coated polyacrylamide substrate modulates cell spreading, motility and
lamellipodia formation with highly dynamic focal adhesions (Pelham and Wang,
1997). These observations show the importance of substrate physical properties on
cell behavior, and give a sight of how traditional cell culture is away from
physiological conditions.

Mechanotransduction

Tensegrity model

All the described advances in probing and describing physical reactions and
adaptations of the cells gave birth to field of cell mechanics which cover cell
biophysics, soft matter physics and rheology, mechanobiology and cell biology. At
the crossing between mechanical properties and cell biology one can find

mechanotransduction.

Mechanotransduction is the process through which cells convert mechanical stimuli
into chemical signals in order to regulate cell behavior and function (Iskratsch et al.,
2014). Cells are usually embedded in a complex polymeric structure, the ECM, with
whose interactions can be defined both biochemically and mechanically.

Cells are living in a dynamic environment with frequent changes on the physical
parameters. Thus, facing both external and internal stimuli from which they have to
adapt. One of this adaptations is the re-structuration of its morphology, implying
changes either on the mesh of different polymers composing the cytoskeleton, their
water content residing on the cytosol and/or the lipid barrier composing the cell
membrane (Figure 1 a) (Wang et al., 1993).

From all the mechanical strains affecting the cell, we can distinguish endogenous
and external mechanical stimuli.
Among the endogenous stimuli, the cytoskeletal assembly itself plays a major role:
* pulling and tensing induced by cytoskeletal filaments formation,
* bonding with the generation of a flexible meshwork that pre-stresses the
system to resist deforming forces (Figure 1 b,c).
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Figure 1. Mechanical forces experienced by the cell

(@) Types of mechanical stresses a cell can experience: When tension is applied to the cell it will result in a
deformation of the cell towards the pulling force. When a cell is compressed the response of the material will be a
compaction in the direction of the compressive force. Upon shear stress the deformation will be in parallel sense to
the applied force. Upon isometric compression the hydrostatic pressure will be translated in a general compaction
of the cell. A material resistance to elastic deformation to force (F) or stress (s) is the elastic modulus. E is Young’s
modulus, a response to tensile or compressive stress, G is the shear modulus, a response to shear stress, and K is
the bulk modulus, a response to isotropic pressure.(based on Ayad et al. 2019). (b) Schematic representation of
different mechanical stresses a cell can face on an epithelia and the components which can participate in the
adaptation and response. With cytoskeleton components forming an structural template for the cell which will
respond to the previously mentioned stresses and also connect the cell with another cells and with extracellular
matrix. (¢) Schematic of tensegrity model:compression struts and tensed cables exemplifying that stress levels
regulate cytoskeletal rigidity. Microtubules (gold rod) support compression on cell-matrix adhesions (represented by
actin linking modules in pink and integrin dimers) while the actin filaments (red) experience the cellular tension and
stiffen accordingly ( b,c adapted from mechanical How are forces transduced in a cellular environment? from
mechanobio.info).
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This preloading adaptable architecture is known as tensegrity (Chen and Ingber,
1999; Ingber et al., 2014) The forces applied by this contractile preloading
architecture are mostly generated by the actomyosin machinery. Moreover, the
actomyosin complex creates also traction forces on cell-cell contacts and focal
adhesions. The tensegrity model should integrate other contributors to the general
mechanical landscape of the cell. It should include the nucleus, as the stiffest
organelle of the cell, that is able to respond to mechanical cues (Navarro et al.,
2016), and caveolae, small mechanoresponsive plasma membrane organelles
(Sinha et al., 2011a).

On the other hand, the external forces experienced by cells come either from tension,
compression, shear, swelling or the curvature of the cellular membrane. The internal
machinery, then, should respond to all the variations at micro and nanometric scales
in order to keep cell homeostasis (Chen and Ingber, 1999; Ingber et al., 2014;
Iskratsch et al., 2014).

Mechanotransduction and mechanosignaling

In order to respond properly to external forces, cells need molecules capable of
feeling these changes and transmit this mechanoresponse. We refer here as
mechanotransduction for the process that translates mechanical stimuli into
biochemical changes on molecules. Mechanosignaling is part of mechanotranduction
but restricted towards the activation or inhibition of signaling pathways.

For signaling pathways, there is usually a need for a receptor to trigger the signaling
events after the initial stimulus, but in case of mechanics, what could be this receptor
at the cellular level? One needs a mechanosensor, in other words, a biologically
active molecule able to respond to mechanical forces by modifying its activity
depending on this stimulus. Most common reported cases of mechanoresponse by
proteins are based on intramolecular changes with modified folding, which expose
new functional domains (Figure 2 a,b). Among the known examples of
mechanosignaling, the cell contact with the ECM via integrins is one of the most
studied. Integrins switch to an activated conformation in conjugation with inside out

mechanisms such as increased extracelullar Mg?* (inside) and forces (out) from the
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Figure 2. Mechanotransduction

(a) Comparison between mechanical versus chemical signal propagation. In the top part, chemical signal
originated at the membrane take tens of seconds to travel through the pathways cascades and imply a change
on the nucleus. In the bottom part, artistical view on how mechanical stress can propagate (either by stress
applied to cytoskeleton or by cytoskeleton contraction) and reach the nucleus in less than 5 microseconds
( adapted from mechanical How are forces transduced in a cellular environment? from mechanobio.info). (b)
Changes in conformation of proteins upon applied force. Applied force lowers energy requirement making stable
new conformations which can expose catalytic sites and pass this signal further( adapted from mechanobio.info).
(c) Model of mechanosensing mechanisms from different mechanosensor. Top, cytoskeletal proteins linked to
actin can undergo structural changes upon mechanical forces. This can expose binding sites and promote
biochemical signaling. Middle, integrin- tethered latency-associated proteins (LAP) can experience
conformational change and release transforming growth factor (TGF). Bottom, Piezo1 schematic with two
subunits shown. Each of the subunits have a curved conformation in the lipid bilayer which flatten upon stress on
the membrane (adapted from Lim et al. 2018) (e) Model depicting activation of integrins response to extracelular
matrix signals, suchs as the stabilization of the inegrin-ligand bond, allowing talin unfolding before the unbinding
of integrin (adapted from Kechagia et al., 2019)



ECM. This activation permits the separation of the intracellular tails of a and f3
integrins, which will increase B integrin affinity towards talin (Figure 2 e). The force
related mechanism for the formation of the focal adhesions (FA) is initiated by
integrins binding to ECM, which slows down their diffusion and promotes their
clustering. Integrins are coupled to the actin cytoskeleton via talin and vinculin. At
the same time, actin will pull on integrins through talin and vinculin, while talin needs
to be stretched to be able to interact with vinculin (del Rio et al., 2009; Kechagia et
al., 2019). Later after the initial formation of FA, several signaling molecules are
recruited as a response to this force generation/sensing, such as focal adhesion
kinase (FAK), Src and phosphatidylinositol-3 kinase (PI3K). They will in turn trigger
the activation of growth factor receptors and G-protein coupled receptors at FA (Kai
et al., 2016; Kechagia et al., 2019) (Figure 2 d).

Regarding signaling, this unfolding mechanism can be compared to phosphorylation
since both mechanisms will change the energy landscape of a protein tertiary and
quaternary structure thereby modifying protein folding. However, this mechanical
response can be faster than the purely chemical way of activation. At the plasma
membrane, it has been observed that Src could be remotely activated in only 0,3 s by
magnetic tweezers through integrins whereas 12 s are needed for ligand i.e.
epidermal growth factor (EGF) mediated activation. This remote rapid activation
cannot be fully explained as a local stress would only generate a local deformation,
thus the proposed model of distant mechanotransduction assumes that a tensile pre-
stress is needed through cytoskeleton and focal adhesion assembly (Na et al., 2008)
(Figure 2 b).

Another example are mechanosensitive channels such as the piezo receptors. This
family of ion channels responds to an increase of membrane tension by changing
their conformation. Under mechanical constraint, these ion channels occupy a
greater space in the stretched lipid bilayer, increasing the permeability of the channel
to ions. The open conformation allows a subsequent Ca?* influx and the activation of
calcium sensitive pathways mainly driven by calmodulin (Figure 2 c) (Coste et al.,
2010; Volkers et al., 2015).



One striking example of the importance of mechanics in cell biology is its influence
on stem cells fate. In a set of experiments performed by Engler, mesenchymal stem
cell (MSCs) differentiation was monitored depending on the stiffness of the ECM.
Surprisingly, 1 kPa substrate gave rise to neural progenitors, 10 kPa substrate
triggers differentiation into myoblast, and cells grown on 100 kPa substrate showed
an osteogenic phenotype. Still the effects of three different levels of stiffness
dependend on myosin Il function, and the priming induced by stiffness was sufficient
to reduce the effect of chemical induction towards other lineages (Engler et al., 2006)
(Figure 3 a).

Role of cell mechanics in cancer

As emphasized by the close interaction between signaling pathways and cell
mechanics, it is not surprising that cell mechanics are involved in many physiological

and pathological processes including but not limited to cancer

Studies on cancer provide important examples about the relevance of mechanical
properties in biology, and the most relevant for this thesis. From a simplistic point of
view, tumoral tissue is composed of tumoral cells surrounded by ECM. It is
interesting thus that tumors tend to be stiffer than healthy neighboring tissue (Samani
et al., 2003; Voutouri et al., 2014) (Figure 3 b). The cancerogenic transformation of a
healthy tissue comes along not only with changes in biochemical signaling or genetic
expression, but the physical context is also dramatically perturbed, changing at each
step of tumor progression: hyperplasia, invasion, dissemination and metastasis
(Kumar and Weaver, 2009) (Figure 3 b). This change though has been known for
long time since palpation has been common technique for diagnosis in different
cancers such as breast cancer since 1982 (Mahoney and Csima, 1982), and the
incremented density detected by the imaging techniques (X-ray, ultrasounds) has
been used extensively in tumor diagnostic. A 20-fold increase of stiffness has been
observed in breast tumors and similar tendencies have been reported in pancreatic
and colorectal cancers (Brauchle et al., 2018; Butcher et al., 2009; Levental et al.,
2009). The drastic changes of the tumor microenvironment mechanical properties are
due to several factors: the increase of cell contractility, the permanent growth of cells
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Figure 3. Tissue mechanics and cancer promotion

(a) Mechanical properties of the tissue where cell thrive are of utmost importance for the definition of the
cellular identity. Having a big correlation between cell types and the stiffness of the tissue in which specific
types reside. In cancer, and specifically in breast tumors, a progressive stiffening of the tissue is appreciated.
(b) After a transformation event, cells accumulate in the lumen, compromising the structure of the breast duct. This
uncontrolled growth will fill the duct and generate compressive stimuli both to the adjacent myoepithelium and
basement membrane, which will generate a compressive stress back to the pre-neoplastic cellular mass. This will
promote stiffening and remodelling of the ECM which generates a loop on the compression forces experienced by
tumoral cells and parenchyma until the tissue structure is compromised and tumor cells can invade outside the
ductal area (adapted from Butcher et al. 2009).



in a confined space and the aberrant deposition of ECM. As a consequence, the
cancer cells thrive in stiffer substratum, either with increased integrin signaling
through the reinforcement of clustering (Elosegui-Artola et al., 2014; Levental et al.,
2009), enhanced resistance towards breast cancer cells drugs (Joyce et al., 2018), or
facilitated tumor cell invasion and metastasis (Kai et al., 2016).

Therefore, the stiffness modifications present in tumors have important
consequences on pathophysiological processes. It is also worth noting that most of
the known mechanotransduction pathways are themselves products from oncogenes
or tumor suppressor genes. These drastic changes experienced by cells in this
altered mechanical environments can produce changes in cells in the same level as
a mutation. (Yu et al., 2011). Perturbations of the system can affect the structure of
the cytoskeleton, cellular shape, differentiation, cell survival, proliferation, adhesion
and migration, which can all, promote cellular invasion (Figure 3 b).

Besides the contribution of stiffness from tissue and ECM, tumors can also face other
physical stresses such as solid stress, shear stress and interstitial fluid pressure. As
tumoral cells keep growing, they are trapped in limited space, the stroma will
compress them on the opposite direction to cell growth. In addition, the surrounding
tissue will show resistance to this deformation, a phenomenon called “solid stress”
(Figure 3 b). In response to the built up stress, at first, cancer cell proliferation
decreases as reported in compressive cancer models both in vitro and in vivo (K.
Alessandri et al., 2013; Delarue et al., 2014; Helmlinger et al., 1997). Recently,
Mascheroni has modeled how compressive stress in cancer cells populations could
increase drug resistance as compared to uncompressed populations, which are less
proliferative (Mascheroni et al., 2017). Alterations of mechanical homeostasis have
been shown to stimulate colon tumorigenicity with the compression of colon crypts
that leads to nuclear translocation of (3-catenin, activation of its target genes and
hyperplasia in the affected crypts (Fernandez-Sanchez et al., 2015). The increase of
tumoral solid stress causes also squeezing of the blood vessels present in this
tissue, which will temporary hint the tumor progression and generate a necrotic core
by lack of nutrient perfusion and hypoxia (Padera et al., 2004; Stylianopoulos et al.,
2013). Although hypoxia will briefly stop tumor cell growth, it could increase the risk
of metastasis by promoting epithelial mesenchymal transition (EMT) and stemness in
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cancer cells (Muz et al.,, 2015). Moreover, the solid stress that is generated can
induce constriction of the lymphatic vasculature, which reduces drainage of the
interstitial fluid, further increasing the compression of the tumoral compartment (Jain
et al., 2014).

In the body, tumor cells can also face shear stress, when metastatic cells escape the
confinement of the primary tumor and intravasate in the vasculature. To survive their
transit through the circulatory system, cancer cells with high expression of lamin A/C
seems more likely to survive when bloodstream levels of shear stress are applied
(Mitchell et al., 2015). In addition, the survival of cancer cells depends on the time
spent in circulation and the blood flow pattern. Resting levels of shear stress (0,5-3
Pa) inhibit proliferation but increase the chances of adhesion and extravasation of
circulating tumor cells (CTCs) (Ma et al., 2017). On the other hand, using a
microfluidics setup in or to apply shear stresses similar to the levels recorded on
blood vessels during physical exercise conditions; 6 (Pa) will promote apoptosis on
circulating tumor cells (Regmi et al., 2017). Thus, showing how circulating cancer
cells need to adapt to the changing conditions in the blood vessels, where high shear
stress also increase the chance of contact but reduces the ability to form stable
adhesions. This is why in a high number of occasions, tumor cells tend to
extravasate on branch points or are clogged in small capillaries (Figure 4) (Wirtz et
al.,, 2011). But at the same time, when a stable adhesion is made, increased shear
stress stimulates the extravasation. As a consequence, the ideal flow for CTCs to

allow both stable adhesion and extravasation is 400—600 ym/s (Follain et al., 2018).

A leap in complexity: 3D cell organization models

Adding a third dimension

In order to have a more comprehensive model of the role of cell mechanics in tumor
progression, the architecture of tumors should be taken into account. Most of the
experimental knowledge generated in cell biology has been limited in two-
dimensional (2D) plastic, glass or silicon substrates, although what we find in vivo are
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cells embedded in ECM with mixed populations of interacting cells with a complex
architecture. If on one hand, a simpler 2D system allows to reduce complexity and
help to address individual problems on isolated cells, on the other hand, it means that
we lose the reality of these processes as compared to a more physiological
environment (Baker and Chen, 2012).

It has long been reported that when cells, isolated from tissues, are seeded in 2D
culture systems, they lose their differentiated phenotype (Mark et al., 1977) but some
of them can easily re-adapt to their physiological phenotype when placed in a three
dimensional (3D) culture environment. For instance, mammary epithelial cells, placed
in a 3D environment, regain acinar distribution, form a new basal membrane and stop
uncontrolled division (Emerman and Pitelka, 1977; Petersen et al., 1992).

These early observations established the importance of adding an additional axis to
cell culture techniques for the determination of cell fate. Indeed, when cells were
cultured to follow a 3D organization, it led to phenotypes closer to the ones observed
during physiological conditions.

But we need to consider that this difference isn't just a difference of adding the third
dimension in terms of space for the cells to grow. When the cellular architecture is
switched from 2D distribution towards 3D, the changes in several important
parameters for the biology of the cell are significantly altered, as reviewed in the next
chapter.

ECM in 3D

The main source of significant changes between 2D cell behavior as compared to 3D
environments is the important increase of cell-cell adhesions and cell morphology
changes from an epithelial-like type (monolayer) to a more mesenchymal
architecture. Cells growing in 2D are flat and can grow, spread and migrate
horizontally, forcing an apico-basal polarity that in most of cell types is far from
physiological situation (Figure 5 b).

Indeed, changes in cell architecture can influence cell behavior, as it has been
proven by tuning the 2D geometry of cells by ECM protein micropatterning
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Figure 5. Importance of 3D architecture in cell biology

(a) Effect of 3D matrices on type of migration. Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) localization on cells
migrating on 2D and 3D cell derived matrix or embedded on collagen. Where they show a more star-shaped mode of
migration (based on Petrie et al. 2012). (b) Schematic comparing 2D cell culture with 3D, depicting the low amount of
cell-cell contacts of 2D compared with 3D and the reduced ratio between total volume of cells in contact with media,
creating different domains depending on their location inside an spheroid (from Kapatczyhska et al. 2016).(c)
Combination of analytical images of spheroid median sections studied with different technologies (autoradiography,
the tunnel assay, bioluminescence imaging, and probing with oxygen microelectrodes) exhibiting the main
characteristics of the MCS. (From Hirschhaeuser et al. 2010).



techniques. Specific geometrical shapes can trigger actin and microtubule
cytoskeleton remodeling which impacts cell polarity, migration, growth and
differentiation (Théry, 2010).

We can find considerable differences in the process of cell spreading in a 3D matrix
in comparison with a 2D surface. In a 2D surface, integrin-mediated adhesions
promote lamellipodia formation and the actomyosin tension reinforcement of focal
adhesions within a few minutes. On the contrary, spreading in a 3D matrix often
requires ECM deformation or proteolysis for the cells to migrate. In this context, cell
spreading is way slower and takes hours or even days (Khetan and Burdick, 2010).

Cellular morphology and polarization present striking differences when we add the
third dimension to the experimental set up. In 2004, Beningo et al. sandwiched
fibroblasts between two polyacrylamide gels coated with ECM protein to establish
integrin contact sites on two planes (Figure 5 a). With this approach, they showed
that lamellipodium switch to a more stellated morphology, closer to the membrane
morphology observed in fibroblasts in vivo (Beningo et al., 2004; Langevin et al.,
2005). However, a more complete understanding of how cells organize in tissue and
tumors the impact of 3D culture in cell signaling is still needed.

Besides morphological changes, 2D and 3D microenvironments induce differences at
the molecular level with divergences in the nature and amount of adhesion proteins
(Cukierman et al.,, 2001). Regarding mechanotransduction, evidence show that
stiffness sensing might differ in 3D. For instance, the Mooney team showed that
cultured mesenchymal stem cells embedded in 3D RGD-modified alginate gels,
exhibit a bimodal response where osteogenesis is occurring maximally at an
intermediate stiffness. In contrast, in 2D, the response reached a plateau. This
mechanism depends on integrin clustering induced by exerted traction forces, a
process which is not observed for cells grown on 2D substrates (Huebsch et al.,
2010).

