A

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

]
universite

PARIS-SACLAY

INTEGRIN-MEDIATED
REGULATION OF
APICOBASAL POLARITY,
CELL STATES AND CANCER
PROGRESSION

Nicolas Pasquier

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER.F OSA -TOM. 44 | TECHNICA - INFORMATICA | TURKU 2024






[ ]
TURUN universite
YLIOPISTO PARIS-SACLAY
UNIVERSITY
OF TURKU
INTEGRIN-MEDIATED

REGULATION OF
APICOBASAL POLARITY,
CELL STATES AND CANCER
PROGRESSION

Nicolas Pasquier

TURUN YLIOPISTON JULKAISUJA — ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. F OSA — TOM. 44 | TECHNICA - INFORMATICA | TURKU 2024




University of Turku

Faculty of Technology

Department of Life Technologies
Biochemistry

Doctoral programme in Technology

Université Paris-Saclay

Faculté de Médecine

Sciences de la Vie et Santé

Aspects moléculaires et cellulaires de la biologie

Ecole doctorale 582, Cancérologie : biologie — médecine — santé

Supervised by

Professor Johanna lvaska, PhD Fanny Jaulin, PhD
Turku Bioscience Center INSERM U1279
University of Turku and Abo Akademi Institut Gustave Roussy
Turku, Finland Villejuif, France

Reviewed by

Jean-Léon Maitre, PhD Julie Pannequin, PhD

Institut Curie Institut de Génomique Fonctionnelle
Paris, France Montpellier, France

Opponent

Professor Patrick Caswell, PhD
Wellcome Trust Centre for Cell-Matrix
Research, University of Manchester, UK



Other jury members

Professor David Bryant, PhD Emilia Peuhu, PhD
CRUK Beatson Institute University of Turku
Glasgow, UK Turku, Finland

Guillaume Montagnac, PhD
Institut Gustave Roussy
Villejuif, France

The originality of this publication has been checked in accordance with the University
of Turku quality assurance system using the Turnitin OriginalityCheck service.

ISBN 978-951-29-9869-2 (PRINT)
ISBN 978-951-29-9870-8 (PDF)
ISSN 2736-9390 (Print)

ISSN 2736-9684 (Online)



UNIVERSITY OF TURKU UNIVERSITE PARIS-SACLAY

Faculty of Technology Faculty of Medicine
Department of Life Technologies Life and Health Science
Biochemistry Molecular and Cellular Biology

NICOLAS PASQUIER: Integrin-mediated regulation of apicobasal polarity,
cell states and cancer progression
Doctoral Dissertation, 270 pp.

Doctoral Programme in Doctoral School 582 Cancer:
Technology Biology — medicine — health
September 2024

ABSTRACT

Integrins regulate cell adhesion, migration and architecture which play a role both in
development of healthy tissues and disease. While integrins have been widely
studied amongst models, the way their availability acts on polarity, spreading and
cell capacitation is not fully understood.

Here we investigate the role of integrins, and mainly integrin-f1, on polarity
establishment as well as cell spreading in cancer models. We also decipher their
action on cell states by studying their role in human induced pluripotent stem cells
(hiPSCs) capacitation.

This thesis reveals a newly described SorLA, HER2 and HER3-dependent Integrin-
B1 recycling loop, allowing colon cancer cells to sense the matrix and orient their
polarity accordingly. We also go deeper in cancer cell spreading on matrix, by
identifying two matrix compositions (collagen + laminin and laminin + tenascin C)
allowing osteosarcoma cancer cells and fibroblasts to spread in a stiffness-
independent fashion through an increased amount of integrin-f1-positive molecular
clutches. We also investigate the role of Integrin-f1 on the capacitation process of
stem cells and show that inhibition of integrin-f1 maintains a naive-like phenotype
in hiPSCs.

Taken together, these data highlight the importance of integrins, and mainly integrin-
B1, in many cell processes amongst models, thus explaining its key role in cell
adhesion, cancer cell architecture and cell state establishment.

KEYWORDS: Integrin-B1, Apicobasal polarity, Spreading, Colorectal Cancer,
hiPSC, Capacitation, Matrix, Stiffness
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TIVISTELMA

Integriinit sddtelevit solujen tarttumista, migraatiota ja arkkitehtuuria. Niilld on rooli
sekd terveiden kudosten ettd sairauksien kehittymisessd. Vaikka integriineji on tutkittu
laajasti eri malleissa, niiden saatavuuden vaikutusta polariteettiin, levidmiseen ja
solukapasitaatioon, ei tdysin ymmaérretd.

Téassd tyoOssd tutkimme integriinien, pédasiassa integriini-B1:n, roolia polariteetin
muodostumisessa sekd solujen levidmisessi syOpamalleissa. Selvitimme myds niiden
vaikutusta solutiloihin tutkimalla niiden roolia ihmisen soluista indusoimien
pluripotenttien kantasolujen (hiPSC) kapasitaatiossa.

Tama opinndytetyd paljastaa dskettdin kuvatun SorLA-, HER2- ja HER3-riippuvaisen
Integrin-B1-kierratyssilmukan, jonka avulla paksusuolen syOpédsolut voivat aistia
matriisin ja suunnata polariteettinsa sen mukaisesti. Syvennymme myos syopasolujen
levidimiseen matriisissa, tunnistamalla kaksi matriisikoostumusta (kollageeni + laminiini
ja laminiini + tenaskiini C), jotka mahdollistavat osteosarkooma syOpdsolujen ja
fibroblastien levidmisen jaykkyydestd riippumattomalla tavalla, lisddntyneen integriini-
B1-positiivisten molekyylikytkimien mairin ansiosta. Tutkimme myds Integriini-f1:n
roolia kantasolujen kapasitaatioprosessissa ja osoitamme, ettd integriini-f1:n estiminen
sdilyttidd naiivin kaltaisen fenotyypin hiPSC:issa.

Yhdessd ndmd tulokset korostavat integriinien, pédasiassa integriini-f1:n,
merkittivyyden monissa soluprosesseissa, miké selittdd niiden keskeisen roolin solujen
tarttumisessa, syopésolujen arkkitehtuurissa ja solutilojenmuodostumisessa.

AVAINSANAT: Integriini-B1, apiko-basaalinen polariteetti, levidminen, paksusuolen
syopd, hiPSC, kapasitaatio, matriisi, jaykkyys
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BRAF
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3 Introduction

Integrins are membrane proteins that link the cell to its direct environment. They
act as an adhesion and signaling platform, linking the cytoskeleton (actin and
intermediate filaments) to matrix components. They are implicated in many cell
processes, such as adhesion, migration and polarity, and they determine the cell state
and architecture. Integrins are a wide family of adhesion molecules, and the most
common subunit, shared by many distinct ECM-binding heterodimers is integrin-$1
which this thesis focuses on.

When carcinogenesis occurs, cancer cells go through a series of changes that
leads to their reprogramming and modifications in their phenotype, such as changes
in their architecture and invasiveness. Cancer clusters can indeed move within
different types of extracellular matrix (ECM), adopting a different apicobasal
polarity (I) or invade and spread differently to healthy tissues. In both these
processes, integrins are involved, but the mechanistic cascade by which they control
polarity and spreading in different cancer models is not fully understood.

Integrin-B1-dependent cell polarity establishment and maintenance during
cancer progression remains incompletely understood. Indeed, some carcinomas are
composed of cells that maintain a predominantly epithelial signature with a
conserved apicobasal polarity. However, this polarity can be misoriented, and the
mechanisms underlying the reprogramming of polarity orientation in cancer have not
been elucidated yet. Because the polarity status of cancer cells can directly be linked
to prognosis and outcome, we investigated the intricacies of polarity orientation in
cancer, using a colorectal cancer patient-derived model. We studied the focal-
adhesion dependent pathway by which cancer cells orient their polarity and
discovered a new integrin-recycling loop, involving SorLA, HER2 and HER3 (II).

Integrins are involved in the architecture of cancer cells and tumors, but also in
the way cells migrate throughout the body and invade. This is the main motor of
metastasis formation which accounts for most cancer deaths. Because cancer cells
efficiently remodel the matrix they migrate on, they have a direct impact on its
physical and chemical properties. However, while these parameters have been
studied separately, few models comprehensively addressing the joint effects of the
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matrix stiffness and composition have been developed across literature. Here we
describe a matrix array platform and employ it to test different combinations of
stiffnesses and composition, allowing the discovery of matrix compositions
supporting integrin-dependent cancer cell spreading independently of ECM
stiffness. We found that the collagen/laminin and laminin/tenascin C combinations
allow an engagement of a broader repertoire of integrin-f1 heterodimers facilitating
efficient cell-ECM engagement and even on low rigidity (I1I).