In many mechanotransduction studies using 2D experiments, the tensile forces are
investigated by stretching adherent cells on a flat ECM-coated silicone surface,
giving homogeneous predictable strains. On the other hand, most of the 3D tissues
are highly heterogeneous and anisotropic and how the force is transmitted to the
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individual cells depends mainly on the ECM fiber organization. The respective
position of each considered cell within the tissue influences how they are constrained
by those fibers. For example, in fibrocartilaginous tissue, the extent of stretch could
differ dramatically depending on the distance from the attached collagen fibers
(Pathak and Kumar, 2011; Upton et al., 2008). Furthermore, cell morphology, its
orientation towards the forces and matrix architecture can affect cellular response to
these forces. When strains (stretching) are applied to mesenchymal stem cells sitting
on aligned or unaligned collagen fibers, the aligned ones exhibit further differentiation
into muscle with increased activation of the corresponding signaling effectors as
compared to unaligned cells (Heo et al., 2011; Kurpinski et al., 2006).

Besides the differences on how the fibrilar components of the ECM inside the
spheroid behave such as increasing the presence of heterogeneous, anisotropic
fibrous materials, 3D culture itself can display important differences in the purely
mechanical response. While on one hand in 2D environment, the cells can deform
out of plane upon a mechanical constraint. On the other hand, when grown in 3D in a
spheroid, some cells could feel by a stretch in a point of the spheroid than would be
perceived as a compressive stress for other cells in a tangential position. The
application of stresses will travel through the body of cells in a spheroid. How cells
and adhesions are able to transduce these forces in a 3D environment still needs to
be further investigated (Baker and Chen, 2012).

Diffusion in spheroids

Cells grown in 3D will stand differences in terms of accessibility to nutrients and
soluble factors as compared to 2D culture. The ECM, either within a spheroid or in
gelated artificial matrices, slows down diffusion of molecules and generates
sustained gradients. This phenomenon has been shown to play a role in drug
resistance and the production of tumorigenic cell fates (Grimshaw et al., 2008; Shield
et al.,, 2009). Cells, located between the proliferative outer layer and the central
necrotic core, slow down their proliferation and start to express hypoxia inducible

factors, which protects them against different antitumoral approaches like
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radiotherapy and chemotherapy (Figure 5 c¢) (Hirschhaeuser et al., 2010;
Mascheroni et al., 2017; Mueller-Klieser, 1997). Nevertheless, the transport and
availability of soluble factors in a tridimensional ECM is not only depending on
diffusion. For instance, pressure domains within the spheroid or tissue induced by
deformation can redistribute the interstitial fluid and establish a convective transport
of the soluble factors. Furthermore, some coupling between mechanical forces and
solute transport have been reported, as discussed by Griffith: the rearrangement of
cells in a tissue can change concentration of factors and the pore size, shape and
morphology of the ECM (Griffith and Swartz, 2006).

In this subject the main parameters to take into account are: How 3D spatial
distribution of the ECM proteins alter cell distribution and sensing of their
environment; How this impacts structure and composition; and how different kinds of
mechanical forces and their transduction have emerged in 3D setups (Baker and
Chen, 2012).

3D culture technologies

For years, many laboratories have attempted to analyze the specific features of cell
mechanics in tumors by characterizing the influence of solid stress in 3D environment

rather than in cell monolayers cultured in a dish.

22 years ago, the important role of solid stress was reported in multicellular
spheroids. To mimic the solid stress experienced by cells in tumors, Helmlinger and
colleagues did a simple yet really informative experiment. Tumoral cells were
cultured as multicellular spheroids, embedded in increasing concentrations of
agarose matrix and let for growth for 30-50 days (Helmlinger et al., 1997). Then, they
were able to characterize the equilibrium between the growing tumor cells and the
opposite elastic constraint of agarose chains. By checking the proliferation and
apoptosis rates, these assays gave precious insights about how a tumor reacts to its
own mechanical cues. It revealed that the solid stress reduced spheroid growth, but
counter-intuitively it decreased the apoptotic rate as well. This correlates with an

increase of cellular packing, which seems to explain partly with the development of
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drug resistance in tumors (Helmlinger et al., 1997; Joyce et al., 2018; Mascheroni et
al., 2017).

More recently, two novel approaches for 3D cell culture compression have been
developed that will be of utmost importance for this thesis, as we used them to
investigate the cell machinery in the 3D mechanical response.

Hyperosmotic induced compression

In 2011, the Cappello team and collaborators introduced a new model based on
multicellular spheroids that mimic an isotropic external stress by first growing colon
cancer cellular spheroids over an agarose cushion and by applying a constant stress
with dextran (100kDa) addition, a high molecular weight sugar that is neutral for
mammalian cell metabolism. By tuning stress with dextran concentration with a
maximum effect observed around 10 KPa, they were able to diminish the level of
osmotic stress one-hundred fold less than the hyperosmotic experiments performed
until date (1 MPa) (Figure 6 a). The portion of dextran that penetrates the spheroid is
negligible and the osmotic stress is only applied to the first row of cells, which acts a
dialysis membrane. Thus, the compressive stress is transmitted to the rest of the
spheroid resulting in an average growth lowered by half at 0,5 kPa and by about 4
times after 5 kPa. The same system was further use to characterize the compression
effect on cell volume. They showed a decreased organoid volume, cell jamming, and
the overexpression of p27Kip1, a cell cycle inhibitor, few hours after compression
thus inhibiting cell proliferation inside the spheroid (Figure 6 b) (Delarue et al., 2014;
Montel et al., 2011a, 2012). Later, the same team investigated the degree of
compression and the anisotropy of the spheroid in various zones. They observed a
decreased pressure profile as the distance from the spheroid center increases. Cells
are more compressed towards the core relative to the radial direction whereas they
are stretched orthogonally to the radius. These deformations are probably a way to
dissipate the stress generated by the isotropic compression (Figure 6 c) (Dolega et
al., 2017).
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Figure 6. Hyperosmotic induced compression.

(a) Scheme of the preparation of 3D aggregates through the traditional agar cushion approach (non-adherent
surface) and the application of compressive stress through the addition of high molecular weight dextran
hyperosmotic solution ( no penetration of dextran inside the spheroid. (b) Pressure distribution in CT26 spheroids
upon 5 kPa compressive stress. First, pressure profile obtained with an stress/strain calibration curve of
polyacrylamide microbeads. Second cellular proliferation in control spheroids and on spheroids with 1 and 5
kPa pressure applied. It shows immunostaining for Ki-67. (c) Organization of cells within CT26 spheroids. firs
confocal image of Phalloidin staining at the equatorial plane, with a domain with low anisotropy marked ( in high
anisotropy zone major axis is perpendicular to radius). Under, scheme of the orientation of the major axis of cells at
the equatorial plane. at the bottom anisotropy estimated with ratio of major axis of the cell with the minor and
displayed average points along with the distance from center of spheroid (Adapted from Dolega et al. 2017)



Alginate encapsulation technology

The other approach for 3D cell culture we have used here is an innovative
microfluidic-based high-throughput method, developed with our collaborators from
Pierre Nassoy laboratory, that produces multicellular spheroids. This methodology
has the originality to encapsulate cells inside a shell of alginate, a permeable and, in
principle, not interacting polysaccharide from algae (Figure 7 a).

The system consists of a microfluidics device composed by three aligned co-
extrusion channels: a cell solution in the inner capillary, an outer channel where
alginate flows and an intermediate solution of sorbitol in physiological osmolarity (300
Osm) in between. The flow of each channel is controlled by syringe pumps and the
average total flow is 100 pl/s. The chip containing the three channels produces a jet
that decomposes into small regular pearls due to the intrinsic Rayleigh jet instability
(Figure 7 b). This parameter can be further increased by the application of an
electric field to increase the mono-dispersity of the sample and reduce pearl size.
Then, the obtained cells/alginate solution droplets immediately gelate at the surface
when in contact with calcium (Figure 7 c) (Alessandri et al., 2013)

Since the alginate shell is a visco-elastic material, one of the major advantages of
this technology is to create a passive compression when cells reach confluence.
Indeed, under these conditions, the alginate shell deforms and can be used as a
read-out for compressive forces (Figure 7 d). An additional advantage from previous
setups is the substitution of a bulk hydrogel for a hollow shell to test the compression
component (Helmlinger et al., 1997). Using this technology with cancer cells, the
initial results are on the same line as the ones obtained by Giovanni Cappello’s team
with the hyperosmotic induced compression. Indeed, once they reach confluency,
cells embedded in the alginate capsule sustain a compressive stress of around 2
kPa, that induces decreased cellular proliferation, increased cell jamming and the
presence of a necrotic core under the diffusion limit (Figure 7e) (K. Alessandri et al.,
2013; Delarue et al., 2014; Montel et al., 2011a, 2012).

More recently, in an effort to scale up and simplify the set-up, the Nassoy laboratory

used digital light processing (DLP) 3D printer in order to improve the handcrafted
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Figure 7. Alginate multicellular spheroids encapsulation for compressive stress

(a) Scheme of alginate monomers: D-mannuronic acid and L- glucuronic acid and how the cationic linkage with
calcium promote the gelation. (b) scheme of the microfluidic device used for encapsulation. Constituted by 3
channels: inner channel (cs) where the cell solution is inserted, intermediate channels (IS) where and intermediate
isosmotic (300 mOsm) sorbitol solution is inserted and an outer channel (AL) where the alginate solution is inserted.
The solution will jet and fall onto a calcium bath where the alginate will gelate covering the other two solutions.All the
channels are individually controlled by a pump. Right picture of the tip of the microfluidic device. (¢) Confocal image
of an alginate capsule stained with high molecular weight fluorescent dextran. (d) Phase contrast image of spheroids
growing inside of capsules, depicting uncompressed and compressed states. On the right compressive behaviour of
the alginate capsule where the thickness of the shell (h) diminish and it suffers an expansion or radial displacement
(u). (e) Confocal images of free and 48h compressed spheroids. with cryosections stained for DAPI (blue), KI67

(magenta and fibronectin ( red). on the right profiling of nucleus compared with death and proliferating cells (based on
Alessandri et al. 2013)




microfluidics co-extrusion device used so far in our laboratories, mainly to overcome
the delicate step of manually assembling the three capillaries in the extrusion chip.
During my thesis | worked with Kevin Alessandri at Pierre Nassoy’s laboratory in
Bordeaux in order to implement the 3D printed chip in our team. The current model
we are using differs from the previous one published as it has a coextrusion
concentrical ring which needs to be completed by adding a 120-140 um glass
capillary pulled tip with its corresponding hydrophobic functionalization in order to
have the correct size of capsules between 100 and 200 micrometers diameter
(Alessandri et al., 2016)

Concerning the measurable degree of constraint in this system, capsules act, as
mentioned above, as a confinement chamber where their deformation can be taken
as readout of the degree of constraint or confinement. When the spheroid starts to fill
completely the inner space of the capsule, the growth of the cell mass starts to
deform the shell of the alginate. Because its viscoelastic nature, there is a restoring
force exerted by the bulk material that its translated as a compressing force towards
the spheroid. This compressive force can be estimated assuming that the alginate in
the shell follows a linear elastic behavior the following formula relating pressure and
deformation, knowing the mechanical properties of the alginate:
with 9 being the Poisson modulus (9=1/2 for incompressible material), h the
thickness of the capsule, and u(R) the displacement. (already analyzed in our

system) (Figure 7 d) (K. Alessandri et al., 2013).

Cell motility and cell sorting

One of the first questions that | addressed in my thesis work, was, following Fabien
Bertillot thesis work; to reproduce and investigate the interactions between cancer
associated fibroblasts and cancer cells in a compressive environment. | focused
more particularly on how the physical properties of tissues will define their spatial

distribution and its role on invasion and metastasis.
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It has been known for a long time that distinct cells can segregate by tissue or
lineage based on differences on the strength from cell-cell contacts and their affinity
between different tissues (the following section its based mainly in Steinberg’s
classical publication from 1963). It has been long studied how tissues can behave as
a fluid, an important parameter in the mathematical modeling of cell and tissue
behavior. If we consider multicellular spheroids as liquid droplets and distinct cell
types as two immiscible fluids, we can model the interaction of two distinct
multicellular spheroids as the coalescence of two liquid droplets. Following this
analogy, liquids are also composed by highly mobile subunits (thermal agitation of
molecules), and tissues are a coherent mass composed by motile cells.

One important physical property of liquids is surface tension, which defines their
natural tendency to minimize the surface area. As liquids are composed of molecules
with a polar moment and are attracted to each other in the landscape of minimal free
energy, forming a spherical droplet, so do the cells. The surface free energy is part of
this minimal free energy landscape, and is also composed by the same molecules
but with a non-neutralized polar momentum (Figure 8 a). As free energy will always
tend to spontaneously decrease, the molecules will always tend to expose the least
of these free ends and, thus minimize the interface (Figure 8 b). Having this principle
on mind, mechanical work burden or any other change on this energy equilibrium
needs to be applied in order to increase the surface exposure to the interphase
(spreading the liquid droplet).

Briefly, the mechanical work 6W needed to increase the interface area dA is

6W = y dA where y is the surface tension. If we have two immiscible liquids (two

distinct cells populations), then the surface energy can be defined as the interfacial
tension and noted yAB so that the mechanical work needed to separate a unit of area
of the AB interface between two elements A and B is: WAB = yA+yB — yAB

WAB can also be termed as adhesive work. In order to separate two elements of the
same type, the mechanical work is defined as WAA = 2yA, which is defined as
cohesive work (Figure 8 c).

From these equations, we can write:

WAA+WBB  yAB
2

WWAB =
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Figure 8
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Figure 8. Surface tension and cell sorting

(@) The physical origin of surface tension. Where molecules of a fluid on its surface have an unbalance of
forces (from “understanding interphases” at https://www.dataphysics-instruments.com). (b) Scheme depicting the
adhesive work (different type of particles) versus the cohesive work (between same type) ( from Chemistry, water”
at https://www.visionlearning.com). Capillary forces are an example of adhesive work of a fluid. (¢) Scheme of the
contact angle from a droplet, defining the degree of wetting by Young-Dupré relationship where it depends on the
equilibrium between the superficial tensions with substrata, the liquid and the surrounding media (from “wetting
test methods” at http://www.adhesionbonding.com). (d) Possible arrangements when we have a mixture of two cell
types. 1. both cell types are mixed resulting in a “checkerboard” pattern. 2. Cells with stronger cohesion aggregate in
the center while weaker cohesion cells envelope the other type. 3. Partial envelopment of the cells presenting less
cohesive forces. 4. No affinity ( adhesive force) between both cell types, resulting in two isolated spheres ( from
Foty and Steinberg 2013). (e) Schematic diagram of the surface tension mapping technique. Using a micropipette of
radius Rp, the surface of cell of radius Rc is bent to a deformation of size Rp at the critical pressure Pc. The Young-
Laplace equation gives the surface tension at the celle medium interface gcm . Pc/2(1/Rp 1/Rc). After measuring two
contacting cells of the aggregate, the tension at their cell-cell contact can be calculated following the Young Dupre
equation. Right micropipette aspiration at Pc during a surface tension mapping experiment (based on
Guevorkian and Maitre 2017)



With this equilibrium, the distribution of these two types of units is a function of the
cohesive work of each phase, and of the work of adhesion between them. This leads
to three types of distribution depending on the equilibrium within the work forces
stated before (graphically represented in figure 8 d):

1. a-b adhesions whose strength is higher than the average of a-a adhesions

WAA+WBB

plus b-b adhesions. WAB > then yAB < 0. This would result in a

mixed kind of pattern with patches of each cell type.

2. a-b adhesions whose strength is weaker than a-a adhesions or b-b adhesions.

WAB < wthen YAB > 0. Cells types will segregate:

a. If WB < WAB we have yA >yB + yAB. This should allow the
formation of a sphere with the more cohesive cell type in the center and
the less cohesive at the periphery.

b. If WAB < WBB we have yA <yB + yAB. This should allow the
formation of a sphere partially engulfed by the less cohesive cell type.

c. At last, if WAB =0, the lack of adhesive forces will generate two
separate aggregates.

To measure the kind of adhesions that take part in this phenomenon, several
different approaches have been available since the 90s to measure surface tension
from tissues, and to test Steinberg’s differential adhesion hypothesis (Foty and
Steinberg, 2005; Steinberg, 1963). Among these methodologies that measure cell
adhesive and cohesive forces, we can use AFM (Krieg et al., 2008), compression
between two parallel plates (Foty et al., 1994), and micropipette pulling (Evans and
Yeung, 1989). All these methodologies allow to measure the absolute values of
mechanical properties in live tissue or, as done in the current study, spheroids. At the
tissue level, the use of micro-aspiration allows to measure macroscopic mechanical
properties like viscoelasticity and the tissue surface tension, which depends on the
dynamics of tissue deformations.

In order to measure these deformations, we need to deform the material (strain) with
a known force (stress). We can look back to 1954 when Mitchison and Swann first
used a micro-aspiration device to measure the mechanical properties of sea urchin
embryo from fertilization to first cleavage, improving our knowledge on the forces
driving cytokinesis (Mitchison and Swann, 2005). Several other examples have
followed in different tissues and for different ranges of forces with cell surface
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tensions in the pN/um range for granulocytes (Evans and Yeung, 1989) to tens to
hundreds of Pa in the developing heart and brain tissues of chicken (Majkut et al.,
2013). In order to measure the surface tension of the spheroids used in this study,
we collaborated with Jean-Leon Maitre’'s team. The surface tension of the cell

medium interface ycm was determined with the following force balance equation

(Young-Laplace equation) cm = Pc/2(1/Rp 1/Rc), where Rc is the resting radius of
curvature of the interface in contact with the micropipette, Pc is the critical pressure
at which cell deformation reaches Rp, the micropipette radius (figure 8 e) (Biro and
Maitre, 2015; Maitre et al., 2015).

How the surface tension and the viscoelastic properties of an aggregate relate to the
mechanical and biological aspects of cells is still to be fully understood. In previous
studies, a link between surface tension of multicellular spheroids with the amount of
cadherins in the cell-cell adhesion has been proposed (Foty and Steinberg, 2005).
Also, reconstituted aggregates from gastrulating zebrafish embryos led to the
conclusion that the differential intercellular adhesions encountered in progenitor cells
were not sufficient to explain sorting between them (Krieg et al., 2008). Instead, an
additive effect of intercellular adhesion and differences in cell-cortex tension
machinery rule this sorting. In addition, the recent work of Maitre reports how
difference in surface contractility of blastomeres can guide the cell sorting of a
developing blastocyst (Maitre et al., 2015).

The additive effect of intercellular adhesion and cell-cortex active tension machinery
could explain how the tension of a multicellular spheroid is increased at the interface
between the cells and the media, and decreased by the tension at the interface
between cells. In order for the cell-cortex mediated tension to increase the overall
surface tension of the aggregate, it must increase the difference between the tension
at cell-media interface and the cell-cell adhesions. Increasing cell-cell adhesions
decreases the tension at the interface, thus, increasing the surface tension of the
spheroids. The tension at the cell-medium interface is only governed by the cortical
tension, while the tension at the cell-cell interface is determined by the cortical
tension minus the adhesion at this interface. This is also sustained by a mathematical
model predicting the ratio of adhesion to cortical tension dictates tissue surface
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tension (Manning et al., 2010). However, differential adhesion hypothesis does not
fully explain cell sorting. A plethora of factors influence it, from directed cell migration,
proliferation and extracellular matrix deposition could be involved in different degrees
depending on the system studied. For example, in mammary glands cell sorting is
highly dependent to the interfacial energy of tissue-ECM interaction (Cerchiari et al.,
2015).

Caveolae

The main aim of my thesis was to understand how mechanotransduction of
compressive stresses is mediated in a 3D cellular model. A seminal study by my
laboratory has recently revealed the essential role of caveolae, small plasma
membrane (PM) invaginations, in mechanosensing in 2D (Sinha et al., 2011a)
(Figure 9 a). Thus, my objective was to test, in a 3D cellular context, the hypothesis
that the mechanosensing response of caveolae upon mechanical stress could trigger
mechanosignaling events (Nassoy and Lamaze, 2012) (Figure 10 a).