Finally, integrins are not only involved in pathological processes as we have
investigated above, but also efficiently participate in the organization and proper
architecture and development of tissues. From the very first step of development,
integrins play a role in cell-ECM interactions. In this thesis we studied the role of
integrins in the maintenance of different stem cell states: the naive pre-implantation
and the primed post-implantation state. This process is key in the development, as it
allows the adhesion of the blastocyst to the endometrium. Working with human
induced pluripotent stem cells (hiPSCs), we found that the engagement of Integrin-
B1 is necessary for stem cells to exit their naive state and become primed for
differentiation into different lineages (capacitation) and for the reorganization of
hiPSC colony morphology and adhesions upon this transition (IV).

Altogether this thesis provides a wide overview of the actions of integrins across
different biological process, from development to carcinogenesis and cancer
development.
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4.1 Integrins: adhesion and trafficking
4.1.1 Integrin structure and ligands

Integrins are a family of heterodimeric receptors that interact with extracellular
ligands sensing both their chemical and physical nature. In return, they induce a
whole range of biochemical responses through different signaling pathways
(Kechagia et al., 2019). Integrins both adhere to the extracellular matrix (ECM) and
to other cells and integrate these signals through their connection to the actin
cytoskeleton via a set of so-called Integrin adhesion complexes (IACs). Not only are
integrins implicated in cell adhesion, but they also regulate crucial parameters such
as cell shape, migration and motility (Conway and Jacquemet, 2019). While their
role at the plasma membrane is well documented, integrins also play a role in the
activation of signaling pathways when endocytosed (Moreno-Layseca et al., 2019).

4.1.1.1 Integrin structure

While integrins are present in all multicellular animals, they display an important
diversity amongst species. In mammals, integrins are composed of 18 a and 8 3
subunits. These monomers combine to form 24 functional heterodimeric integrin
receptors (Humphries, 2000; Hynes, 2002). Since the discovery of the integrin
receptor family (Hynes, 1987), the knowledge span has increased, further
characterizing the bidirectionality of integrin signaling, both outside-in and inside-
out (detailed in 4.1.2.1). This signaling is mediated by conformational changes both
in the extracellular and cytoplasmic regions of the integrin subunit (Hynes, 2002).
Both subunits are composed of a cytoplasmic tail, a single a helix inserted within
the plasma membrane, and an extracellular or ectoplasmic domain. The latter is
composed of a “head” where the binding sites of the ligands are found, as well as a
“leg”, which conformation changes upon binding of the ligands (Campbell and
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Humphries, 2011). The ~1000 amino acid-long o subunit extracellular domain is
composed of Calf-1, Calf-2, Thigh and B-propeller domains. Additionally, about half
of o subunits contain an inserted ol domain, which contains a metal ion-dependent
adhesion site (MIDAS) with the following gradual affinity for cations: Mn*" > Mg
> Ca”" and is responsible for ligand binding in these integrins. The ~750 amino acid-

long B subunit extracellular domain is composed of B tail (BTD), 4 integrin-EGF (I-
EGF), plexin-semaphorin-integrin (PSI), Hybrid and BI domains. MIDAS sites can

also be found on the 3 subunit (Zhang and Chen, 2012) (see Figure 1).
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Figure 1- Integrin structure (from Campbell and Humphries, 2011).
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41.1.2 Integrin ligands

Integrins have multiple ligands that can bind to their ectoplasmic domain
(Chastney et al., 2021) and they can be divided into 5 categories depending on the
ligands they bind to (Humphries et al., 2006) (see Figure 2):

- RGD-binding integrins are composed of all five heterodimers of the oV subunit,
two heterodimers of the B1 subunit (a5 and a8) as well as the allbB3 heterodimer.
Multiple ligands contain an RGD residue (argynyl-glycyl-aspartic acid) including
fibrinogen, fibronectin, tenascin, thrombospondin, vitronectin and von Willebrand
factor (VWF) (Plow et al., 2000). The RGD-motif interacts at the interface of the a
and P subunits, the arginine binding to the B-propeller domain on the a subunit, and
the aspartic acid binding to a von Willebrand A domain (vWA) on the B subunit
(Whittaker and Hynes, 2002).

- LDV-binding integrins are composed of a4p1, ad4p7, a9p1, aER7 and the four
heterodimers of the B2 subunit. The LDV sequence is functionally close to RGD,
can be described by the consensus sequence L/I-D/E-V/S/T-P/S and can be found on
several ligands such as fibronectin, osteopontin, tenascin and fibrinogen. Other
LDV-containing ligands, such as VCAM-1 (Vascular Cell Adhesion Molecule 1),
allow intercellular integrin-dependent interactions. Although structural information
is lacking, it is also believed that the LDV residue interacts similarly to RGD, at the
interface of the a and P subunits.

- I-domain-containing 1 integrins are composed of integrin heterodimers which
o subunit harbours the al domain described earlier (Lee et al., 1995). These are
alpl, a2p1, al0B1 and al1PB1. These form a collagen-binding subgroup, with
some receptors reported to bind also laminin. In the case of collagen, a glutamate in
a triple-helical GFOGER motif binds to a MIDAS in the al domain of the a2 subunit
(Emsley et al., 2000). The most ubiquitously expressed collagen-binding integrin for
fibrillar type I collagen is the a2 1.

- Non-I-domain-containing integrins form a subfamily composed of a3p1, a6f31,

a7B1 and o634 that selectively bind to laminin, through a different site than that of
the I-domain containing 1 integrins.
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—> Other integrins include integrin-ligand interactions with no-ECM ligands. This
category also includes integrins mediating intercellular interactions, binding to cell
adhesion molecules such as ICAM-4 (Intercellular Cell Adhesion Molecule 4) or E-
cadherin (in the case of agf7) (U Kroneld, 1998).

Amongst all heterodimers, B1 is the most common subunit. It can dimerize with 12
different o subunits, each with specific ligand binding specificity and signaling
activity.

Figure 2- Integrin ligands (from Humphries et al., 2006) — see next page
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4.1.2 Integrin activation and recycling
4.1.21 Integrin activation

On the plasma membrane, integrins can be either in an inactive or an active state.
When inactive, integrins are in a bent shape, not engaging with their ligands
(Campbell and Humphries, 2011). This bent conformation is stabilized by integrin
inactivators that bind to the integrin cytoplasmic tails and therefore prevent the
binding of integrin-binding activating proteins, such as talin or kindlin. For instance,
filamin or docking protein 1 (DOK1) are both inactivators that bind to the 3 subunit
cytoplasmic tail and sharpin binds to both tails, stabilizing the inactive conformation
(Bachmann et al., 2019; Gao et al., 2019).

Upon activation however, integrins can bind to extracellular ligands. There are two
ways these integrins can be activated:

- The activation via inside-out signals. Other cell-surface receptors receive
extracellular signals, thus causing the binding of integrin activators such as talin and
kindlin to the cytoplasmic tail of B subunits (Watanabe et al., 2008). The binding site
of talin is precisely situated at the F3 phospho-tyrosine binding domain (PTB)
(Calderwood et al., 2002) and is recruited to focal adhesions (FA — further detailed
in 4.1.3) from the cytosol (Rossier et al., 2012) which allows separation of the o/3
“inter-legs” (disruption of hydrophobic and electrostatic interactions) and integrin
activation through the unfolding of the ligand binding site followed by the “legs”
moving apart from each other (Anthis et al., 2009). Kindlin is an important
coactivator of integrins and binds to a membrane distal NxxY motif on the 3 subunit
(Harburger et al., 2009). It is not known to activate integrins on its own (Karakose
et al., 2010) and talin-vinculin and talin-actin interactions also influence activation
(Banno et al., 2012). Kindlin does not have a binding site to actin and Focal Adhesion
Kinase (FAK) acts as an intermediate.

Whereas talin and kindlin have long been established as essential activators of
integrins, this idea has been recently challenged, some findings qualifying talin as
more of a stabilizer of an active state and suggesting that ligand binding to the bent
integrin conformer is a key trigger for rapid activation and extension (Li et al., 2024).

- The activation via outside-in signals. Ligand binding to integrins induces

conformation changes that further increases ligand affinity of integrins, leading to
increased integrin signaling (Arnaout et al., 2005). Ligand binding leads to clustering
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of integrins, consequently activating the autophosphorylation of the Src family of
kinases (SFK) (Arias-Salgado et al., 2003). SFK then phosphorylates many
components of the IACs triggering signaling. It has also been reported to
phosphorylate a tyrosine within the integrin cytoplasmic domain (Law et al., 1999),
which changes the strength of the affinity of the bond of integrins with its ligands,
but also with other signaling molecules such as kinases, GTPases and adaptors
constitutive of focal adhesions (Gahmberg et al., 2009).

The outside-in activation can be regulated internally, either through regulators of
talin recruitment, the phosphorylation of integrin cytoplasmic domains or the
binding of talin competitors.