Caveolae, small pits in the PM of around 50-100 nm, were first described in the 50s
by electron microscopy (EM) by Palade, in the blood capillaries, and Yamada, on the
gallbladder epithelium (Palade, 1953; Yamada, 1955).

Subsequently to their discovery in the gall bladder epithelia, they were found to be
highly expressed in tissues that encounter mechanical constrains (like the gall
bladder epithelium and vascular endothelium itself), adipocytes, and muscles
(Cushman, 1970; Dulhunty and Franzini-Armstrong, 1975) (Figure 9 b).

The main component of caveolae is the Caveolin1 (Cav1) protein that was identified
more than 40 years after the discovery of caveolae (Kurzchalia et al., 1992; Rothberg
et al., 1992). This was followed shortly by the discovery of the two other known
homologues caveolin 2 (Cav2) (Scherer et al., 1996), and the muscle specific
caveolin-3 (Cav3), forming the caveolin family (Tang et al., 1996; Way and Parton,
1995).
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Figure 9. Caveolae morphology and role of caveolae in cancer.

(a) Metal replica EM micrograph of the plasma membrane of myotubes, presenting caveolae at its surface.
Different types of caveolar structures could be observed: flat (1), circular (2) and fully budded (3). (b) Scheme
of caveolae invaginated structure. with the components: caveolin (represented as discs on the membrane) and
Cavin (as trimers coating caveolin oligomers) and the clustering of lipids such as cholesterol, Pl(4,5)P2 and
phosphatidylserine. Representation of flat caveola on left and budded caveolae on the rigth, forming a
polyhedric structure where caveolin oligomers position in each pentagonal face and Cavins on the vertices
(adapted from Lamaze et al., 2017). (c¢) Potential role of caveolae in tumor progression. Depicting tumor
increase of stiffness and Cav1 variable patterns during tumor progression ( low during proliferative stages and
high on metastatic) and how this caveolar proteins expression pattern could be explained by the mechanical
confinement of cells in cancer and the mechanical response of caveolae. (d) Dual Cav1 roles as tumor
suppressor/oncogene in breast cancer carcinogenic process.



For long, caveolins were thought to be sufficient to form caveolae until the discovery
of cavins, a new family of proteins that were required for caveolae morphogenesis
(Aboulaich et al., 2004; Hill et al., 2008; Liu et al., 2008; Vinten et al., 2001). Indeed,
it has been reported that the prostate cancer PC3 cell line or the nematode
Caenorhabditis elegans express Cav1 but not cavin-1 and as a consequence lack
caveolae structure (Hill et al., 2008; Tang et al., 1996). The cavin protein family is
composed of four members. Cavin1 was the first to be identified as highly associated
with caveolae enriched membrane fractions from human adipocytes, by mass
spectrometry (Aboulaich et al., 2004; Vinten et al., 2005, 2001). It was followed by
the identification of Cavin 2 which is also involved in membrane curvature induction
and acts as a substrate for protein kinase ¢ (PKC) (Hansen et al., 2009; Mineo et al.,
1998). Cavin-3 also interacts with PKC and seems to play a role in the internalization
and trafficking of caveolae (Izumi et al., 1997; McMahon et al., 2009, p. 3). And the
last discovered member, Cavin 4, which is the muscle specific isoform (Bastiani et
al., 2009; Ogata et al., 2008). One of the important features of Cavins is the presence
of the HR1 and HR2 domains (Helical region 1 and 2), which allow their
oligomerization (Figure 9 b) (Kovtun et al., 2014). Cavins, by interacting through the
HR1 domain can form trimers were Cavin-1 can be associated to either Cavin-2 or -3
at a ratio of 2-3 to 1 (Gambin et al., 2013; Ludwig et al., 2013). Meanwhile the ratio of
Cavin-1 to Cav1 association was estimated to be 1 to 4, and independent from other
cavins. Altogether, a bona fide caveolae would be composed of approximately 150-
200 caveolin subunits and 50 cavins for the whole complex (Gambin et al., 2013;
Kovtun et al., 2015; Lamaze et al., 2017).

Several non-essential proteins have also been identified as playing a role in caveolae
biogenesis. Pacsin-2, a F-BAR protein which senses membrane curvature, so far the
only one of the F-BAR family to be identified in caveolae, seems to be involved in the
regulation of caveolae morphology (Hansen et al., 2011; Senju et al., 2011).
Moreover, the dynamin-2 GTPase and, of utmost importance for this study, the
dynamin-like ATPase EHD2 have been both localized at the neck of caveolae
(Ludwig et al., 2013; Oh et al., 1998). Among the roles of EHDZ2 in caveolae, my host
team has recently published the first example of direct mechanotransduction
mediated by caveolae, through the shuttling of EHD2 to the nucleus upon the
stretching of the PM. In consequence of this nuclear shuttling, EHDZ2 is able to modify
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Figure 10. Caveolae mechanosensing role

(a) Working hypothesis on caveolae mechanosignaling for this project: Most of the caveolae is in its
budded conformation in resting conditions. On response to mechanical stress, caveolae flatten out in the
plasma membrane, providing additional membrane and buffering membrane tension. After this flattening event,
caveolar structural components (Cav1 and Cavin1) are able to freely diffuse at the plasma membrane and the
citosol. If the stress is retrieved the reformation of caveolae would fastly happen in an ATP-dependent manner.
Caveolar components could be interacting with different signaling pathways. Specially Cav1, inhibiting different
kinases through its caveolin scaffolding domain (from Nassoy and Lamaze 2012). (b) Caveolae remains
invaginated at steady state and the integrity of the caveolar coat is intact. But it immediately disassembles upon a
membrane tension increase. Then, caveolins, cavins and EHD2 are released, allowing EHD2 to shuttle to the
nucleus, thus, forming a complex with the cofactors KLF-7 and MOKA, inducing transcriptional activity. Upon
some resting time without the mechanical stress source there is a recovery of the caveolar complex, reducing

EHD2 levels at the nucleus (from Torrino et al. 2018).



cell gene expression (Figure 10 b) (Torrino et al., 2018). Furthermore, EHD2 was
reported to stabilize caveolae at the PM, through binding to the actin cytoskeleton
(Stoeber et al., 2012). This may explain why, as shown in the case of the breast
cancer cell line MDA-MB-436, which presents low EHD2 and high Cav1 expression
levels, caveolae are absent, a possible consequence of the lack of EHD2 to stabilize
these organelles (Torrino et al., 2018). Interestingly, the other proteins from EHD
family (1,2 and 4) are also functionally involved in stabilizing the neck of caveolae.
Indeed, the depletion of all three EHDs cause defects on the caveolar neck structure
and a loss of caveolae after mechanical stress (Yeow et al., 2017).

Importantly, the caveolae structure is not exclusively composed of proteins. Lipids
have an important role in caveolae formation and, presumably, functions. What we
know so far about caveolae formation is that lipids, particularly cholesterol, are
essential for caveolin oligomerization at the Golgi apparatus and caveolae
invagination at the plasma membrane (Hayer et al., 2010a; Kurzchalia et al., 1992).
Cav1 is known to bind cholesterol with a 1 to 1 stoichiometry (Murata et al., 1995).
Once at the PM, caveolin oligomers promote the clustering of specific lipids, forming
nanodomains (Sonnino and Prinetti, 2009). Among the lipids clustered, one can find
sphingolipids, phosphatidylserine, involved in the clustering of caveolin and thus,
caveolae (Hirama et al., 2017) and phosphatidylinositol (4,5)-bisphosphate (PIP2)
which initiate caveolae formation via electrostatic force interaction with the HR1 and
HR2 domains of cavins (Kovtun et al., 2014; Lanzafame et al., 2006). Additionally, an
study on rat adipocytes measured the lipidic content of caveolin where the average
adipocyte caveolae contained about 22*10° molecules of cholesterol, 7.5* of
sphingomyelin and 23*10° of glycerophospholipid, also showing high levels of
ganglioside GM3 (Ortegren et al., 2004)

Another unresolved question is whether caveolae assemble as a flat structure that
will bend and bud inward to form the characteristic cup-shaped invagination or
whether its preformed at the trans-Golgi and then fused to PM.

Recent structural studies propose, on one hand, a dodecahedron model for caveolar
architecture, composed by discs of cavin complexes covering the caveolin oligomers
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forming each pentagon of the coat (Figure 9 b) (Ludwig et al., 2013; Stoeber et al.,
2016). On the other hand this disc proposed stoichiometry do not explain the striated
coat observed on metal replica of the plasma membrane with deep etch EM and
atomic force microscopy techniques (Figure 9 a) (Lamaze et al., 2017; Torrino et al.,
2018; Usukura et al., 2016)

Caveolae are involved in a different range of cellular functions, which will be briefly

reviewed here.

Caveolae in cell trafficking

Caveolae were first thought to be endocytic carriers due to their localization at the
PM and their morphological similarity to clathrin coated pits. For instance, they were
described to be involved in receptor-mediated transcytosis of albumin and low-
density lipoprotein in endothelial cells (Ghitescu et al. 1986; Schubert et al. 2001).
Moreover, some cargos can trigger caveolae mediated endocytosis like SV40 virus
or Cholera toxin because these cargoes bind to GM1, a glycosphingolipid highly
enriched in caveolae (Anderson et al., 1996; Pang et al., 2004; Tran et al., 1987).
Once endocytosed, caveolae can be found fused with early endosomes (Shvets et al.
2015). Extracellular glycosphingolipids, lactosylceramide and cholesterol, with Src
kinase activation, can also trigger the internalization of caveolae (Le Lay et al., 2006;
Morén et al., 2019; Sharma et al., 2003; Singh et al., 2003). A consensus was
recently reached in the field, which agreed that caveolae primary function is not
endocytosis (Parton et al., 2019).

Caveolae in signaling

Since caveolins are Src-kinase substrate and caveolae host G-protein-coupled
receptors, it was early proposed by Michael Lisanti that caveolae might play a major
role in cell signaling (Lisanti et al., 1994). Later on, several additional signaling
pathways have been linked to caveolae, with the apparent paradox that most
effectors could not be localized into caveolae whether it is endothelial nitric oxide
synthase (eNOS or NOS3), H-Ras, epithelial growth factor receptor (EGFR),
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transforming growth factor 3 receptor (TGF-BR) or insulin receptor (IR) (Lamaze et
al., 2017).

Moreover, several pieces of evidence suggest that Cav1 can directly interact with
signaling molecules (transmembrane receptors, kinases, enzymes...), resulting in
most cases in inhibition of the signaling effector (Czarny et al., 2000; Ju et al., 1997;
Volonte and Galbiati, 2009). This interaction could occur through a specific region of
caveolin (aa 82-101 in Cav1), known as the caveolin scaffolding domain (CSD),
initially shown to be sufficient to inhibit eNOS activity (Gratton et al., 2000). In
addition, a phage display assay has identified a high number of proteins with some
degree of interaction with Cav1, which resulted in the discovery of a common
sequence known as the caveolin binding motif (CBM), that would potentially interact
with the Cav1 CSD (Couet et al.,, 1997; Garcia-Cardefia et al., 1997). This
assumption has however been challenged by an in silico structural study suggesting
that most CBM domains should be “hidden” CBM in the quaternary structure of the
Cav1 interacting partners (Collins et al., 2012). Likewise, the Cavl CSD would be
embedded in the PM, and therefore poorly accessible. These studies however were
performed in silico and it is possible therefore, that the CSD-CBM interaction may be
differently regulated in vivo. Indeed, it was proposed that caveolins could undergo
conformation changes after phosphorylation on Tyr14 or Ser80 residues, or other
modification of caveolae structure, exposing the CSD to potential interactors (Jung et
al., 2018; Lamaze et al., 2017; Shajahan et al., 2012).

The role of caveolae in signaling may not exclusively be related to caveolins and
direct interactions with its signaling effectors. The lipid composition of caveolae is
likely to impact on the possible clustering of signaling molecules into caveolae. There
are examples reported, such as the effect of caveolae disassembly on Cav1 and
sphingolipids redistribution and also c-Src activation (Gervasio et al., 2011), calcium
pumps localized in caveolae (Fujimoto, 1993), or impact on calcium signaling through
phospholipase Ga in association with IP3 which need the environment that caveolae
offers to function properly (Fecchi et al., 2006; Guo et al., 2015, 2011). Finally, recent
data in my laboratory indicate that caveolae mechanosensing is tightly associated
with the regulation of mechanosignaling (Dewulf et al., 2019; Tardif, 2018; Torrino et
al., 2018).
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Role of caveolae in mechanoprotection and mechanotransduction.

As mentioned before, cells experiencing high level of mechanical stresses have in
common their enrichment in caveolae structures at the PM. Such examples are
illustrated by adipocytes, endothelial cells, muscle cells, bladder cells, lung cells...
Already in 1975, changes in caveolae architecture could be observed in skeletal
muscle from frog upon muscle elongation and also in smooth muscle from the sea
slug Aplysia californica, after freeze fracture treatment for EM (Prescott and
Brightman 1976; Dulhunty and Franzini-Armstrong 1975). It was not known however
if these changes could have been artefactually induced by muscle mechanical
rupture. In 2011, in a collaborative effort from our laboratory with physicists, my
laboratory established, for the first time, the role of caveolae as mechanosensors that
flatten upon increase of PM tension, and thereby buffer membrane tension increase.
PM tension buffering through caveolae flattening occurs in an actin- and ATP-
independent manner (whereas the reformation of caveolae depends on ATP) (Sinha
et al. 2011).

Since this seminal work, the importance of the mechanoprotective role of caveolae
has been confirmed in many other cell types in vitro (Dewulf et al., 2019; Yeow,
2018) but also in vivo in different animal models such as zebrafish for skeletal muscle
and notochord integrity (Garcia et al., 2017; Lim et al., 2017; Lo et al., 2015), and
mouse for cardiac endothelium viability and function (Cheng et al., 2015).

Caveolae flattening leads to the release of caveolins and caveolar glycosphingolipids
into the PM, and cavins in the cytosol (Gervasio et al., 2011; Sinha et al., 2011a). Itis
therefore possible to propose that the cycle of caveolae disassembly/reassembly will
probably affect several of the functions that have been classically assigned to
caveolae, in particular cell signaling (Nassoy and Lamaze, 2012) (Figure 10 a). A
first example was provided by H-Ras whose localization was affected under
mechanical stress, most likely by the perturbation generated by caveolae flattening
on caveolar lipid organization (Ariotti et al., 2014). More recently, my laboratory has
shown that EHDZ2 is translocated to the nucleus upon mechanical stress and
caveolae flattening to modify gene expression (Torrino et al., 2018), endowing
caveolae with a mechanotransducing function organelle. Furthermore, our team has

revealed that under mechanical stress the regulation of mechanoprotection by
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caveolae is directly coupled with the regulation of interleukin-6/ signal transducer and
activator of transcription (IL6/STAT3) signaling in muscle cells and that this regulation

is absent in Cav3-mutated dystrophic patients (Dewulf et al., 2019).

Role of caveolae in cancer

Having in mind the roles of caveolae in signaling, it is not surprising to find a close
relation of caveolae and its components in cancer and tumor progression. This leads
us to the next questions, which is the role of the mechanical response of caveolae on
cancer? And how cancer cells can interpret this mechanical signaling in the complex
environment of the 3D architecture present in tumors (Lamaze and Torrino, 2015a).
(Having in mind the previously introduced links between cancer and mechanics and
the prominent roles of caveolae in both signaling and mechanics)

Caveolae have been related to several cancer-associated mechanisms: cell
transformation, proliferation, migration, invasion, drug resistance, and angiogenesis
(Goetz et al., 2008). Although caveolae and more precisely Cav1 have been
extensively studied, the roles of caveolae in cancer remain poorly understood.
Furthermore, the role of caveolae is debated as two contradictory functions have
emerged in studies on cancer. Indeed, Cav1 can act as an oncogene or as a tumor
suppressor, which most likely will depend on the context and stage of cancer but this
remains pure speculation at this stage.

For example, the inhibition of Cav1 in some signaling pathways, especially MAP
kinases, is partly responsible for its tumor suppressor role (Engelman et al., 1997;
Galbiati et al., 1998). On the other hand, many oncogenes such as Src, K-Ras and
Bcer-Abl can down-regulate the transcriptional level of Cavl mRNA. In addition, the
knockdown of CAV7? in the murine fibroblast cell line NIH-3T3 causes cell
transformation, promoting tumor formation once injected into nude mice (Galbiati et
al., 1998). This transforming role of Cav1 was further confirmed with the generation
of CAV1 KO mice, which were more prone to develop skin tumors after additions of
carcinogenic stimuli (Le Lay and Kurzchalia, 2005).

Whereas it seems to have protective role at early stages, by inhibiting cell cycle

progression and proliferation, Cav1 appears to favor metastasis in more advanced
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tumor contexts and during invasion (Gould et al., 2010; Riwaldt et al., 2015; Trimmer
et al., 2011) (Figure 9 c, d). Indeed, Cav1 protein expression could promote
migration and invasion by increasing Rac1 activation through PI3 Kinase subunit
p85a and RhoA/Rho associated protein kinase pathway, via Src-dependent Cav1
phosphorylation (Diaz et al., 2014; Joshi et al., 2008). Moreover, clinical data
revealed a correlation between the upregulation of Cav1 and decreased survival for
patients of pancreas, esophageal, breast, renal, brain and prostate cancers (Goetz
et al., 2008)

But, we can see more clearly the, at first sight contradictory, dual tumor
suppressor/oncogenic roles of Cav1 expression in cancer when we look into its
pattern with more detail: Comparing prostate cancer cells Cav1 expression in
metastatic sites overexpressed Cav1 in comparison to original tumor (Yang et al.,
1998). Meanwhile different mutations on caveolin1 had been identified on around
35% ER-alpha positive breast cancers, thus correlating Cav1 functional inactivation
to tumorigenesis. (Li et al., 2006)

Changes in Cav1 expression also affect its interaction with the tumor environment, a
major factor for invasion and migration processes. For example, the loss of Cav1
expression in tumor associated fibroblasts has been reported to correlate with more
deposition of ECM components in the tumor microenvironment along with a poor
prognosis for breast cancer patients (Trimmer et al., 2011; Witkiewicz et al., 2009).
Furthermore, the expression of Cav1 influences the remodeling and reorganization of
ECM, facilitating invasion and metastasis (Goetz et al., 2011).

Cav1 is not the only caveolar component affected during tumor progression. A loss of
Cavin-1 expression has been found in prostate cancer, in relation with a higher
degree of migration and metastasis, which can be hypothesized to be linked with the
reduction found in protein secretion in prostate cancer cell line PC3 secretory
pathways (Gould et al., 2010; Inder et al., 2012). Others isoforms of Cavins such as
Cavin-2 is downregulated in breast, kidney and prostate tumors (Altintas et al., 2013;
Li et al., 2008) and Cavin-3 is associated with chemoresistance acquisition in
colorectal cancer (Moutinho et al., 2014). EHD2 expression is diminished as well in
several studies in melanoma (Welinder et al., 2017), esophageal squamous cell
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carcinoma (Li et al., 2013), breast cancer (Shi et al., 2015; Yang et al., 2015) and
hepatocellular carcinoma (Liu et al., 2016). Therefore, it is now considered as marker
for poor prognosis in patients and correlates with higher invasion and metastasis. On
the contrary, higher expression of EHD2 in papillary thyroid carcinoma had been
correlated with poorest prognosis and higher risk of recurrence (Kim et al., 2017).