4.1.2.2 Integrin trafficking to the membrane and recycling loops

Just like integrin activation, talin is an essential element in the trafficking of
integrins to the plasma membrane (PM) after their synthesis (Margadant et al., 2011).
Indeed, the binding of talin to integrins in the endoplasmic reticulum (ER) regulates
the delivery of newly synthesized integrin heterodimers to the PM through transport
along actin filaments (Martel et al., 2000). More precisely, talin binding to integrin
exposes the GFFKR sequence that acts as an ER export signal. o subunits associate
with the 3 subunits in the ER and stay dimerized during their whole travel to the
plasma membrane through the Golgi (Tiwari et al., 2011).

Once at the PM, integrin trafficking controls the availability of integrin heterodimers
via both clathrin-dependent and independent endocytosis pathways (Paul et al.,
2015). It has been shown that most integrins are recycled back to the PM, and that
only a small proportion is degraded in the lysosomal compartment (Béttcher et al.,
2012). Differential trafficking of integrin heterodimers effectively leads to different
responses to different ECM cues such as formation of adhesions upon cell spreading
(Shafaq-Zadah et al., 2016).

Integrins have been described to traffic through four recycling routes (Powelka et
al., 2004; Caswell and Norman, 2006; Pellinen and Ivaska, 2006). The most studied
recycling loops are (Mohrmann and Sluijs, 1999) (see Figure 3):

- A Rab4-dependent short loop where integrins are endocytosed through a
clathrin/dynamin-dependent mechanism and traffic through a Rab4-positive early
endosome (EE) before being recycled to the membrane. The recycling half-time in
this loop is of 3 minutes.

27



Nicolas Pasquier

- A Rabll-dependent long loop where, after being endocytosed in early
endosomes, integrins traffic through a Rabll-positive perinuclear recycling
endosome (PNRE) before being recycled to the membrane. The recycling half-time
in this loop is of 10 minutes.

Additionally, other recycling routes have been described, including for example:

- An Arf6-dependent pathway that is activated by the addition of serum or
specific stimulants such as epidermal growth factor (EGF) (Powelka et al., 2004).

- An actin-dependent pathway characterized by its enhancement by supervillin,
an actin-binding and myosin-II binding protein (Puthenveedu et al., 2010).

Both active and inactive integrins are recycled through different compartments at
different rates. This has been especially documented for Integrin-f1 (Arjonen et al.,
2012). Inactive B1 integrins can be endocytosed through a dynamin and clathrin-
dependent endocytosis to early endosomes (EE) in a Rab5- and Rab21-dependent
manner. This endocytosis is then quickly balanced by the Rab4-dependant recycling
to Arf6-positive protrusions. Thus, inactive Bl integrins predominantly traffic
through the previously described short loop.

Active B1 integrin is endocytosed predominantly via clathrin-independent Rab21
and Swip-1 regulated CLIC/GEEC (CG) — endocytosis (with a minor fraction
endocytosed via a clathrin-dependent route) to a Rab5- and Rab21-positive EE
(Arjonen et al., 2012; Moreno-Layseca et al., 2019). Recycling via this route is
slower and involves Integrin-f1 being present in Rabll-positive endosomes,
therefore predominantly using the long recycling loop (Arjonen et al., 2012), but also
involving a step of Eplin a- and actin-dependent endosomal tubulation (Jantti et al.,
2024).

Figure 3- Integrin recycling loops (from Moreno-Layseca et al., 2019) — see

next page

LE= late endosome; Lys=lysosome, PNRC=perinuclear recycling compartment
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4.1.2.3 Integrin trafficking regulation

Integrin internalization is a continuous process in adherent cell types and the
exact triggers of receptor uptake remain poorly understood. Integrin uptake has been
linked to focal adhesion turnover. Integrin-ECM interactions induce the formation
of focal contacts (FC) leading to the interaction of integrins with F-actin. When the
connection to actin is disrupted through the disassembly of FCs, microtubules are
targeted to the disassembling adhesions and clathrin adaptors have been implicated
in the process (Ezratty et al., 2009, 2005). However, strong evidence for direct
integrin uptake from adhesions in lacking. The prevailing view is that unengaged
integrins are taken up by endocytosis. These can be, for example, in their active
conformation, adhering to ligand fragments still in the endosomes (Alanko et al.,
2015; Moreno-Layseca et al., 2019; Nader et al., 2016) or inactive receptors
clustered by extracellular glycans at the PM (Lakshminarayan et al., 2014; Shafaq-
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Zadah et al., 2016). However, more work is needed to determine exactly what
regulates integrin endocytosis in different contexts.

Through their action within recycling loops, Rab and Arf GTPases are both
regulators of integrin trafficking. Whereas Rab mostly control the fusion of
membrane vesicles, as well as their transportation and that of cargo proteins (Zerial
and McBride, 2001), Arf preferentially promotes the recruitment of coating proteins
such as clathrin from the cytosol to the membrane (D’Souza-Schorey and Chavrier,
2006). As an example, Rab21 locked in a GDP-bound state causes [1-integrin
accumulation at the PM at FAs. However, when locked in a GTP-bound state, this
causes its accumulation in endocytic vesicles (Pellinen et al., 2006; Simpson and
Jones, 2005).

GTP-locked Arf6 results in B1 accumulation in PI(4,5)P2 (phosphatidylinositol
diphosphate)-containing macropinocytic vesicles (Brown et al., 2001). Conversely,
AGAPI1, an Arf6 GAP, promotes the recycling of active integrins to protrusions and
drives invasion. This shows that the activation and inactivation of Arf6 is important
for integrin trafficking, respectively its endocytosis and its recycling to the
membrane (Nacke et al., 2021; Nikolatou et al., 2023).

Several studies have focused on the cytoplasmic domains of [ subunits for
trafficking regulation. Sequences have been identified on 1, B2 and B3 cytoplasmic
tails (Caswell and Norman, 2006). In addition, the cytoplasmic domains of integrin
o subunits contain key elements mediating signaling and playing a role in integrin
internalization. For instance, the aforementioned Rab21 binds to a conserved
sequence found in all integrin « tails to induce endocytosis (Pellinen et al., 2006;
Pellinen and Ivaska, 2006). Additionally, AP2-pu has been shown to interact with a
specific subset of integrin o tails harboring a classical AP2-binding motif, while
Dab2 and ARH interact with integrin B cytoplasmic tails and regulate endocytosis
(Caswell et al., 2007; De Franceschi et al., 2016).

4124 Integrin trafficking functional consequences

Differential regulation of integrin recycling evidently plays a role on the integrin
availability at the PM. This impacts different cell processes, such as polarity and cell
migration and invasion.
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4.1.2.4.1 Apicobasal polarity

Apicobasal polarity will be further discussed in section 4.2. As seen previously,
Rab5 and Arf6 are present in multiple integrin recycling loops and respectively
activate PI3K and PIP5K. PIP5K’s product PI(4,5)P, regulates actin remodeling as
well as other actin-binding FA proteins such as ezrin, which is a specific apical
marker and an apicobasal polarity stabilizer (Shin et al., 2005). Another protein of
the Rab family, Rab10, has also been shown to mediate integrin recycling (Jin et al.,
2021) and, simultaneously, has been identified around the Trans-Golgi Network
(TGN) and involved in the polarized trafficking from basolateral regions (Larocque
and Royle, 2022). As such, integrin trafficking plays an important role in apicobasal
polarity maintenance.

4.1.2.4.2 Cell migration and invasion

Integrin availability modulated by recycling controls cell migration and invasion

(Paul et al., 2015). In pancreatic and ovarian carcinoma, preferential recycling of
aSPp1 over aVB3 promotes a switch from mesenchymal to pseudopodial cell
migration and cell invasion (Muller et al., 2009). It is important to mention that the
impact of integrin endocytosis and recycling is context-dependent and varies
between different cancer types. In ovarian cancer, Rab25 associates with 1 integrin
and increases the recycling of the a5B1 towards the cell surface, thus promoting an
invasive phenotype (Caswell et al., 2007). However, in head and neck cancer, cells
lacking Rab25 will present an invasive phenotype and detach from the primary tumor
(Amornphimoltham et al., 2013). In bladder cancer, a Rab11-coupling protein (RCP
or Rab11fip1) enhances the recycling of a5f1 and promotes invasive cell migration
(Rainero et al., 2012). Interestingly, av3 can inhibit the RCP-dependent recycling
of a5B1, showing a competitive relationship between integrin heterodimers (Caswell
et al., 2008; Christoforides et al., 2012).
Interestingly, the cell’s glycocalyx can also play a role on cell invasion via integrin
endocytosis. Indeed, the glycocalyx can facilitate integrin clustering (Paszek et al.,
2014, 2009) which, through a recycling activation, can cause progression and
invasion in cancers such as glioblastoma (Barnes et al., 2018). Cell migration and
adhesion in normal epithelial cells and during development has been shown to be
regulated by the transport of Integrin-B1 from the PM to the TGN to be recycled at
the leading edge (Shafaq-Zadah et al., 2016).