At the moment, there is no consensus on the role in cancer progression of caveolae
and the interaction of caveolae components outside of the caveolae structure. Thus,
we need to integrate the roles of caveolae in signaling and mechanics with the
different stages of cancer. In order to achieve this goal. We need a model mimicking
the pathophysiological context of cancer more faithfully than the 2D standard cell

culture.
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32



The major aims in this thesis are:

First, to investigate the interactions between cancer associated fibroblasts and
cancer cells in a compressive environment, focusing on how the physical properties

of tissues will define their spatial distribution and its role on invasion and metastasis.

Second, to understand how mechanotransduction induced by compressive stress is
mediated in a 3D cellular model. | have therefore tested in a 3D cellular context, the
hypothesis that the mechanosensing response of caveolae upon mechanical stress
could trigger mechanosignaling events.
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Role of mechanical stress in tumor-fibroblast interactions within 3D culture
models

Objectives and summary

In the following section, we explored the effects of mechanics on tumor
microenvironment and tumor progression. When fibroblasts, one of the main cellular
components of the tumor stroma, become phenotypically modified together with the
tumor, they are termed cancer associated fibroblasts (CAFs) (Attieh and Vignjevic,
2016). In comparison with normal fibroblasts, CAFs contribute to a stiffer stroma
through increased contractility and ECM deposition (Calvo et al., 2013). Still, there is
controversy about the role of CAFs in tumor progression as they have been reported
to be both suppressors and promotors, suggesting an antagonistic role (Barbazan
and Vignjevic, 2019). Besides, cell-cell interactions between tumor and stroma,
together with their role in force transmission should be also taken into account (Jang
and Beningo, 2019). Compression of tumors in a confined space alters these
parameters (Alessandri, 2013; Haeger et al., 2014; Helmlinger et al., 1997). In the
present work, using a physically relevant in vitro 3D confinement model (Alessandri,
2013), we show that we can recapitulate the organization of CAFs and their
interaction at the stage of carcinoma in situ. Using the encapsulation technology, we
co-cultured CAFs with colon cancer cells inside hollow, permeable elastic shells. We
show that in the absence of spatial constraints, CAFs and normal cancer cells do not
mix but segregate into two separate aggregates made of the individual cell types.
However, upon compression, provided by the capsule spatial confinement, we
observe that fibroblasts reorganize and enwrap the cancer cells spheroid, thus
recapitulating tumor-CAFs organization observed in carcinoma in situ. Finally, we
show how the surface tension of individual spheroids cannot explain this behavior
alone, and how these changes seem to be dependent on fibronectin reorganization,
presumably changing the tension equilibrium at the interphase between CAFs and
the alginate capsule.
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Abstract

The tumor microenvironment plays a key role in tumor progression. An important
component of the tumor microenvironment is cancer-associated fibroblasts (CAFs).
At the late tumor stages, CAFs stimulate tumor invasion by remodeling the
extracellular matrix and leading cancer cell migration. However, at the early stage of
tumor progression, before the onset of invasion, cancer cells and CAFs are
segregated. CAFs are found at the tumor periphery, forming a continuous and
cohesive layer surrounding the tumor. It is not clear how this peculiar organization of
early-stage tumors is achieved. Current in vitro model systems based on the co-
culture of cancer cells and fibroblasts fail to recapitulate this organization.

In this work, we have developed a physiologically relevant 3D in vitro model that
recapitulates CAFs organization, as seen in carcinoma in situ. Using the cellular
capsules technology, we co-cultured CAFs and cancer cells inside hollow,
permeable, and elastic shells. We found that in the absence of spatial constraint,
fibroblasts and cancer cells do not mix but rather segregate in two aggregates made
of individual cell types. However, upon confinement (provided by the capsule),
fibroblasts enwrap cancer cell spheroid, recapitulating the tumor-CAFs organization
observed in carcinoma in situ. Using a combination of biophysical methods, live
imaging, and immunostaining assays, we found that buildup of compressive stress
and reorganization of the fibronectin network are necessary to induce fibroblasts
spreading over the aggregates of tumor cells. We propose that the compressive
stress generated by the tumor growth may represent a mechanism by which
fibroblasts enwrap the tumor. This novel 3D in vitro model system could be used not
only as a better mimic of the carcinoma in situ stage but also to study the impact of
the presence of stromal cells on the radio- or chemo-therapy resistance.
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Introduction

Cancer progression is multistep process that involves tumor growth and
dissemination of cancer cells through the body. But on their journey, cancer cells are
not alone. Their microenvironment, the extracellular matrix (ECM) and different cell
types such as immune cells, blood vessels, and cancer-associated fibroblasts (CAFs)
play an important role in cancer progression. By secreting growth factors and
cytokines, CAFs stimulate proliferation of cancer cells and induce stem cell
properties’ 2. CAFs also stimulate invasion® of cancer cells by remodeling the ECM*
® pulling cancer cells out of the tumor’ and leading their invasion®.

However, at the early stage of tumor progression, before the onset of invasion,
cancer cells and CAFs are segregated. CAFs accumulate at the tumor periphery,
forming continuous and cohesive layer surrounding the tumor®. It is not clear how this
peculiar organization of early-stage tumors is achieved. The use of in vitro 3D cell co-
culture models is expected to be the first strategy to explore. However, while
multicellular spheroids are now widely used, and prepared using a variety of
methods, studies based on co-culture multicellular tumor-stroma spheroids are still
rare, and, to the best of our knowledge, aim to investigate the impact of the presence
of stromal cells on radio- or chemo-therapy resistance of these more realistic tumor
models.

Here we have generated an in vitro model for carcinoma in situ, and we asked if
cancer cells and fibroblasts have the capacity to self-organize or if external cues are
required. We observed that fibroblasts do not spontaneously envelop cancer cells.
Instead, using a combination of biophysical methods, live imaging and
immunostaining assays, we found that confinement, buildup of compressive stress
and reorganization of fibronectin network are necessary to induce fibroblasts
spreading over the aggregates of tumor cells. We propose that the compressive
stress generated by the tumor growth may represent a mechanism by which CAFs

enwrap the tumor as observed in vivo.
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Results

Spatial confinement is required to induce and maintain fibroblasts organization

around cancer cells

In order to generate a 3D model that recapitulates early tumor stages, we
encapsulated non-invasive colon cancer cell line HT29 and NIH3T3 fibroblasts in
hollow permeable elastic shell made of alginate using Cellular Capsule technology®.
We anticipated different scenarios after encapsulation: i) the two cells types mix
randomly resulting in a unique spheroid with checkerboard pattern; ii) cells
completely segregate making two separate spheroids; iii) cells partially segregate
with one cell type enwrapping the other (Fig. 1A). Then we monitored the dynamics
of co-cultures over 15 days using time-lapse bright-field and fluorescence microscopy
(Fig. 1B; Suppl. Movie 1). During the first 5 days of co-culture, when cells occupied
only part of the total volume of the capsule, cancer cells and fibroblasts self-sorted
forming two spheroids composed exclusively of one cell type. Segregation of cells
could be explained by differential adhesion properties of these cells. Indeed,
fibroblasts mainly express N-cadherins, while HT29 cancer cells mainly express E-
cadherins. Similar cell sorting depending on the nature of cadherins has already
been reported and was the first evidence for the Differential Adhesion Hypothesis
(DAH)'. The length of interface between spheroids started increasing after about 7
days of co-culture, spheroids deformed and filled the unoccupied space. After about
9 days, 3D confluence was reached as spheroids completely filled up the capsule.
Continuing growth of spheroids after this stage caused dilatation of the capsules as
previously reported for encapsulated monocultures®, and even more importantly, a
drastic cellular reorganization (Fig. 1B, t=11 days, Fig. 1C). Fibroblasts started
squeezing between alginate shell and cancer cells, and by day 13, they completely
enwrapped cancer cell spheroid as seen in the epifluorescence snapshots (Fig. 1B)
and revealed more strikingly by immunostaining and in toto confocal microscopy (Fig.
1D).

To validate the physiological relevance of this model for tumor progression, we also
used untransformed CAFs isolated from the tumors of the colon cancer patients and
co-cultured them with cancer cells. Due to much slower proliferation of CAFs in
comparison with cancer cells, CAFs were scarcer in the capsules. Nevertheless, after
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confluence, similarly as NIH3T3 fibroblasts, CAFs spread over cancer cells and
adopted a needle-like shape resembling CAFs observed in vivo (Suppl. Fig. 1).

To further test if confinement is required for the specific organization of cells as seen
in carcinoma in situ, we co-cultured fibroblasts and cancer cells using the more
classical spheroid preparation method of the non-adhesive agarose wells, i.e., in the
absence of confinement. As in the capsule, cells segregated and formed individual
spheroids. By keeping both types of spheroids in close proximity, we never observed
fibroblasts enveloping cancer cells spheroids even after more than 15 days of co-
culture (data not shown). This shows that spatial confinement is necessary to induce
the reorganization of the fibroblasts around cancer cells.

To test whether confinement is also required to maintain this cellular organization
once the fibroblasts have enwrapped the cancer cell spheroid, we dissolved the
capsule. Surprisingly, upon release of the confinement, fibroblasts started regrouping
and reformed a spheroid attached to the cancer cell spheroid, similar to the initial
stage, within less than 10h (Fig. 1E, Supp. Movie 2).

Altogether, these data show that co-cultured cancer cells and fibroblasts exhibit a
self-organization transition into structures resembling carcinoma in situ, with
fibroblasts enwrapping aggregates of cancer cells. This transition is triggered and

maintained by spatial confinement.
Build-up of compressive stress is required to induce fibroblasts reorganization

Next, we assessed whether confinement alone (i.e. spatial constraints or cell
crowding in a closed volume) was sufficient to drive fibroblasts reorganization or if
this process originates from a mechanical stress (e.g. a threshold in the compressive
force applied to the spheroids). As previously done®, the pressure exerted by the
growing aggregate of cells onto the elastic capsule, or conversely the restoring
pressure exerted by the capsule onto the aggregate (according to action-reaction
law), can be derived from capsule inflation according to a variant of the Hooke’s law

for a spherical hollow spring: P=12—E-%~@ where u(R) is the radial displacement
-V

at a distance Ri, < R < R, from the center of the capsule, E the elastic modulus of
the alginate gel (E=68 kPa), n the Poisson’s ratio (n=1/2). We thus monitored the

pressure exerted onto the capsule as a function of time (Fig. 2A). By comparison with
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previously studied mono-cultures of mesenchymal-like cancer cells®, the magnitude
of the pressure is here about 2-fold larger, but the overall evolution is similar. Indeed,
we found that pressure rapidly increased within the first ~ 30h at a rate of 0.55 kPa/h,
followed by an abrupt decrease in the rate of pressure build-up (~0.22 kPa/h). Then
we correlated these pressure measurements with the onset of fibroblast spreading
(Fig. 2B). We observed that, in average, fibroblast enwrapping is triggered at Py,=
513 kPa. Despite the large variability, it remains noteworthy that less than 12% of the
capsules, fibroblasts start to spread below 2kPa (Fig. 2B). This indicates that
confinement alone is not sufficient to induce fibroblasts spreading, which only occurs
over a pressure threshold, suggesting a mechanosensitive mechanism.

Because cells keep on dividing when confined, we cannot rule out that, instead of a
pressure threshold, the rate of pressure buildup is the major determinant for
fibroblasts spreading. To critically test the presence of a given pressure threshold, we
blocked the growth of spheroids, and compared the outcome with continuously
growing spheroids. We incubated the capsules with an anti-proliferative drug,
mitomycin-C, at time t=0 corresponding to confluence (Fig. 2C). The impact of
mitomycin C on growth inhibition was actually delayed by about 15-20h. Spheroids
went on increasing in size, but at a slower rate compared to control capsules. They
completely arrested about 15 hours after confluence (Fig. 2C). In controls, the
number of capsules in which fibroblasts spread on cancer cells were increasing over
time, as pressure builds up, reaching ~90% of capsules with spread fibroblasts at
35h (Fig. 2F). In mitomycin C-treated co-cultures, at a given time point, the
percentage of capsules with spread fibroblasts was always lower than in the control
capsules, which is consistent with the fact that volume, hence pressure, is reduced.
Remarkably, in the time window over which growth is fully inhibited (typically 15-35
h), the percentage of capsules with fibroblast spreading remained roughly constant at
about 25%. After 100h, the number of capsules in which fibroblasts spread did not
evolve any longer remaining constant (34%). Of note, the value of the mean
threshold in pressure Py, derived above means that, for a spheroid population, about
50% of spheroids exhibit a fibroblast-spreading pattern. The observed fraction of
mitomycin-treated capsules with fibroblast spreading is thus qualitatively consistent
with the value of Py,.

Together these data show that pressure, and not simply confinement, is necessary to
induce fibroblasts spreading over cancer cells.
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To gain more insight into how fibroblasts envelop cancer cells we performed two-
photon live imaging at the onset of confluence (Fig. 2D, Supp. Movies 2 and 3). We
observed that fibroblasts are dynamic even before the onset of spreading. The
spreading started with fibroblasts stepping out as loosely cohesive chains of cells
exhibiting dynamic cycles of protrusive activity. In few occasions, fibroblasts also
detached from the chain and migrated as individual cells. This phenotype is
reminiscent of moving cell network of neural crest cells "' and other mesenchymal
cells 2. We then asked whether confinement could be the trigger of fibroblasts
migration as it was shown in previous studies in 2D ' and 3D °. However, we
observed that prior to confluence, fibroblasts at the spheroid periphery were already
highly motile while fibroblasts at the center were almost immobile (Supp. Movie 4).
To quantify fibroblasts migration before and after confluence we tracked trajectories
of individual fibroblasts (Fig. 2E) at the spheroid periphery and extracted standard
parameters such as instantaneous speed and persistence path. While we did not find
any difference in the speed distribution (Fig. 2E), the mean path persistence of
fibroblasts increased significantly from 0.20 prior to confluence to 0.47 after
confluence (Fig. 2F). Together, those data show that pressure does not affect the

speed of fibroblasts but rather increase their persistence.
Surface tension of fibroblast spheroid is higher than cancer cells

The spreading of fibroblasts over cancer cells phenotypically reminds of a
developmental process when one tissue envelops the surface of another, e.g. the
epiboly in zebrafish. This process is driven by decrease of surface tension of the
enveloping tissue ''®. In the framework of the Differential Adhesion Hypothesis,
which relies on the liquid behavior of multicellular aggregates, two main scenarios
can be anticipated i) if the interfacial tension (or adhesion energy) is large compared
to the surface tensions of the two spheroids, a side-by-side morphology is expected
for the two spheroids, and ii) for moderate interfacial tension, lower tension (or
cohesion energy) spheroid will enwrap higher tension one, leading to a core-shell
morphology.

To gain insight in the mechanism for the observed morphological transition under

compression, we measured the surface tension of fibroblasts and cancer cell
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spheroids using the micropipette aspiration assay'’ (Fig. 3B). These experiments
(n=4) were performed on mono-cultures of cancer cells and fibroblasts in two
conditions, in the absence of external compressive stress (i.e freely growing
spheroids in the absence of capsule) and 10 days after confluence, corresponding to
the stressed configuration. All surface tension values fall in the 10-30 mN/m range, in
line with previous reports'®. However, quite strikingly, while the surface tension of
control fibroblast spheroids v is not significantly altered by compression (v = v,
the effect of confluence on cancer cells spheroids is more drastic: their surface
tension in the unstressed state y.°, which is 3-fold lower than y{, is increased by more
than 2-fold upon compression. The difference between vy and vy.° is thus decreased
although it remains significant. Altogether, before confluence, the observed side-by-
side configuration and the measured surface tensions indicate that the interfacial
tension y:c’, which is not directly measurable, is high, at least of the order of v - v¢°
=20 mN/m. Using a simplified surface energy model, we may calculate the surface
energies of the initial side-by-side (Ep) and of the compressed core-shell (Ec)
morphologies. By further assuming that the volumes of the cancer cell and fibroblast
spheroids, r; and rs, are equal to r and that growth is negligible between both states,
the radius R of the composite spheroid (with fibroblasts surrounding cancer cells) is
R=2%%r=1.6r. We finally get: and . Since , we obtain for the surface energy difference:
. The enwrapping morphology is then energetically favorable if , ie. . From this coarse
estimate, we derive that the interfacial tension vanishes (if it does not become
negative).

In order to decipher the origin of this vanishing interfacial tension, we perturbed cell
cortex tension by inhibiting cell contractility, more specifically the Rho pathway
signaling, Rho-associated protein kinase (ROCK) and myosin Il by respectively using
Y-27632 and blebbistatin. We applied the drugs about 15h before confluence. We
then measured the proportion of capsules in which we observed spreading at
different time points before and after confluence. None of the drugs triggered
spreading of fibroblasts before confluence, neither impeded or significantly increase
spreading of fibroblasts after confluence (Fig. 3C). We thus concluded that decrease
in cell cortex tension is not the direct cause of fibroblasts spreading.

Fibronectin reorganization is required for fibroblasts spreading
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While difference in cell-cortex tension is the major contributor of tissue surface
tension in embryos, cell-matrix-cell adhesions have also been shown to have an
important contribution in tissue cohesion in cell lines that do not express any
cadherins. For example, tissue cohesion and surface tension depend on the ability of
cells to both secrete and assemble extracellular matrix. We thus stained the co-
culture of fibroblasts and cancer cells for fibronectin prior and after confluence. At the
early stage, before confluence, the fibroblast spheroids were enriched in dense
fibrillar bundles of fibronectin mostly localized between cells, suggesting that
fibronectin mediates cell aggregation, cohesion and compaction in fibroblasts (Fig.
4A). By contrast, in cancer cell spheroids fibronectin was only detected intracellularly,
suggesting that cancer cells are able to produce fibronectin but lack the ability to
secrete it or assemble it into fibrils (Fig. 4A). At the onset of spreading of fibroblasts
over cancer cells, in the core of fibroblast aggregate, thick bundles of fibronectin
were still observed in between cells as (Fig. 4B, region 1). However, at the front of
spreading cells, fibronectin was detected only bellow the cells at the interface with
the capsule (Fig. 4B, region 1). The appearance of the network also changed and
consisted in thinner and sparser fibers. We have not detected fibronectin or any other
ECM deposition at the cancer cell surface suggesting that the fibroblasts spreading is
not due to an increase in the affinity between cancer cells and fibroblasts. At final
stages, when fibroblasts completely enwrapped cancer cells, we observed that
fibronectin network was mainly localized at the interface with the capsule as a
continuous 2D layer (Fig. 4A). Until now, we have treated the inner wall of the
capsule as an inert non-adhesive substrate as alginate gels properties do not support
cell attachment. However, deposition of fibronectin at the alginate interface suggests
that compressive stress and confinement favors fibronectin relocalization and
anchorage to alginate despite its low affinity for proteins.

Altogether, decrease in inter-fibroblast fibronectin and the formation of fibronectin
layer at the surface of the capsule, could support spreading of fibroblasts. To test this
possibility, we have perturbed fibronectin fibrilogenesis by inhibiting b3 integrin using
cilengitide*. We applied cilengitide at confluence and 3 days later we quontified the
proportion of capsules in which fibroblasts enwelopped cancer cells (Fig. 4C). We
found that upon cilengitide treatment, in only about 25% of capsules fibroblasts
spread oved cancer cells, in comparison to 80% of untrited capsules. We thus
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concluded that fibronectin deposition at the capsule wall is necessary to induce
fibroblasts spreading over cancer cells.

Conclusions

In this work, we have developed a new 3D in vitro model that recapitulates the
organization of CAFs around the tumor as it is observed in vivo. We used the cellular
capsule technology to co-culture cancer cells and fibroblasts. We found that buildup
of compressive stress, and not only geometrical confinement, is necessary to induce
and maintain the organization of fibroblasts around cancer cells. The spreading of
fibroblasts over cancer cells correlates with the reorganization of fibronectin network.
At uncompressed stage, fibronectin is located in between fibroblasts possibly acting
as a “glue”. This could be similar to the recently described stitch adhesions that acts
as cell-cell adhesion structures between primary fibroblasts'®. Under compressive
stress, the amount of fibronectin between fibroblasts decreases, with fibronectin
being deposited at the interphase with the alginate shell which could stimulate
spreading of fibroblasts.