31



Nicolas Pasquier

Integrin trafficking influences invasion by regulating integrin recycling. For
instance, HSI1-associated protein X-1 (HAX-1) regulates clathrin-dependent
endocytosis of avp6 integrin and facilitates invasion (Ramsay et al., 2007). Integrin
internalization through the PKCo- and RhoC-dependent FMNL?2 activation
promotes integrin internalization and invasion of melanoma cells (Wang et al.,
2015).

4.1.25 Integrin glycosylation and its consequences

Integrins have multiple N-glycosylation and O-glycosylation sites. The
glycosylation profile of integrins change along their journey from the ER to the PM.
In the ER, integrins are in a high-mannose state, characterized by a majority of
mannose residues on the integrin glycosylation sites. Their glycosylation profile gets
more complex when processed in the Golgi and brought to the PM, leading to so-
called hybrid or bisected glycosylations, with sialic acid (SA), N-Acetylglucosamine
(GlcNAc), galactose (Gal), and fucose (Fuc) residues.

The glycosylation sites of the a5B1 have been particularly well documented. It
contains 26 N-glycosylation sites, amongst which 14 on the o subunit and 12 on the
[ subunit. The differential glycosylation on these sites has been shown to modulate
the interaction with the ECM as well as integrin activation (Janik et al., 2010) and
conformational changes (Isaji et al., 2004; Zhao et al., 2008). For instance,
hyposialilation (ie. a low proportion of SA residues) of Pl-integrin enhances its
binding to fibronectin (Passaniti and Hart, 1988; Reddy and Kalraiya, 2006).

Glycosylation of integrins has various functional consequences. One of the most
studied examples is the 1 subunit. For instance, the removal of N-glycosylations on
the BI domain decreases the formation of heterodimers, thus inhibiting cell spreading
(Isaji et al., 2009). Direct consequences of glycosylation on endocytosis are a bit
more unclear and indirect. Galectin-1 (Gall) and Galectin-3 (Gal3) both interact with
the glycosylated extracellular domain of the $1 subunit and control its endocytosis
and recycling. For instance, Gal3 promotes mechanical deformation of the plasma
membrane and a subsequent clathrin-independent endocytosis. Additionally, Gall
knockdown leads to intracellular accumulation of B1-integrin (De Franceschi et al.,
2016; Fortin et al., 2010; Furtak et al., 2001; Lakshminarayan et al., 2014). This link
between glycosylation and recycling goes further, as it has been shown that an
integrin-p1 cytoplasmic-tail mutant, which is not recognized and recycled by sorting
nexin 17, is predominantly degraded in lysosomes resulting in low levels of
glycosylated or “mature” forms of Integrin-f1 on the plasma membrane. Therefore,
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the level of mature, fully glycosylated integrin would correlate with active recycling
of endocytosed Integrin-B1 back to the plasma membrane (Bottcher et al., 2012).
Other documented examples can be found in o subunits, such as a5. a5 lacking N-
glycosylation sites showed increased cell surface localization and delayed
internalization of the active form of the a5B1 heterodimer (Hang et al., 2017). It has
also been shown that N-glycans on the a5p1 heterodimer allow the clustering of
Gal3, which in return clamps it in its bent shape and primes it for endocytosis
(Shafag-Zadah et al., 2023).

4.1.3 Integrin adhesion complexes (IACs)
4.1.31 Types of IACs

Integrins are transmembrane proteins, with a short cytoplasmic tail, linking the
cell to the ECM, intracellular proteins and the cytoskeleton. This link is permitted
by a repertoire of proteins interacting with this cytoplasmic tail and/or each other, as
well as with the actin microfilaments. The resulting protein complex, or adhesome,
is composed of 147 proteins developing 361 different interactions, and giving rise to
structures called Integrin Adhesion Complexes (IAC) (Chastney et al., 2021, 2020;
Conway and Jacquemet, 2019). This adhesome is composed of integrins, cargo
adaptors, scaffolding proteins, signaling molecules and components of the
cytoskeleton. 60 of these proteins are part of a “consensus adhesome” sequence,
centered around three axis: ILK-PINCH-kindlin, FAK-paxilin, talin-vinculin and o-
actinin-zyxin-VASP (Horton et al., 2016, 2015).

IACs all involve integrins but are of different nature depending on their structure and
the other proteins involved in the adhesion. Amongst them, we can find
hemidesmosomes (Jones et al., 2017), podosomes (Veillat et al., 2015), invadopodia
(Eddy et al., 2017), immunological synapses (Dieckmann et al., 2016) as well as
Focal Adhesion (FA)-like structures.