We believe that this novel in vitro model would be a beneficial tool to investigate the
crosstalk between CAFs, pressure and the tumor at the pre-invasive stage of
carcinoma in situ. For example, it could be used to study the role of CAFs at the
carcinoma in situ stage, specifically if CAFs stimulate or restrain®® tumor progression.
By accumulating around the tumor, CAFs can induce stiffening the ECM causing
accumulation of compressive stress?!, which was shown to slow down tumor growth
in vitro® % 22 On the other hand, accumulation of compressive stress might also
enhance tumor progression. Stiffening of the ECM was shown to promote
malignancy and invasiveness of cancer cells*?® and compressive stress,
independently of stiffness, promotes cancer cell motility and invasion in vitro® '*. The
model could also be used to test if CAFs, and the associated ECM, by enwrapping
cancer cells, could prevent the entry of immune cells and consequently tumor
eradication. Similarly, by enveloping cancer cells, CAFs may protect cancer cells
from radio or chemotherapy by acting as a “shield” or “buffer”. Altogether, we believe
that this complex 3D in vitro model system could represent a more physiological

mimic of tumors.
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Material and Methods

Cell lines and primary cell cultures

We used human colon carcinoma HT29 cells (ATCC HTB-38; American Tissue
Culture Collection), mouse fibroblasts NIH3T3 stably expressing GFP (AKR-214, Cell
biolabs) and human primary non-immortalized fibroblasts isolated from fresh colon
cancer samples from patients treated at Lariboisiére Hospital, Paris*. Written consent
from the patients and approval of the local ethics committee was obtained. All cells
were maintained in DMEM (Invitrogen) supplemented with 10% (vol/vol) FBS
(Invitrogen) in a humidified atmosphere containing 5% CO2 at 37 °C, with medium

changed every 2 days.

Encapsulation of cells into alginate hollow spheres

Encapsulation of cells was performed as described in Alessandri et al®. Briefly, the
outermost phase (AL) was prepared by dissolving 2.5% wt/vol sodium alginate
(Protanal LF200S; FMC) in water and by adding 0.5 mM SDS surfactant (VWR
International). The solution was filtered at 1 um using glass filter (Pall Life Science)
and stored at 4°C. The intermediate phase (IS) was a 300mM sorbitol (Merck)
solution. The innermost phase (CS) was obtained by detaching sub-confluent cells
from the culture flask with 0.5% Trypsin-EDTA (Invitrogen). After washing with culture
medium, cells were spun (300 g, 3 min, 20°C), and resuspended in 300 mM sorbitol
solution at an approximate concentration of 3.10° cells per ml.

The three fluid phases (cell suspension (CS), intermediate solution (IS), and (AL)
were loaded into syringes (10MDR-LL-GT SGE; Analytical Science) with needles
fitted to Teflon tubing (0.5-mm i.d.; Bohlender). The other ends of the tubing were
inserted into the appropriate inlets of the co-extrusion device, which is clamped
vertically to a post inside a laminar flow hood. The syringes were mounted on syringe
pumps (Low Pressure Syringe Pump neMESYS) that control fluid injection at the
desired flow rates. We mostly used one set of flow rates qcs = 20 mL-h™", qis = 20
mL-h™", and ga. = 30 mL-h™" to make “thick” capsules, i.e. typically with a shell width
of 30 uym for a radius of 150 pm. After initiation of the flows, the compound
microdroplets were directed to a gelation bath containing 100 mM calcium chloride
(VWR International) and traces of Tween 20 (Sigma), placed at approximately at 0.5
m below the outlet of the device. Capsules were immediately filtered and transferred
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to the appropriate culture medium within less than 5 min. Cellular capsules were
placed inside an incubator (37°C, 5% COZ2). Cells aggregated to form spheroids

within few days.

Immunofluorescence

Spheroids were fixed in 4% paraformaldehyde in PBS at RT for 40 min, which was
sufficient to dissolve the shell. After washing with 0.01% BSA in PBS, the aggregates
were incubated in 0.1% Triton X-100 in PBS (Sigma) for 40min at RT. BSA was used
to prevent spheroids from binding to the plastic of bottom dishes and pipette tip. After
washing twice with 0.01% BSA in PBS, spheroids were incubated with primary
antibodies diluted in PBS containing 0.01% BSA overnight at 4°C. Specifically we
used fibronectin and vimentin (1:50, Sigma). After washing twice with 0.01% BSA in
PBS, the spheroids were incubated in PBS containing 0.01% BSA and Alexa Fluor-
conjugated secondary antibodies, Phalloidin Alexa Fluor 647 and DAPI
(Thermofisher) at ratio of 1:200, 1:200 and 1:500 respectively for 2 hours at RT. The
cell aggregates were finally washed 4 times in 0.01% BSA in PBS before mounting
for imaging.

Imaging of fixed and live spheroids

To prevent displacement or drift of the capsules during imaging, we designed
custom-made holders. Holes (diameter of ~2mm) were drilled in 50mm plastic-bottom
Petri dish. A 20mm square glass coverslip (0.16mm thick) was glued to the bottom of
Petri dish using epoxy resin (Loctite 3430; Radisopares-RS Components). To
prevent displacement of capsules, a 0.2% ultra-pure low-melting-point agarose
(Sigma) solution made in serum-free culture medium was prepared and cooled down
at 37°C. The percentage of agarose was chosen to generate minimal stress on the
growing spheroids (~0.2%). Each well was filled with 4-5 spheroids or capsules
mixed with 10-20pl of the 0.2% agarose solution. After 10min gelation of the agarose
at RT, 10% FBS and 1% Antibiotic-Antimycotic in culture medium (for live imaging) or
PBS (for fixed imaging) was added to each dish.

Spheroids growth inside the capsules was monitored by phase contrast microscopy.
Around 64 capsules were selected from the whole batch of cellular capsules and
individually transferred to each well of home-made holders. Each capsule was
imaged every 20 or 30 min up to 3 or 5 days using Nikon Eclipse Ti inverted
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microscope (10x/0.3-N.A. dry objective; Nikon Instruments) equipped with a
motorized stage (Marzhauser) and climate control system (The Brick; Life Imaging
Systems). The microscope and camera (CoolSNAP HQ2; Photometrics) were driven
by Metamorph software (Molecular Devices). The microscope was equipped with
fluorescent lamp to capture the dynamics of NIH3T3 expressing GFP spheroid. The
culture medium was renewed by one-half every 2 days. Imaged were processed
using Fiji.

3D imaging was performed using an inverted Acousto Optical Beam Splitter two-
photon, laser-scanning confocal microscope SP8 (Leica) coupled to femtosecond
laser Chameleon Vision Il (Coherent Inc) equipped with a 40x/0.95-N.A. oil-
immersion objective. The microscope is further equipped with three non-descanned
HyD (Hybrid) detectors: NDD1 (500-550 nm), NDD2 (= 590nm) and NDD3 (450 nm).
To monitor cell dynamics of HT29 cells inside the spheroid we incubated the
spheroid in FM 4-64 (Thermofisher) at a concentration of 2 pg/mL. Images were

collected every 30 min for 42 hours. Imaged were processed using Fiji and Imaris.

Drugs assays

To block cell proliferation, spheroids were incubated in culture medium supplemented
with 20 ug/mL Mitomycine-C (Roche) for 4h. Migration of cells was not impacted
under this treatment.

To inhibit cell contractility, spheroids were incubated in culture medium using 50uM
myosin |l inhibitor, blebbistatin (Sigma) or 100 yM ROCK inhibitor, Y-27632 (Sigma).
To inhibit fibronectin fibrillogenesis, capsules were treated with 1 uM cilengitide
(Selleckchem).

Analysis of Spheroid Growth and Pressure

The average radius of a spheroid at each time point was defined by R = \E where S

is the equatorial cross-section of the spheroid. The equatorial cross-section of the
spheroid was measured using a custom-made macro in Fiji. For each time point, the
macro makes binary images of the spheroid from phase-contrast images. The
confluence time (t = 0) was determined as the time for which spheroid growth exhibits
an inflection point. We verified that this time coincides with the visual determination of
confluence. For thick capsule, the pressure may be determined by considering the
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capsules as thin-walled pressurized vessels in the framework of isotropic linear

27: P:_ZE E @

elasticity TR R where E is the Young's modulus of alginate shell

measured to be E=68 + 21 kPa, 9 is the Poisson’s modulus (9 = 0.5 according to

volume conservation of the shell), h is the thickness of the alginate shell, u(R) =

(R(H—Ro)
0

determine u(R) we monitored the evolution of R(t) following the protocol described

is the radial displacement at a distance R from the center of the capsule. To

above.

Decapsulation assay

Using capsules in which NIH3T3 were spread around HT29 (11 days after
confluence) alginate shells were dissolved by incubation in PBS for 5 min at RT. Bare
spheroids were then individually transferred in 96 wells plates coated with agarose
cushion (1% in serum-free culture medium) and imaged overnight by phase contrast

and epi-fluorescence imaging.

Cells Tracking and Analysis inside Spheroid

NIH3T3 trajectories inside spheroid were tracked manually. The (x,y) position of the
centroid of nucleus was manually determined for each time point. For each cell,
trajectories were reconstituted concatenating positions of all centroids. Trajectories
were stopped when the cell disappeared from the imaging plane or when the cell
divided. Using a custom-made MATLAB (MathWorks) program, we computed various
parameters of the trajectories: instantaneous speed and persistence.

The instantaneous speed is the speed of a cell at a specific time point t and is

L)+ (s ey )
At )

defined by v(t) =
Micropipette experiments

Capsules containing spheroids made of mix of cancer cells and fibroblasts were
decapsulated about 3 days after confluence, once fibroblast started enwrapping
cancer cells. Spheroids were placed in suspension in a non-adhesive glass bottom
culture dish and incubated at 37°C and 5% CO2 for microaspiration. As controls we
use spheroids made of single cell types growing without confinement in the non-
adhesive agarose wells. The micro-aspiration setup (28) was built on an inverted
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Leica microscope equipped with an Eppendorf Transferman micro-manipulator
holding micropipettes connected to a Fluigent MFCS EZ microfluidic pump. Images
were acquired with a 40x/0.8NA dry objective. The surface tension at the cell-
medium interface (yom) of spheroids was measured as previously described .

Surface tension was calculated using Laplace’s law:

in which R, is the resting radius of curvature of the spheroid at the location of the
measurement, P. is the critical pressure at which spheroid deformation reaches R,

the micropipette radius. Shape analysis was performed using ImageJ 2.
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Figure 4
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Figure Legends

Figure 1. Fibroblasts envelop cancer cells under confinement

A. Schematic representation of possible outcomes after encapsulation of cancer cells
and fibroblasts as single cells into alginate capsules.

B. Evolution of co-culture of HT29 cancer cells and GFP expressing NIH 3T3
fibroblasts over time in alginate capsules. Time t = 0 corresponds to encapsulation of
cells. First row: Phase contrast image showing cancer cell and fibroblast spheroids;
second row: epifluorescent image of fibroblasts expressing GFP (green); last row:
Merge. Scale bar, 100 um.

C. Percentage of capsules in which fibroblasts envelop spheroids of cancer cells over
time. T=0 corresponds to confluent stage.

D. Confocal image of a fixed spheroid. All cells were visualized by staining F-actin
(phalloidin, red) and DNA (DAPI, blue). Fibroblasts were discriminated as cells
expressing GFP (green). Left, equatorial slices. Right, maximal projection. Scale bar,
50 ym.

E. Evolution of cancer cells spheroids enwrapped with GFP expressing NIH 3T3
fibroblasts over time after removal of alginate capsules. Time t = 0O corresponds to

capsule dissolution, thus release of the confinement. Scale bar, 100 um.

Figure 2. Buildup of pressure drives fibroblasts spreading

A. Micrographs representing onset of confluence and onset of spreading. Pressure
evolution over time, starting from confluence (t=0). Way copy to 11 settings

B. Pressure at the onset of fibroblast spreading. n=53 capsules.

C. Lower graph, volume of capsule normalized to the volume at onset of confluence
as a function of time for control (blue line) and cells treated with mitomycin C (red
line). Gray shadow: standard deviation. Time t = 0 corresponds to confluence. (Upper
graph) Frequency of capsules in which fibroblasts started to envelop cancer cells at
different time points (T1=15h, T2=25h and T3=34h) for control (blue bars) and
mitomycin C -treated co-cultures (red bars).

D. Two-photon live imaging of a co-culture of cancer cells stained by membrane die
FM4-64 (red) and fibroblasts expressing GFP (green) at the onset of confluency.
Scale bar: 50um.
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E. Distribution of the instantaneous speed prior (blue bars) and after confluence (red
bars).

F. Left, ceconstituted fibroblast 2D trajectories prior to confluence (blue line) and after
confluence (red line). Time step: 20min. Typical trajectory length: 15 hours. Right,
path persistence prior to confluence (blue) and after confluence (red).

Figure 3. Surface tension of fibroblast spheroid is higher than cancer cells

A. Individual (dots) and mean + SEM (bars) surface tension measurements on
cancer cell spheroids (red) and fibroblast spheroids (green) growing without
confinement and co-cultures after onset of fibroblast spreading. One way ANOVA
test was performed (***p < 0.001). Three independent experiments were performed.
n = the number of spheroids.

B. Frequency of capsules in which fibroblasts enveloped cancer cells in the presence
of different drugs at 15h and 48h after confluence. Time t = 0 corresponds to
confluence. Drugs were added 15h before confluence.

Figure 4. Fibronectin reorganization is required for fibroblasts spreading

A. Confocal images of co-culture at 5 days which corresponds to early stage, before
confluency (upper row) and 10 days, which corresponds to final stage with fully
spread fibroblasts. Both cell types are labeled with phalloidin (F-actin, red),
fibroblasts expressed GFP (green), fibronectin is labeled with antibodies (pink).
Scale bar: 20 ym.

B. Confocal images of co-culture at the onset of fibroblasts spreading. Fibroblasts
expressed GFP (green), cancer cells are unstained; fibronectin is labeled with
antibodies (pink). Insets, higher magnification of boxed regions. Scale bars: 20 pm.
C. Frequency of capsules in which fibroblasts enveloped cancer cells in the presence
of cilengitide 3 days after confluence. Time t = 0 corresponds to confluence. Drugs
were added 15h before confluence.

52



Supplementary data.

Suppl. Figure 1.

Confocal images of co-culture of primary human untransformed CAFs (vimentin,

green) and cancer cells (HT29) after confluency. Scale bar, 25 pm.
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Study of caveolae response under 3D compressive stress

Objectives and summary

Mechanoprotection has been one of the latest functions assigned to caveolae, when,
some years ago, our laboratory demonstrated for the first time that caveolae can
protect cells experiencing mechanical stresses from membrane damage by flattening
out, thus limiting membrane tension increase (Sinha et al., 2011b). Moreover, based
on the important links between caveolae and signaling, my team proposed the
hypothesis of a mechano-dependent role of caveolae on signaling, behaving like a
mechanical switch in which caveolar components may interact with other molecular
effectors of signaling cascades after mechanical disassembly (Nassoy and Lamaze,
2012). More recently, this hypothesis was indeed demonstrated by several works
from our team. First, the caveolae neck ATPase EHD2 was shown to shuttle from the
PM to the nucleus and regulate transcription(Torrino et al., 2018). Then, my host lab
has described how some of the Cav3 human mutations associated with muscle
dystrophies, induce a loss of functional caveolae and abolish the normal inhibitory
role of Cav3 in IL6-STAT3 mechano-signaling in muscle cells (Dewulf et al., 2019).
Furthermore, our unpublished data reveal that when caveolae respond to mechanical
stress, one of their major component Cav1 interacts with the tyrosine kinase Janus
Kinase1 (JAK1), thus inhibiting JAK-STAT pathway in mouse embryonic fibroblasts
and human cancer cells (Tardif, 2018), emphasizing again the importance of
caveolae in mediating both mechanoprotection and mechanosignaling. During my
PhD project, we aimed to translate these concepts in a more physiologically relevant
model for cancer. To do so, we combined our expertise in caveolae together with two
assays to investigate the effects of compressive stress on caveolae in 3D and then
explore the downstream signaling events in this environment (Kévin Alessandri et al.,
2013; Montel et al., 2011b).

In the present work, we revealed that breast cancer triple negative cell line (most
aggressive breast cancer cell type, lacking expression of HER2, estrogen receptor

and progesterone receptor) Hs578t is able to respond to mechanical stress in 3D by
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reducing the protein expression of caveolae ATPase EHD2 and presumably by
affecting caveolae dynamics. We further observed that compressive stress leads to
changes in the distribution and architecture of caveolae, at short term, as cells exhibit
less caveolae at their surface under these constraints. Interestingly, long-term
compression appeared to reduce preferentially the presence of caveolar rosettes
(inclusion of several caveolae in the membrane). We also used our 3D cell model to
monitor the activation of the JAK-STAT signaling pathway and confirmed its inhibition
under compressive stress.

Because of our previous results establishing a role of caveolae as mechanosensors
and some evidence that this property was also occurring in 3D, we decided to
perform a series of high-throughput screenings. First, we found a differential gene
expression profile under compression compared to resting conditions. Interestingly, it
revealed that the gene expression profile of each compressive methodology (capsule
versus hyper-osmotic system) varied significantly as they do not have similar effect
on the regulation of several pathways such as extracellular matrix regulation,
ubiquitinylation, cytoskeleton, exosome components and secretion...

Finally, we focused our investigations on exosome secretion and biogenesis under
mechanical stress conditions, and whether caveolae are component of the observed
mechano-response. This way, we demonstrated the importance of Cav1 in exosome
release under mechanical stress and how compressive stress could affect release

but also uptake of exosomes.

The corresponding data of these results are developed in the following pages.
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Investigating the caveolae mechanoresponse in triple negative breast

carcinoma

Considering the established albeit controversial relation that exists between caveolae
and its components, with cancer, we first wanted to select a suitable cell line for the
purposes of our study that aimed at identifying the role of the caveolae response
under mechanical stimuli in a 3D environment. Shortly, the requirements were a
breast carcinoma cell line able to grow independently from anchorage/adhesion,
expressing identifiable relevant levels of caveolar proteins, and negative for estrogen,
progesterone, and the HER-2/neu gene since this is the profile of the breast
carcinomas with the less survival ratio (Dent et al., 2007). A screening for the protein
expression of caveolar components on the different type of breast cancer cell lines,
made by members of our laboratory, revealed that Hs578t cell line meets all the
chosen criteria (Figure 11 a). Interestingly, among all the breast cancer cell lines
tested, several of them expressed amounts of caveolae components similar to non-
carcinogenic cell lines, but only Hs578t expressed high levels of EHD2 (Figure 11
a,b).

3D Compressive stress decreases the expression of the caveolae
ATPase EHD2

In order to test the reaction of these cells under compressive stress, we adapted the
hyperosmotic-induced compressive stress designed in the the team of Cappello
(Montel et al., 2012, 2011b). For investigating the response of mammary breast
cancer cells against compression for long periods of time, we formed spheroids
containing approximately 10, 000 cells. The subsequent addition of high molecular
weight dextran (~1-2,6 MDa) allows to induce compressive stress for different time
periods (12 hours, 3 days, and 5 days). At the end of each experimental condition,
spheroids were harvested and lysed. The expression of the main caveolar
components was tested by western blotting, revealing an average 60% reduction of
EHD2 expression after 5 days of constant compressive stress (p=10 kPa) (Figure 12
a,b). This decrease of protein expression was not observable neither for other
caveolar components (Cav1, Cavin-1 and Cav2), nor for the clathrin heavy chain
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Figure 11. Protein expression levels of caveolar components in breast cancer cell lines.

(a) Protein level quantification for caveolar component proteins in breast cancer cell lines, classified as triple negative
breast carcinoma (TNBC), estrogen receptor positive (ER+), HER2 positive (HER2+) and non-carcinogenic breast cancer
cell lines (Normal). Protein levels are normalized to the total protein content of the samples, determined by StainFree
technology. Data are mean of three independent experiments. (b) Representativeinmunoblots for selected cell lines.
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(CHC), the main component of clathrin coated pits (Figure 12 a,b). This result could
be interpreted as an adaptation of the cells to the constant source of mechanical
stress by changing the stability of caveolae since EHDZ2 is known to anchor caveolae
at the plasma membrane, especially under stress (Stoeber et al., 2012; Yeow et al.,
2017). It could also reflect a switching-off the EHDZ2 mechanotransduction
mechanism that triggers caveolae-dependent signaling as recently described in our
study (Torrino et al., 2018).

The next step was to reproduce these results in another experimental system to
confirm the decrease of expression of the caveolae ATPase EHD2 under
compression. To do so, we adapted and optimized the co-extrusion device
developed by our collaborators in Pierre Nassoy’'s team (Institut d'Optique
d'Aquitaine). Indeed, during my thesis, | contributed to the improvement of the
system with our collaborators, by adding a copper ring with current circuit to increase
the mono-dispersity during the capsule production, and by optimizing the
functionalization protocol with specific hydrophobic tips. After the encapsulation step,
detailed in the material and methods chapter, cancer cells were grown until their own
growth against the alginate wall would promote a consequent compressive stress,
due to the viscoelastic properties of the material. In other words, this time point
corresponds to the stage when the cells fill up all the available space inside the
capsule and when the capsule shell starts to be deformed (Figure 13 b). To reach
this compressive state, we need to wait between two and four weeks from the cell
encapsulation time. Then, we left the cells in this compressive state for approximately
one week before lysing them and monitoring their protein content. At this last stage,
one can observe the appearance of a necrotic core in the center of the cell spheroid.
It has been previously reported how this necrotic core appeared only on the last
stage under compression, even when the capsule radius is under the critical distance
for the diffusion of the nutrients (Figure 13 b) (Kévin Alessandri et al., 2013). But in
the current experiments the observations of an appearance of a necrotic core
happens before the spheroid reaches the compression point. Whether it is the
compression forces that generate this necrotic core is still an open question. After
one week of compression, cells were analyzed for the protein expression of caveolae
components. Again, we found, a striking reduction of EHDZ2 expression level
compared to agar spheroids unlike the other caveolar components tested (Cav1,
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Figure 12. Hyperosmotic-induced compression reduces EHD2 protein levels.

(a) Representative inmunoblots of caveolar components in Hs578t cells without compression (No Compr.), or
after 2 days, 3 days or 5 days after the addition of dextran to exhert compressive stress, and after 1 day of
recovery. (b) Expression level of caveolar components normalized to total protein levels in the experimental
conditions described in (a). Statistical analysis with one-way ANOVA **P < 0.01.



Cav2 and Cavin-1) or CHC which all exhibit non-significant variations (Figure 13

a,c).

Compressive forces on spheroids lead to loss of caveolae

Our finding that EHD2 expression was lost in two different 3D compressive systems,
led us to understand the consequences of EHD2 loss on the formation or
maintenance of caveolae structures. As already mentioned, EHD2 has been involved
in caveolae stability at the membrane and its reformation during recovery after
mechanical stress release (Matthaeus et al., 2019; Morén et al., 2012; Stoeber et al.,
2012; Torrino et al., 2018). Since caveolae flatten in response to 2D stretch (Sinha et
al., 2011b), we wanted to investigate how mechanical stress in 3D could affect
caveolae at short (few minutes) and long (several hours or days) terms. This will help
us to answer the question of how this loss or decrease of EHD2 expression would
affect caveolae architecture, location and biogenesis.

We processed spheroids after compression induced by hyperosmotic-induced
compression for 5 minutes, 1 day or 5 days, and compared them to control spheroids
without any compressive stress. Spheroids were fixed and processed for electron
microscopy (EM) (Figure 14 a). Subsequently, clathrin coated pits and caveolae
where identified and counted in two different areas of the spheroid: the periphery (i.e.
the 3-4 first layers close to the periphery of the spheroid) and a more central domain.
The collected results shown a significant decrease of caveolae number after 5
minutes of compression as compared to control but not any significant change in the
other conditions. On the contrary, we could observe a decrease of the number of
caveolae rosettes after 5 days of compression (Figure 14 b). By focusing on the
different pool of cells regarding their position within the spheroid, we can observe a
decrease of caveolae number after 5 minutes specifically in cells that are closer to
the exterior of the spheroid (Figure 14 c). This observation is an agreement with the
first description of spheroids with the hyperosmotic induced compression system
introduced by Cappello’s team. At that time, they showed an increasing anisotropic
cellular organization from the periphery towards the core with a drop in the core itself.
This correlates with an ascending pressure profile towards the core of the spheroid
(Dolega et al., 2017) (Figure 6 b and c). Thus, it is expected that cells on the

periphery tend to rearrange more and have their caveolae flattened because they
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Figure 13. Compressive stress in alginate capsules reduces EHD2 protein levels.

(a) Representative immunoblot of caveolar components in Hs578t cells after one week of compression in alginate
capsules (1-week compression) or in uncompressed spheroids grown over an agar cushion (Agar spheroid). (b)
Representative pictures of Hs578t cells after one week of compression in alginate capsules or as uncompressed
spheroids. Bar is 400 um and 200 um. (c) Expression level of caveolar components normalized to total protein levels
in n=3 independent experiments (n=4 for EDH2). Data are mean values + SEM. Statistical analysis with a two-tailed
unpaired t test **** P < 0.0001.



probably face more membrane tension increase upon the compression of the whole

spheroid.

Regulation of the JAK-STAT signaling pathway by compressive stress

The reduction of caveolae invaginations after short term compression suggested that
caveolae could react as a compressive reactive mechano-switch, similar to what was
reported by our team upon stretching. To test whether this could affect signaling, we
monitored the activation status of STAT3 upon cytokine stimulation in spheroids
under compression in agreement with previous results obtained in cells stretched
(Dewulf et al., 2019; Tardif, 2018). Therefore, we analyzed how 5 minutes
compression could modify the activation of STAT3 i.e. Tyr705 phosphorylation in
spheroids after stimulation with interferon-a (IFN-a) for 15 minutes. Our data showed
a significant decrease (70%) of STAT3 phosphorylation level in compressed
spheroids as compared to control ones (Figure 15 a). This result is consistent with
those obtained after cell stretching (Tardif, 2018). We also tested the effect of
compression on another effector of the JAK-STAT pathway, STAT1, that was
reported not to behave like STAT3 (i.e. no modification by stretch) in our previous
experiments. Surprisingly, in our compression system, mechanically challenged
organoids also exhibited a decrease of STAT1 Tyr 701 phosphorylation upon IFN-a
stimulation (Figure 15 b). Curiously it had been reported how Cav1™ mice do not
show any change in STAT1 Tyr 701 phosphorylation, meanwhile Cav2” mice shown
an increase on STAT1 Tyr 701 similar to the one found on STAT3 upon Cav1
depletion (Almeida et al., 2011). We should also consider that the depletion of Cav1
and Cav2 are co-transcriptionally regulated and no effect on STAT1 Ty 701 was

shown when you deplete Cav1 as both Cav1 and Cav2 are affected.

Hyperosmotic induced compression and encapsulation show a
differential expression pattern at the transcriptomic level

After showing the importance of compression in the regulation of cellular signaling
with the 3D spheroid architecture, we wanted to broaden our analysis and identify
new pathways that could be modified by this type of mechanical stimulations. Thus,
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Figure 14. Hyperosmotic-induced compressive stress in spheroids reduce caveolae presence on short
term and number of rosettes on long term.

(b) Semi thin sections (500 nm) of compressed spheroids for 5 min, 1 day or 5 days and uncompressed
spheroids (TO) after cacodylate staining (left panel). Bar is 50 ym. Ultra thin sections (65 nm) of the
corresponding spheroids imaged by electron microscopy. Magnified insets show membrane invaginations
features, being labeled as follows: * for caveolae, # for caveolae rosettes and > for clathrin. Bar is 2 ym (b)
Quantification of clathrin coated pits, caveolae, caveolar rosettes and caveolae numbers normalized by
micrometer of PM analyzed at the surface of spheroids (first 4 rows of cells). (c) Number of caveolae per um in
cells inside (interior) the spheroid or at the edge (surface). Data are mean + SEM.



we performed a high-throughput transcriptomics screening with Clariom™ S assay
(ThermoFischer). This microarray is a next generation transcriptome-wide gene-level
expression profiling tool. For this exploratory assay, we compared uncompressed
spheroids of TNBC Hs578t cells with compressed spheroids either after 5 days of
hyperosmotic induced compression or encapsulated spheroids compressed for 5
days. After experiment completion, the array raw data were first processed by
GenoSplice and this primary analysis gave us the principal component analysis
(PCA). The PCA was a quality control of the differential expression between the
samples, which decomposes high-dimensional dataset, by maximizing the variance
between the expressed genes. The first component is the direction along which the
samples show the largest variation, and the second is the direction uncorrelated to
the first component which shows the largest variation (Ringnér, 2008). With this
statistical analysis, we can observe how each condition of samples was grouped and
shows different profiles. Only one sample (indicated by red arrow on the figure 16)
from the dextran induced compressive system showed a more distant profile, likely
because this sample was prepared on a different day to replace the original sample
that did not give enough RNA when prepared. This sample was discarded for the
final analysis (Figure 16 a).

Then, we compared the difference of gene expression with the gene ontology terms
(GO, a bioinformatics initiative that groups genes and gene products into functions)
(Ashburner et al., 2000; “The Gene Ontology Resource,” 2019) which give us a
comparison tool for the expression profile of gene groups involved in different
pathways. Among the different categories, we found significant differences for
several biological processes and cell domains (cellular and extracellular
compartments, organelles) when comparing the 3 groups for gene expression.

In figure 16, we highlight some of the most relevant pathways that showed a
differential expression between conditions. If we only consider the differences
between capsules and uncompressed spheroids, we could find an increased
expression for 118 pathways such as: response to hypoxia, protein ubiquitinylation,
positive regulation of fat cell regulation, cell adhesion, exosomal components, cellular
response to fluid shear stress, extracellular matrix, negative regulation of JUN kinase
activity, response to mechanical stimulus and positive regulation of cell migration.
When we consider the comparison of hyperosmotic induced compression and
uncompressed spheroid, we found the differential regulation of 133 GO terms, with
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Figure 15. Compressive stress inhibits JAK-STAT signaling

(a,b) (Left) Representative western blot of STAT3 and pSTAT3 (Tyr 705) (a) or STAT1 and pSTAT1 (Tyr 701) (b),
in Hs578t cells subjected or not to hyperosmotic-induced compression for 5 minutes followed by stimulation with
IFN-a for 15 minutes. (Right) quantification of pSTAT3/STAT3 ratio. Data are mean + SEM. Statistical analysis with
two- tailed paired t test *P < 0.05, **P < 0.01.



an increase of expression for genes related to: cellular glucuronidation, negative
regulation of fatty acid metabolic process (Figure 16 b). On the contrary, we can
observe a downregulation of the terms: mitochondrion, MAPK cascade, proteasome
complex, JAK-STAT cascade, negative regulation of ERK1 and ERK2 cascade, cell-
cell adherent junction, extracellular exosome, establishment of protein localization to
plasma membrane, negative regulation of cell migration (Figure 16 c).

Finally, the comparison of hyperosmotic induced compression and capsule
compression revealed 215 GO terms differentially expressed such as the
upregulation of negative regulation of glucuronosyltransferase activity, negative
regulation of fatty acid metabolic process, keratin filament; but also the
downregulation of nucleus related components, mitochondrion, cellular response to
DNA damage stimulus, response to fatty acid, ubiquitin-protein transferase activity,
positive regulation of cellular protein catabolic process, DNA replication initiation and

apoptotic process (Figure 16 c).

From these results, we can extract several interesting findings before we further
analyze our data. First, we have observed that, even if both systems are exerting
compressive stress, the confinement effect from capsules and the dextran addition
have striking different effects on cells at the transcriptional level. It reveals a marked
difference between these two compressive approaches. Here, we found an important
variation of protein synthesis mechanisms between the two systems such as the
G1/S transition of mitotic cell cycle, mRNA processing DNA replication initiation
which are more expressed in capsules. This could reflect a possibly more active
synthesis machinery in encapsulated cells after compression. We should consider
that encapsulated cells grow from an initially smaller population and need to be
cultured longer to reach comparable size and compression. Secondly, more genes
are downregulated than upregulated in exosomal content when we check dextran-
induced compression against control. On the contrary the situation is reversed in the
condition capsules against control. When you check genes upregulated on both
conditions for this term you can find some coincidences as is in the case of the gene
CHI3L1.

Interestingly, the observed changes in exosomal components are consistent with
previous literature in the field, linking caveolae dynamics to exosome

release/uptake(Botos et al., 2008; Campos et al., 2018; Chen et al., 2011; Logozzi et
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Figure 16. Transcriptomics analysis of compressive stresses.

(a) Principal Component Analysis (PCA) of all the samples from the three experimental
conditions: control (ctrl), hyperosmotic induced compression and capsules. Dashed colored
lines delineate experiment groups. Red arrow indicates discarded samples. (b,c,d) Percentage of
upregulated (red) or downregulated (green) genes for each differentially regulated Gene Ontology (GO)
terms comparing hyperosmotic induced compression vs. cirl (a), capsules vs. ctrl (b) and
hyperosmotic induced compression vs. capsules conditions (c).



a)

Hyperosmotic induced compression vs Ctrl

Gene Ontology (GO) term Total genes in pathway|Genes regulated (up/down) |p-value More than 2-fold change

negative regulation of cell migration a5 13 (49) 4. 52E-02 |EPPK1, STC1, TPM1

nuclear import 18 5 (O5) 3.87E-02 [SNRPD1
EFEMP1, PHGDH, KRT18, MEST, GPX1, PSAT1, UCHL3
PPA1.V 6, RARRES1, ACTG2, GALNT3,

extracellular exosome 281 231 (55M176) 4 07E-02 |SLC1A1, SYNGR2, CTSC, PSMBS, rf46, RAB23, HIST2H3D,
C3, MGRN1, LILRAS, IL1RN, MAL2, CHI3L1, DEFA1B, DEFA3,
DEFA1

cell-cell adherens junction 323 34 (1/33) 3.51E-02 [LMO7, KRT18. TMPO

negative regulation of ERK1 and ERK2 cascade 58 10 (QM10) 247E-02 [SPRY1

JAK-STAT cascade 32 8 (35) 7.51E-03 |CCL2

proteasome complex 60 12 (0"12) 3.98E-03 |PSMBES

MAPK cascade 262 35 (14/21) 8.58E-04 [PSMBS5. CCL2, CCR5

mitochondrion 1331 161 (20/141) 2,19E-10 |MCUB, SLIT3. GPX1 .TFB1M, ALDH1B1, NTSC3A, MRM2

positive regulation of protein kinase B signaling B84 12 (57) 4.31E-02 |GPX1. CHI3L1, MYORG

chemotaxis 122 16 (106) 3.38E-02 [CCL11, CCL2, CCRS5, DEFA1, DEFA1B

b) Capsules vs Ctrl

Gene Ontology (GO) term Total genes in pathway|Genes regulated (up/down) |p-value  |More than 2-fold change

response o hypoxia 172 10 (82) 3.11E-02 |CITED2

protein ubiguitination 359 24 (231) 4.64E-05 [MDM2, KETBDS

positive regulation of fat cell differentiation 47 7 (6/1) 1.13E-03 | ZFP36

cell adhesion 459 22 (16/6) 6.75E-03 |IBSP, CD36,ABL2, AMTN
CHI3L1, COL14A1, SELENOP, C3, RBP4, DNAJB4, MME,

extracellular exosome 281 90 (59/31) 6,27E-03 COLEC12. SERPINIT. IL1RN. TTN. AOX1. IGFBP3

cellular response to fluid shear stress 12 4 (490) 2.98E-03 |HAS2, PTGS2

axtracellular matrix 296 15 (132) 1.52E-02 |ADAMTSL1, CHI3L1, COL14A1. AMTN, ADAMTS1

positive regulation of apoptolic process 300 20 (17/3) 2.43E-04 |BNIP3, BCL6, PTGS2, IGFBP3, FOSL1, FGD4, TXNIP

positive regulation of cell migration 184 10 (64) 4.48E-02 |HAS2

response to mechanical stimulus 59 6 (60) 1.65E-02 |CITED2, FOSL1, CHI3L1, TXNIP

c) Hyperosmotic induced compression vs Capsules
Gene Ontology (GO) term Total genes in pathway|Genes regulated (up/down) |p-value More than 2-fold change
USP17L1, TNFRSF25, RASSF7, DCC, FGFR2, PHLDAZ, MAL,
: PLAGL1, IL19, LY86, TP53AIP1, MECOM, TGFEBR1, PAWR
apoplotic process SO 129 (37/2) 1.02E-02 [\ FAIPE, SIAH1, PPP1R15A, TIGAR, NFKBIA, SH3RF1,
AKTIP, IGFBP3, IFT57. BNIP3 BIRC3, MAP3KS, SG
DNA replication initiation 32 13 (O"13) 9.76E-03 |CCNE2, MCME, MCM7
positive regulation of cellular protein catabolic pr| 11 7 (145) 8.26E-03 |HMGB2
. " SB1, RCHY1, SMURF2, SIAH1, BARD1, IPP, FBXL3
biquitin- i f tivi 3 B84 (1371 1.75E-03 ' ' . ' '
ubiquitin-protein transferase activity 29 ( ) SE-0 , KBTBDS. PRKN. ASB18, MGRN1
response to fatty acid 17 9 (27) 7.15E-03 |CTGF, INSIG2. PTGS2
cellular response to DNA damage stimulus 208 55 (2/53) 5.72E-03 |MCM7
P4HA1, KYAT3 // RBMXL1, AGPS, NIT2, PARP1, OXCT1
MTFRZ2, FAM72A, FEZ1, PNPT1, ALDH1LZ, PPP1R15A, KRAS,
" " CLU, MRM2, NTSDC3, RPP14 //HTD2, BCAT1, MYC, BNIP3
" o 44E- . . . ,
mitochondrion 1331 291 (65/226) 1.44B-03 | X1, TFB2M, DDAH1, EAM162A, RGS2, MTHFD1L, PDK1
NTS5C3A, MCUB, SGK1, PRODH2, PRKN, CYP24A1, TP53AIP1,
CAMK2ZA
mRNA processing 179 57 (4/53) 3.24E-05 |KYAT3 )/ RBEMXL1, SON, RBM26, ZNF326. ESRP1
" KRTAP4-8, KRTAP4-11, KRTAPS-8, KRTAPS5-10, KRTAP10-10
fi 8 7.67E- ) ! ’ '
keratin filament 100 30 (2802) 67E-03 KRTAP10-1. EPPK1
- ant RPA3 H, CDKN3, FBXO5, MCM7, MCMB6, INHBA, CCNE2
G1/S transition of mitotic cell cycle 102 40 (337) 2 90E-06 CDKN1A. BCAT1. CAMK2A
spliceosomal complex 94 41 (140) 7.16E-08 |IVNS1ABP. SNRPA1, ZNF326, TXNL4B

Figure 17. Selection of genes highly regulated after compressive stresses in Hs578t cells.

(a,b,c) Number of upregulated (red) or downregulated (green) genes within GO terms (upregulated in
red, downregulated in green) comparing hyperosmotic induced compression vs ctrl (a), capsules vs ctrl
(b) and hyperosmotic induced compression vs capsules conditions (c). The names of genes with more
than 2-fold change are listed (right).




al., 2009). In addition, stretching has been described to promote exosome release in
cardiomyocytes (Bang et al., 2014). Considering this evidence and the modified
expression of exosomes related genes in our transcriptomic data, we then tested the
hypothesis that caveolae-dependent mechanosignaling could trigger exosome
synthesis and release.

Mechanical stimulations increase exosome release in a caveolae

dependent manner.

To study the impact of mechanical forces on exosome release, we chose Schwann
cells as a model because of the known upregulation of Cav1 during axonal
remyelinization that occurs after nerve damage (Mikol et al., 2002) and its depletion
on schwannomas (Aarhus et al., 2010). These studies make another possible
relation between mechanical damage and the presence of functional caveolae.
These experiments were developed and performed with our collaborators, the team
of Felipe Court (Center for Integrative Biology, Universidad Mayor. Santiago de Chile,
Chile), who have recognized expertise in the biology of exosomes. First, we made a
series of experiments, with hypo-osmotic shock (150 and 30 mOsm) for 5 minutes to
increase membrane tension in primary rat Schwann cells by swelling, prior to media
collection and released exosomes counting. In this experiment, we observed an
increase by 97,5% of the number of particles released in the exosome size ranges
(50-150 nm) after purification by ultracentrifugation (Figure 18 a,b).

The second set of experiments used the hyperosmotic-induced compression of
Schwann cells spheroids for 48h, the optimal time point for exosome release assay
determined by our collaborators. Here, we observed the same significant increase of
exosome release by 103,1% of the number of particules after compression of cell
spheroid (Figure 18 c,d).

The next step was to determine whether the increased exosome release under
mechanical constrains was dependent on caveolae or not. We then optimized the
viral infection of primary Schwann cells to obtain a correct CAV1 knockdown by
shRNA. Finally, after three different treatments, we succeeded to reduce Cav1
expression by approximately 50% (Figure 18 e). Interestingly, the release of
exosomes after mechanical stress did not have a significant increase in shCav1 cells

as compared to control cells (Figure 18 f). This experiment demonstrates the
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Figure 18. Mechanical stress in Schwann cells increases the release of extracellular
vesicles in a caveolae-dependent manner.

(a) Schwan cells (SCs) grown in 2D culture plates were subjected to mechanical stress by
hypo-osmotic shock (150 and 30 mOsm) for 5 min. SCs were then incubated for 45 min in
iso-osmotic medium (300 mOsm) and extracellular vesicles were purified by
ultracentrifugation of the conditioned medium. (b) Representative size profile of the vesicles
(particles) released after the osmotic shock. (c) SCs spheroids were compressed with
dextran for 48 h and extracellular vesicles were purified by ultracentrifugation of the
conditioned medium. (d) Representative size profile of the vesicles (particles) released after
osmotic shock. (e) SCs grown in 2D were infected with control or Cav1 shRNA. Knock-down
efficiency was evaluated by western blotting (~50% reduction). (f) Cav1 knocked-down SCs
were subjected to mechanical stress by hypo-osmotic shock (150 mOsm) for 5 min. SCs
were incubated for 45 min in iso-osmotic medium (300 mOsm) and extracellular vesicles
were purified by ultracentrifugation of the conditioned medium. Data are mean + SEM.
Statistical analysis with one-way ANOVA (a,f) or two- tailed paired t test (c) *P < 0.05



caveolae dependency of mechanically increased release of exosomes in Schwann

cells.

At last, to identify a possible role of caveolae in exosome uptake, we performed a
proof-of-concept experiment comparing particles exchange between Schwann cells
in spheroid, without compression or under 1h or 24h of hyperosmotic induced
compression. Half of the cells forming spheroids were infected for the expression of
either a cytosolic mCherry or a N-terminal palmitoylated GFP, a construct used for
tracking extracellular vesicles (Lai et al., 2015). With this marker in half of the
spheroid cells, we acquired z-section images and quantified the number of GFP
positive particles colocalizing with the mCherry cytosolic mask. Our preliminary data
suggest that mechanical stress inhibits the uptake of the released exosomes (Figure
19 a,b). All together these results show an important role of caveolae in the sensing

of mechanical forces and the resultant increase of exosomal release.
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Figure 19. Hyperosmotic-induced compression inhibits EV transfer between SCs

(a) Two populations of SCs, each transfected with plasmids encoding either cytosolic
mCherry or GFP-Palm, a membrane and EV marker, were co-cultured in spheroids and
subjected or not to hyperosmotic-induced compression with dextran for 1 or 24 h. White
arrows in insets indicate GFP-Palm positive EV. Bars are 50 ym. (b) Quantification of GFP-
Palm positive spots density in mCherry positive SCs.



-DISCUSSION-
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Cell type segregation induced by compression in capsules

The results of this project are partly discussed in the joined article in the results
section. | will therefore briefly discuss the results on the interactions between
fibroblast and colon cancer cells in a compressive 3D environment.

The results describe how fibroblasts can engulf cancer cells under 3D compression.
This phenomenon could be explained by the differential adhesion hypothesis,
described in the introduction (Figure 8). This hypothesis stipulates that homotypic
cell-cell contacts are more stable than heterotypic ones. Based on our experimental
set-up, we show that the interaction between colon cancer cell line Ht29 and
fibroblast cell line NIH3T3 results in differetntial expression of N-cadherin for both cell
types but with a differential expression of a5@1-integrins. To this, we should consider
the repulsion generated by Eph-ephrin signaling (Solanas et al., 2011), which
suppresses cadherin mediated adhesion, and promotes the retraction of adhesive
contacts mediated by actomyosin contractility (Fagotto et al., 2013). In addition, the
role of surface tension in the context of cell sorting, should be taken into account in
the model, allowing to consider the spheroids as two separate fluids with different
cohesive forces. Then, the reorganization of fibroblasts could be explained by a
displacement of the equilibrium of surface tension of each spheroid. However,
(Interestingly) when surface tension was measured we found that even though there
was a displacement and increase of surface tension in the cancer cell population, it
was not enough to explain by itself the change of behavior of fibroblasts, as the
surface tension of cancer cells was still inferior to the one of fibroblasts.

In order to explain the change in fibroblasts behavior upon reaching of the
compressive threshold, we hypothesized that changes in fibronectin deposition on
the interphase between fibroblast spheroid and alginate could be formed. When we
analyzed the images of fibroblast spreading, we found that fibronectin was localized
onto the fibroblasts-alginate interphase where fibroblasts preferentially adhere onto
the alginate wall. At this interface, fibronectin would promote surface wetting. In this
situation, fibroblast segregation would be mainly regulated by the energy at the
interphase of the tissue-ECM boundaries rather than by the hetero-homotypic
contacts between both spheroids as proposed in a breast cancer model (Cerchiari et
al., 2015). As this change of fibronectin distribution is likely to be due to the

rearrangement of existing fibronectin or a new deposition, we inhibited fibronectin
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interaction with aVB3/aVR5 integrins with using the RGD peptide antagonist
Cilengitide. Under this condition, we observed that the spreading of fibroblasts over
cancer cells was inhibited. This seems to confirm the hypothesis that spheroids need
an active component (fibronectin pattern rearrangement) in order to fight the
tendency of the spheroid with lower surface tension to spread over the one with
higher surface tension. Further experiments will confirm this by analyzing spreading
under knock down of fibronectin expression in fibroblasts. Moreover, it will be
interesting to see if blocking the interaction with fibronectin will result also in changes
of surface tension and displace the equilibrium to the point where spheroids will stop
spreading over the others.

Caveolar response during tumor adaptation to compressive stress

The deregulation of the different caveolar components has been reported to influence
cancer progression at several stages (Lamaze and Torrino, 2015b). First, the
inhibitory role of Cav1 in proliferation and invasion has been described (Fiucci et al.,
2002). Later, it was shown that EHD2 downregulation was promoting invasion and
metastasis, and thus is a marker of poor prognosis in breast and prostate cancers
(Yang et al., 2015). My host laboratory has demonstrated how caveolae respond to
mechanical stresses by flattening out and protect cell membrane from bursting
(Dewulf et al., 2019; Sinha et al., 2011b). Recently, my laboratory has also shown
that EHD2 translocates to the nucleus in response to mechanical stress in triple
negative breast cancer cell line Hs587t, establishing the first example of
mechanotransduction by caveolae (Torrino et al., 2018). My laboratory also found
that EHD2 is required to maintain the caveolae reservoir at the plasma membrane
since breast cancer MDA-MB-436 cells, which do not express EHD2 revealed a
complete absence of caveolae. Finally, preliminary results from my laboratory
revealed a control of signaling by caveolae mechanics with the finding that the
interaction of Cav1 with the tyrosine kinase was favored upon stretching or swelling
of the cell membrane resulting in JAK1 negative regulation (Tardif, 2018). This
process is likely to explain the lack of mechanosignaling regulation of the
IL6/JAK2/STAT3 pathway that my laboratory recently reported in muscle cells
isolated from patients with Cav3-associated muscle dystrophies (Dewulf et al., 2019)
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In the present work, we found that the expression of the caveolar ATPase EHD2
was significantly reduced after long-term compressive stimuli (Figure 12 and 13).
Since EHD2 has been involved in the stability of caveolae at the plasma membrane
(Stoeber et al., 2012; Torrino et al., 2018) through the control of their detachment
from the cell surface (Matthaeus et al., 2019), we were expecting that adaptation to
compressive stress may lead to changes in caveolae numbers. Interestingly, even
after several days of compression within spheroids and loss of EHD2, cells still
exhibited intact caveolar structures (Figure 14 a). The reduction of EHD2 expression
without modification of the expression of the other caveolar components (i.e. Cav1,
Cav2 and Cavin-1) occurred when multicellular breast cancer spheroids where
compressed for a long time period.

Thanks to a whole transcriptome high throughput screening, we identified pathways
that were differentially affected by compression induced either by hyperosmotic
shock or by encapsulation. Our data show a strong transcriptional adaptation of cells
subjected to mechanical stimuli in both conditions. Thus, many different pathways
were up- or down-regulated, in particular for some that are related to tumor
progression and invasion such as cell migration, exosomal content, response to
mechanical stimulus, cell adhesion, regulation and signaling pathways (MAPK and
JAK/STAT cascades) (Figure 15). These changes in expression patterns could be
key elements of the adaptation of transformed cells to the compressive stresses they
can experience through cancer progression from the hyperplasic stages (Lu and
Kang, 2019; Sato and Weaver, 2018; Thomas et al., 2015; Wagner and Nebreda,
2009). To get more insight into the molecular mechanisms involved, we plan to
further explore the responses of different signaling pathways to 3D compressive
stimuli. Therefore, we are currently starting a reverse phase protein assay (RPPA)
screening on samples treated with the same experimental conditions than the
transcriptomics analysis with an additional condition where EHD2 has been depleted
by siRNA. The RPPA is a high throughput dot-blot based analysis technique
available at the Curie Institute, which gives access to the protein expression levels
and the activation status (phosphorylation) of signaling pathways. This powerful tool
will help us to investigate the impact of compressive stress on the regulation of
around 100 different effectors of cellular signaling pathways.

Interestingly, if our experiments have shown a loss or reduction of EHD2 at the
protein level, this downregulation was not observed at the mRNA levels in our
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transcriptomic data. This suggests that compressive stress could trigger the
degradation of EDHZ2 via post-translational modification such as sumoylation and
ubiquitinylation. Indeed, our laboratory has already reported that hypo-osmotic shock
led to EHD2 SUMOylation by SUMO2/3, a small ubiquitin-related modifier capable of
targeting specific proteins and promoting poly-ubiquitinylation which can led to
proteasomal degradation (Fan et al., 2018, p. 1; Torrino et al., 2018, p. 2). It is
therefore likely that proteasomal degradation rather than a reduction of transcriptional
level may be responsible for the loss of EHD2 protein expression in our experiments.
It will be important to confirm this possibility in future experiments.

Caveolae flattening during short term compression

We monitored by electronic microscopy the presence of caveolae structures in
multicellular spheroids submitted to compression induced by hyperosmotic shock.
Cells show a decrease of 50% in caveolae density after 5 minutes of compression as
compared to cells in uncompressed spheroids (Figure 14 a,b). The decrease of bona
fide caveolae could be the consequence of caveolae flattening as found initially in 2D
cell cultures (Sinha et al., 2011b). Interestingly, the decrease of caveolae number
was no longer observable in cells submitted to constant compressive force for longer
periods, starting after 1 day of induced compression. It may indicate that cells quickly
adapt after the first stress generated by the compressive system and recover their
initial number of caveolae. In this context, cells inside the spheroid seem to respond
in an anisotropic way to an isotropic stress. Indeed, cells are losing circularity (cells
being more speeded up on the outer layers) upon hyperosmotic-induced
compression. These results confirm previous data in this model (Dolega et al., 2017),
where outer cells show a higher degree of anisotropy and compressive stress tends
to reduce the circularity of cells on the more external domains.

We next asked if short-term compression which triggers cell rearrangement
and caveolae flattening could also promote changes on cell signaling in a caveolae
dependent manner. To start answering this question, we compared the effects of
hyperosmotic-induced compression with 2D systems (uni-axial stretching and hypo-
osmotic shock) on JAK/STAT signaling. We previously reported a reduced
phosphorylation of the transcription factor STAT3 upon interferon stimulation in a
caveolae-dependent manner when cells were mechanically stressed (Tardif, 2018).

In cells submitted to 5 minutes of compressive stress, we also found a reduction of
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STAT3 phosphorylation. In addition, we also observed a decrease of STAT1
phosphorylation in contrast to 2D conditions, which suggests that there is difference
in the way cells respond to 2D vs. 3D mechanical stimuli in. These experiments need
to be further confirmed, in particular with the depletion of Cav1 and/or Cav2. Finally,
it is worth noting that Cav1” mice do not show any change in STAT1 Tyr 701
phosphorylation, whereas Cav2” mice show an increase of STAT1 Tyr 701 levels
similar to the increase we found for STAT3 phosphorylation upon Cav1 depletion
(Almeida et al., 2011). We should also consider that Cavl and Cav2 are co-
transcriptionally regulated, even though no effect on STAT1 Tyr 701 phosphorylation
was found when Cav1 was depleted in our lab. Expression changes in the ratio
between Cav1/Cav2, could alter the expression of Cav2 when we switch to 3D
geometries. We could hypothesize that differences in STAT1 Tyr 701
phosphorylation after mechanical stress conditions in 2D and in 3D could be due to
lesser expression of Cav2. Finally, an interesting feature that will be worth
investigating is that in contrast to Cav1, Cav2 does not present a caveolin scaffolding
domain (CSD), a domain proposed to mediate Cav1 binding with signaling effector, a
difference that may explain distinct effects between Cav1 and Cav2 on interacting
partners (Couet et al., 1997).

Besides the effects we report here on JAK-STAT signaling, we aim to identify
whether caveolae dependent mechanosignaling may be implied in the regulation of
additional signaling pathways. As mentioned above, we will test this possibility by
using RPPA analysis in which we will monitor activation level of different signaling
pathways after short-term or long-term responses in cells depleted or not for EHD2. It
should allow us to uncover differentially activated pathways in the context of
mechanical compression and illustrate how the loss of EHD2 can be linked to cell

mechanosignaling.

Caveolae vs caveolin-1 impact on tumor and mechanosignaling

Previously, my host laboratory has established the role of caveolae in response to
mechanical stress demonstrating that caveolae flattening was essential for buffering
membrane tension increase (Sinha et al., 2011b). More recently, my laboratory
showed the role of caveolae in mechanotransduction and mechanosignaling (Dewulf
et al., 2019; Tardif, 2018; Torrino et al., 2018). By the present work, we aimed at
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translating these discoveries in two different 3D cellular system that could be
submitted to mechanical compression. This work has opened several questions that
will be unanswered in future experiments. We need to distinguish the role of
caveolae as an assembled plasma membrane invagination from the role of Cav1
protein itself on the signaling response to mechanical stress. Cav1 is the main
component of caveolae and unpublished results from my laboratory show that under
mechanical constraint conditions, caveolae flattening leads to the release of Cav1
oligomers that can diffuse at the PM to interact with proteins such as the JAK1
tyrosine kinase (Tardif, 2018). In my laboratory, we have shown that EHD2 depletion
by RNA silencing impairs the recovery of caveolae at the PM after stretch, but not the
initial membrane tension buffering capacity (Torrino et al., 2018). In this context, it
would be important to address how the loss of EHD2, that we observed in
compressed spheroids, could affect the amount of Cav1 oligomers diffusing at the
PM. Is the downregulation of EHD2 affecting the behavior of cancer cells and more
particularly their signaling pathways? In the present study, we have detected many
changes in gene expression related to different pathways concomitantly to EHD2
protein expression decrease under long-term compression. Repeating these
experiments under EHD2 depletion is however required to correlate these changes
with the loss of EHD2. Moreover, in a previous work from my laboratory, differences
in expression levels of caveolar components was also evidenced in various breast
cancer cell lines. For example, in triple negative breast cancer cell lines, the most
aggressive breast cancer subtype, there is often a reduction of EHD2 protein and
MRNA levels but not on Cav1. On the other hand, HER2+ and ER+ breast cancer
cell lines shows lower levels of Cavl when EHD2 is expressed. Can the
compression-induced reduction of EHD2 protein levels, knowing EHD2 contribution
to caveolae stability in the plasma membrane, change the diffusion of Cav1
oligomers? Or the quantity of internalized caveolae regulated by the constant

compressive stress?

Caveolae impact on exosome release

Finally, an additional interesting result of the present work is the role of caveolae in
exosome release. Several studies have previously shown a link between mechanical

stress and the induction of exosome release both in cell culture systems, such as
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stretching (Wang et al., 2019) or in vivo, during cardiac pressure overload in mice
(Pironti et al., 2015), and axon damage in rats (Mikol et al., 2002). During my thesis,
we confirmed this link, first in 2D culture with hypo-osmotic shock and then in 3D
culture with spheroids submitted to compressive stimuli. Our transcriptomics data
show changes in the regulation of genes for exosome components using the two
different compressive systems. Moreover, we have shown that the increase of
exosome release found under both 3D compressive stresses and hypo-osmotic
shock, was dependent on the presence of Cav1.

In the present work, we found a significant reduction in exosome uptake during
hyperosmotic-induced compression in Schwann cells. These results are nonetheless
not conclusive and will require additional experiments including other types of
mechanical stress such as stretching. Moreover, recent unpublished data from our
collaborators shows an increase on exosome uptake in mouse lung endothelial cells
devoid of caveolin and therefore of caveolae (MLEC®®'™). It will be therefore
interesting to elucidate if the effect on exosome uptake is due to an increase in the
amount of Cav1 oligomers at the plasma membrane or to a decrease in membrane
tension buffering due to the loss of caveolae.

The next question is to discover the precise mechanism that links exosome release
to Cav1 and caveolae, and how compressive stress could affect exosome uptake.
The relation between Cav1 and exosomes has already been reported. For instance,
Cav1 enriched exosomes can promote malignancy (Campos et al., 2018) and Cav1
was enriched in multivesicular bodies (MSV) upon albumin-induced caveolae
endocytosis (Botos et al., 2008). Later, other studies provided evidence for ubiquitin-
mediated endosomal sorting and degradation of Cav1 in MVBs (Hayer et al., 2010b).
Moreover, the membrane of exosomes is enriched in cholesterol and sphingolipids,
the lipid species that are typically found in caveolae (Staubach et al., 2009; Wubbolts
et al., 2003). Indeed, the depletion of Cav1 or cholesterol both reduce the amount of
lipid nanodomain-associated proteins in exosomes showing a link between exosome
composition and caveolae integrity (Chen et al., 2011). How mechanical constrains
by affecting caveolae integrity could trigger exosome formation and/or release still
remains poorly understood. One hypothesis is that Cav1 oligomers that are released
upon caveolae flattening will be endocytosed to reach multivesicular bodies, where it
would promote exosome formation by the clustering of specific lipids. We can
propose also that the caveolae response to mechanical stress could have molecular
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consequences at the cytoskeleton level and/or on the lipid composition of the PM.
These events could favor signaling effectors that would enhance exosome release,
such as Rab family proteins. Indeed, our transcriptomic analysis revealed that
RAB27, reported to play an important role in exosome biogenesis and release
(Hessvik and Llorente, 2018), is differentially expressed in the two compressive
models as compared to the control condition.

Differences between hyperosmotic-induced compression and encapsulation

Both hyperosmotic-induced compression and encapsulation of cells, when applied to
the CT26 colon cancer cell line were shown to have similar macroscopic phenotypes
with the formation of a necrotic core, the same range of pressure exerted, and a
reduction of Ki-67 pathway activation, associated with cell proliferation, in the
regions close to the core of the spheroid (K. Alessandri et al., 2013; Montel et al.,
2012). Interestingly, even though we observe almost identical phenotypes in the two
compressive methodologies, the results of the transcriptomic expression analysis
revealed major differences in the pattern of RNA expression between the two
systems. Based on the GO terms selected, we found that nuclear related
components, mitochondrion, response to DNA damage, and catabolic processes
were upregulated in hyperosmotic-induced compression as compared to capsules.
This indicates that the synthesis machinery is more active in the spheroids treated
with hyperosmotic-induced compression, this could be due to growth conditions that
differ between the two systems (calcium bath for synthesis, dextran hyperosmotic
environment, and probably more shear stress present in capsules). In addition, one
should consider two factors that could impact on the capsule response. First, the
growth from an initially smaller cell population and therefore a higher number of
division cycles to reach the compressive threshold. Second, a possible founder effect
in the population of cells since, having a few cells with heterogeneous mutations will
may promote a clonal selection of the cells that are more prone to grow in adherent
independent growth. Moreover, differences between capsules and hyperosmotic-
induced compression expression profiles could be explained by how spheroids
accumulated growth-stress, which would depend more on spheroid age than size
(Guillaume et al., 2019).
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Nonetheless both systems have their own perks and give precious information on the
effects of compression on cellular spheroid from the short time resolution in
hyperosmotic-induced compression to the more physiological but passive induction

of compression in confined capsules.

To conclude, in my doctoral work, | have used two different assays that allow to apply
compressive stresses in a 3D environment and have compared the impact on some
known caveolae functions that were previously analyzed in 2D. It includes the short-
term disappearance of caveolae from the plasma membrane and the differential
response on the JAK/STAT signaling pathway, to the long-term adaptation, which
mimics the pattern on EHD2 expression during cancer progression. These data show
that the translation from 2D to 3D is complex and needs to take into consideration all
the changes in the mechanical and biochemical contexts. By combining
transcriptomics with cell biology data, | also found possible links between the
mechanical response of caveolae and the release and uptake of exosomes. Further
challenges should identify the cellular reaction to mechanical stress in the complex
context of a 3D system so as to elucidate the exact role of caveolae in every step
when facing these stresses. For instance, the loss of EHD2 after long-term
compression could affect the surface tension of the spheroid, and thus making it
more or less deformable, promoting thereby the invasion of fragments of the tumor.
It would be interesting to monitor the reaction of caveolae when compression leads to
EHD2 loss. Overall, this work represents the first attempt to investigate the
mechanical function of caveolae with the use of tools that allow to apply mechanical
cues in an environment closer to the pathophysiological context, and to analyze the
difference with our previous findings obtained in 2D models. Our data open new
questions and challenges to further investigate the close relation of caveolae with
cancer progression, and understand how the caveolae mechano-signaling response

can promote or reduce cancer progression.

In this work, | used two new systems to attempt to reproduce the 3D mechanical
environment that cancer cells may experience in vivo. The development of 3D
systems for cell biology has been thriving for the last decade and should allow to
better understand how mechanics affect cell behavior. We can find in the currently
flourishing field of organoids, several powerful tools that are able to mimic precisely
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the structural and functional features of tissues with precise details (Lancaster et al.,
2014). These new tools allow to investigate micro-scale versions of tissues for their
response to mechanical inputs, and to understand the role of changing biophysical
parameters in the integrity of the tissue (Bayir et al., 2019). In parallel, organ on a
chip approaches have also been developed, relying on precise tuning of physical
parameters to mimic the mechanical environment of organ tissues. Examples include
the reconstitution of lungs in a dish with air-liquid interphase, constant shear stress
and ability to contract (Huh et al., 2010), to the architecture-based reconstitution of
gut tissues with peristaltic induced motion, having the ability to permeate nutrients
(Kim and Ingber, 2013). These chips increase the physiological and pathological
relevance of the reconstructed environments, allowing to mimic almost the exact
differentiation and architecture of tissues with highly tunable physical environments
(Brassard and Lutolf, 2019). Altogether, the application of the current technologies in
parallel with the compressive systems described in this thesis will allow us to further
understand the response of cells to physical cues and in particular the role of
caveolae.
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Figure 20
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Figure 20. Molecular model of caveolae-mediated cellular adaptation to compressive
stresses.

At steady state, when cells are not compressed (left panel), caveolae are invaginated. Cav1
oligomers are assembled with Cavin-1 into a coat covering the budded caveolae which is
stabilized at the plasma membrane through the EHD2 ATPase located at the neck of the
caveolae invagination. Upon 3D compression (right panel), we can propose 3 possible
outcomes. First, as represented on the upper panel, upon short term compression (~5 min)
caveolae flatten and release both Cav1 oligomers at the plasma membrane and other
cytosolic caveolae components like EHD2 and Cavin-1. EHD2 is then able to freely diffuse in
the cytoplasm to translocate to the nucleus and further regulates transcription. Second,
in the middle panel, caveolae, upon flattening, would trigger Cav1 oligomers endocytosis and
increase Cav1 presence in multivesicular bodies (MVB), promoting the release of Cav1
enriched exosomes. Finally, the lower panel represents the long term adaptation of caveolae
with the loss of EHD2 that is likely to change caveolae dynamics at the plasma
membrane.
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Materials and methods

Encapsulation protocol

Solution preparation.

The outermost phase (alginate) was prepared by dissolving 2.5% w/v sodium
alginate (Protanal LF200S; FMC) in water and adding 0.5 mM SDS surfactant (VWR
International). The solution was filtered at 1 um using glass filter (Pall Life Science)
and stored at 4 °C. The intermediate phase was prepared with sorbitol (Merck) at
300mM in water.

Cells preparation.

For the encapsulation of cells in alginate hollow spheres, we used cells around 70%
of confluency. The innermost phase (cell solution) was obtained by harvesting cells
with TrypLE (Stable Trypsin replacement enzyme, Gibco) from the culture flask. After
being washed with the complete culture media, cells were spun down (300 g, 3 min,
20°C), and resuspended in 300 mM sorbitol solution at the concentration of 3.10°
cells per mi.

Capsules preparation.

The three fluid phases (cell suspension, intermediate solution, and alginate) were
loaded into syringes (10MDR-LL-GT SGE; Analytical Science) with needles fitted to
Teflon tubes (0.5-mm inner diameter; Bohlender). The intermediate solution serves
as a diffusion barrier to prevent the mixing and calcium released from the cell
solution that could crosslink the alginate. The opposite ends of the tubing were
inserted into the appropriate inlets of the co-extrusion device, which is clamped
vertically to a post inside a laminar flow hood. The syringes were mounted on syringe
pumps (Low Pressure Syringe Pump neMESYS) controlling fluid injection at the
desired flow rates. In the current work, we mostly used one set of flow rates Cell
solution = 20 mL-h™", Sorbitol solution = 20 mL-h™", and Alginate = 30 mL-h™" to make
capsules, typically with an average shell width of 30 ym for a radius between 100-
200 um. Upon jetting a stream with the 3 co-extrusion channels, the compound
microdroplets were dropped unto a bath, containing 100 mM calcium chloride (VWR
International) and traces of the surfactant Tween 20 (Sigma), placed at
approximately at 0.5 m below the outlet of the device. Quick operation for few
seconds was sufficient to produce several thousands of capsules, which were
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immediately filtered and transferred to the appropriate culture media. After use, the
microfluidic device was cleaned with disinfectant (Biocidal ZF; Biovalley) and
deionized water. Before next use, the chip was rinsed with sorbitol solution.
Encapsulated cells culture.

Encapsulated multicellular spheroids were grown in incubator (37°C, 5% CO;) with
the same media as normally used for the corresponding cell line.

Electron microscopy.

Epon embedding was used to preserve the integrity of cell structures for electron
microscopy (EM). Spheroids were fixed sequentially for 1 h at room temperature with
1.25% glutaraldehyde in 0.1 M Cacodylate and then overnight at 4 °C. Cells were
washed extensively with 0.1 M Cacodylate, pH 7.2. Post-fixation was performed for 1
h at room temperature with 1% OsO4 in 0.1 M Cacodylate, pH 7.2. Spheroids were
dehydrated through a graded-concentration series of ethanol (50, 70, 90, then 100%,
each for 10 min at RT). Embedding was finally performed in LX112 resin. Cells were
infiltrated with an increasing ratio of LX112:ethanol solution (1:2, 1:1 and 2:1) and
finally with pure LX112. Samples in resin were polymerized overnight at 60°C.
Semithin 500 nm sections were sliced using a Leica UCT ultramicrotome and
mounted onto microscopic glass slides and dried on a hot plate. Semithin sections
were stained for 30 sec on a hot plate with a mix of Azure B and basic fuchsin in
sodium tetraborate (Morikawa et al., 2018). Sections were then mounted in DPX
Mountant for microscopy and covered with coverslips. Micrographs were acquired on
an Upright Widefield Leica DM6000b Microscope equipped with a color CoolSNAP
HQ2 camera.

Ultrathin 65 nm sections were sliced using a Leica UCT ultramicrotome and mounted
on nickel formvar/carbon-coated grids for observations. Contrast was obtained by
incubation of the sections for 10 min in 4% uranyl acetate followed by 1 min in lead
citrate. Electron micrographs were acquired on a Tecnai Spirit electron microscope
(FEI, Eindhoven, The Netherlands) equipped with a 4k CCD camera (EMSIS GmbH,
Munster, Germany). Caveolae, rosettes and clathrin-coated pits were identified
based on their ultrastructural features. The length of plasma membranes observed
were measured using ImagedJ software and the number of the structures observed

was reported to ym of membrane.
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RNA Microarray.

RNA was obtained by lysing an average of 100 spheroids per condition and
suspended in 700 pl of giazol lysis reagent (Qiagen). A starting quantity of 100 ng of
RNA per sample underwent reverse transcription. SscDNA was purified using
magnetic beads and fragmented using UDG. Fragmented samples were hybridized
to Affymetrix Clariom S human arrays. Analysis of the data obtained was performed

by GenoSplice

Short hairpin RNA mediated silencing.

Small hairpin RNA targeting sequence (AAG ATG TGA TTG CAG AAC CAG)
corresponding to nucleotides 206 to 226 of canine Cav1 coding sequence. Annealed
oligonucleotides (Cav1-KD-sense: 5-GAT CCC CGA TGT GAT TGC AGA ACC
AGT TCA AGA GAC TGG TTC TGC AAT CAC ATC TTT TTG GAA A-3’ ; Cav1-KD
antisense: 5-AGC TTT TCC AAA AAG ATG TGA TTG CAG AAC CAG TCT CTT
GAA CTG GTT CTG CAA TCA CAT CGG G-3' ; Sigma Genosys) Obtained from
Simons laboratory (Manninen et al., 2005). Viral vectors were harvested on HEK293
and SC were infected two times with a 48 h gap.

Antibodies and reagents.

The following commercially available antibodies were used for Western blotting:
mouse monoclonal antibodies against clathrin heavy chain (CHC; BD Biosciences;
610500), EHD2 (Santa Cruz Biotechnology; sc-100724), Cav1 (BD Biosciences;
610059), Cav2 (BD Biosciences; 610085) and Cavin1 (Sigma; AV36965); HRP-
conjugated antibodies (Beckman Coulter and Invitrogen) were used as secondary

antibodies.

Cell lines.

Hs578T cells were grown at 37 °C under 5% CO, in Dulbecco’s Modified Eagle
Medium (DMEM) GlutaMAX (Gibco, Life Technologies) supplemented with 10% FCS
(Gibco, Life Technologies), 5 mM pyruvate (Gibco, Life Technologies), and 1%
penicillin-streptomycin (Gibco, Life Technologies).

Hypo-osmotic shock.
Hypo-osmotic shock was performed by diluting growth medium with deionized water
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(1:9 dilution for 30-mOsm hypo-osmotic shock).

Lysate preparation and immunoblot.

Cells were lysed with sample buffer containing 2% SDS, 10% glycerol, 4 mM DTT,
and Tris, pH 6.8. Lysates were analyzed by SDS-PAGE electrophoresis and
immunoblotted with the indicated primary antibodies and HRP-conjugated secondary
antibodies. Chemiluminescence signal was revealed using SuperSignal West Dura
(Thermo Fisher Scientific Life Technologies). Acquisition and quantification were
performed on a ChemiDoc MP Imaging System (Bio-Rad).

Spheroid formation.

Hs578t cell line spheroids were prepared following the classical agarose cushion
protocol. First, 50 ul of agarose 1,5% w/v in PBS (ultrapure agarose, Invitrogen) and
50 pl per well were dispensed in 96-well plate and incubate for 10-15 min for
polymerization at room temperature. Then, cells were seeded on agarose cushion at

10° cells per well. Spheroid formation takes usually between 24 and 48 h.

Application of compressive stress on spheroids (Hyperosmotic induced
compression).

To induce compression of agarose multicellular spheroids, we used hyperosmotic
stress as described by Cappello’s team (Dolega et al., 2017). Shortly, we prepared
hyperosmotic media by adding of high molecular weight dextran to reach final
concentration of 160 g/ml (2X solution). Here, we used a 2 MDa dextran (Sigma
Aldrich, 95771) to avoid the penetration of the polymer in the cellular spheroid.
Dextran containing media was added on spheroid at 80 g/ml final concentration. For
long-term compression experiments, dextran containing culture medium is renewed

after 3 days..

Schwann Cell Primary Culture.

Schwann Cell (SC) primary cultures were obtained from newborn Sprague Dawley
(SD) rat sciatic nerves as previously described (Wilby et al., 1999; De Gregorio et al.,
2018). Briefly, the perineurium was removed and the nerve was dissociated in 0.05%
trypsin/1% collagenase type | solution. Cells were plated on laminin (40 ng/mL;
Millipore) treated flasks in DMEM (Invitrogen) supplemented with 10% fetal bovine
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serum (FBS, Invitrogen) and 10% penicillin-streptomycin (Invitrogen). The following
day, cells were treated with 10 mM cytosine arabinoside (Sigma). After 1 week in
culture, contaminant fibroblasts were eliminated by complement-mediated cell lysis
using anti-CD90 antibody (Invitrogen) and rabbit complement (Sigma). SC were
maintained in DMEM-10%, FBS-1%, penicillin—streptomycin supplemented with 2 yM
forskolin (Millipore) and 20 mg/mL bovine pituitary extract (Invitrogen).

Exosome Purification and Analysis.

After treatments with different mechanical stimulations (Hypo osmotic shock or
hyperosmotic induced compression) culture supernatant was collected and was
subjected to serial centrifugations (2000 g for 10 min, 11,000 g for 30 min at 4°C),
followed by ultracentrifugation at 100,000 g for 60 min at 4°C (T865 rotor, OTD
Combi Sorvall ultracentrifuge, Dupont). The pellet containing exosomes was washed
in cold 0.1 M phosphate buffer saline, pH 7.4 (PBS) and ultracentrifuged again at
100,000 g for 60 min at 4°C. Each exosome preparation was stored at -20°C for later
use. For the analysis of exosomes, the pellets were resuspended in 1 mL PBS and
the concentration and particle size distribution were analyzed under a Nanosight
NS3000 (Malvern).
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Etude de la mécanotransduction des cavéoles sous contraintes de compression 3D: Analyse
comparative de deux modeles imitant les caractéristiques structurales et mécaniques des
tumeurs.

Mots clés : Mechanosignalisation ; Mechanotransducsion ; Caveolae ; Culture ceullaire 3D

Résumé: La mécanique et le stress compressif
jouent un réle important dans la progression
tumorale. Récemment, plusieurs approches ont
été développées pour tester le stress en
compression dans des modéles 3D in vitro
(Alessandri, 2013; Montel et al., 2012). Dans le
présent travail, nous montrons d’abord Ila
pertinence de la  compression dans
l'organisation des fibroblastes associés au
cancer (CAF), en enveloppant les cellules
cancéreuses lors d’une compression isotrope
3D dans des capsules d’alginate creux. Dans ce

systeme, les CAF couvrent les cellules
cancéreuses en présence de compression
selon un processus impliquant

vraisemblablement une réorganisation du dépét
de fibronectine et non un réarrangement passif
des deux sphéroides.

Dans la deuxiéme partie de ce travail, nous
avons étudié la réaction des composants de la
cavéole au stress en compression.

Les cavéoles sont des invaginations de la
membrane plasmique capables d'amortir la
tension de la membrane, protégeant ainsi la
cellule de son éclatement (Sinha et al., 2011).
Nous montrons ici comment les cavéoles
réduisent leur présence lors de la compression
3D a court terme et comment cette compression
inhibe l'activation de STAT1 et STAT3 induite
par l'interféron. De plus, les effets a long terme
des contraintes de compression sur les
sphéroides entrainent également la perte du
composant cavéole EHD2, une ATPase
centrale pour la stabilité des cavéoles sur la
membrane. Enfin, nous avons trouvé différentes
voies avec une transcription modifiée du géne
aprés un stress compressif. Parmi eux, nous
avons caractérisé l'effet de la perte de
cavéoline-1 sur la libération d'exosomes sous
compression 3D.

Study of caveolae mechanotransduction under 3D compressive stresses: Comparative analysis
of two models mimicking structural and mechanical tumor characteristics.

Keywords : Mechanosignaling ; Mechanotransduction ; Caveolae ; 3D culture

Abstract: Mechanics and compressive stress
play an important role in tumor progression.
Recently, several approaches have been
developed to test compressive stress in 3D in
vitro models (Alessandri, 2013; Montel et al.,
2012). In the present work, we first show the
relevance of compression in the organization of
cancer  associated fibroblasts (CAFs),
enwrapping cancer cells upon 3D isotropic
compression in capsules of hollow alginate. In
this system, CAFs cover cancer cells in the
presence of compression by a process which
most likely involves fibronectin deposition
reorganization, and not a  passive
rearrangement of the two spheroids.

In the second part of this work, we investigated
the response of caveolae

their
compression,

activation.
compressive stress in spheroids result also in

with
compressive
characterized the effect of caveolin-1 loss on
the
compression.

components to compressive stress. Caveolae
are plasma membrane invaginations which are
able to buffer membrane tension, thus
protecting the cell from bursting (Sinha et al.,
2011). Here, we show how caveolae reduce
presence under 3D short term
and how this compression
inhibits interferon induced STAT1 and STAT3
Moreover, long term effects of

loss of the caveolae component EHD2, a

central ATPase for caveolae stability on the

membrane. Lastly, we found different pathways
altered gene transcription  after
stress. Among them, we
under 3D

release of exosomes
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