FA-like structures constitute a link between the ECM and actin filaments and can be
divided depending on their levels of maturations. From early filopodial adhesions,
these IACs mature into nascent adhesions, proper FAs, and finally fibrillar adhesions
(FBs). While early adhesions mostly function as a constant sensor of the cell
environment, late adhesions are more specialized into other functions such as
traction and ECM remodeling (Jacquemet et al., 2019; Zaidel-Bar et al., 2004, 2003).
This maturation of FA-like structures is molecularly characterized, with a loss of
talin and a recruitment of tensin along the maturation (Rainero et al., 2015).
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Maturation and strengthening are also largely mediated by vinculin. Indeed, talin and
vinculin are both recruited in early adhesion and the unfolding of the talin rod domain
exposes vinculin binding sites. This allows a strengthening of the adhesion by
increasing the talin/actin interaction (Atherton et al., 2015; Gingras et al., 2009; Han
et al., 2021; Himmel et al., 2009) and via vinculin binding to actin. Vinculin’s
activity for actin increases with mechanical load, therefore stabilizing the adhesion
throughout maturation (Baumann et al., 2023).

41.3.2 Structure of IACs

IACs are layered vertically (see Figure 4). Most proximal to the ECM, on the
plasma membare is first a layer of integrins, then a layer of adaptors such as paxillin
and Focal Adhesion Kinase (FAK), higher up a layer of force transmitters such as
talin, tensin and vinculin, and an actin regulatory layer (Case et al., 2015; Liu et al.,
2015). The layering has been shown to change upon adhesion maturation with the
position of vinculin moving higher with adhesion maturation in mesenchymal cells
(Case et al., 2015) and N to C-terminus orientation of vinculin being distinctly “up-
side down” in stem cells (Xia et al., 2019; Stubb et al., 2019). While the significance
of the altered orientation remains to be fully elucidated, these studies imply that the
vertical orientation may be a key determinant of IAC function in specific contexts
such as during differentiation. Finally, actin interacting proteins, tropomyosins and
a-actinin localize to different layers of IACs and regulate IAC turnover and integrin-
mediated cell migration (Kumari et al., 2024).

The structure of IACs are affected by different parameters, such as the integrin
heterodimers involved (Schiller et al., 2013) and their activation state (Byron et al.,
2015), the ECM ligands (Humphries et al., 2009) and the previously mentioned
maturation state (Horton et al., 2015).

The maturation of nascent adhesions into FAs are driven by actomyosin contractility,
which generates the necessary forces for adhesion strengthening and signaling (Han
et al., 2015; Roca-Cusachs et al., 2013). In vitro, liquid-liquid phase separation
(LLPS) experiments have shown that p130Cas and FAK are involved in the
clustering stage, while LIMDI1 is implicated in the recruitment of proteins to IACs
during this actomyosin-dependent maturation (Case et al., 2022; Y. Wang et al.,
2021).

34



Review of the literature

140

120 Cell edge
-

100 Actin stress fibre
—_
E 80 Actin regulatory layer
c
‘;’ 60
Force transduction layer
-40
Integrin signalling layer
-20 Plasma membrane
Integrin extracellular domain
0 \ ECM
U — o & 9§ @ © A Y o
Integrin o, FAK Paxillin Talin ~ Vinculin  Zyxin VASP  a-Actinin Actin

Figure 4- FA structure (from Kanchanawong et al., 2010)

Amongst several studies, FA-mediated adhesion was described using the molecular
clutch model. It features a ligand-binding protein (clutch) composed of an ECM-
receptor, such as an integrin heterodimer, and its adaptors linking it to the
cytoskeleton (Bangasser et al., 2013; Chan and Odde, 2008; Elosegui-Artola et al.,
2016; Isomursu et al., 2022). In this model, another unit, called motor, is composed
of the actomyosin contractile force. This force is transmitted to the substrate through
the clutches, thus enhancing cell spreading.

4.1.3.3 IAC signaling

Through integrins, IAC integrate biochemical and mechanical signals from the
environment and mediate durotaxis (cells migrating in response to an ECM stiffness
gradient towards increasing rigidity) and haptotaxis (cells migrating in response to
an ECM component gradient). Mechanical stimulations sensed by IACs cause YAP
and TAZ to translocate to the nucleus where they bind to transcription factors of the
TEAD family to regulate gene expression (Charras and Sahai, 2014; Cho et al., 2017;
Kechagia et al., 2019).

FAs are phosphorylation platforms, with important roles of kinases and phosphatases
like Src and the aforementioned FAK and paxillin (Humphries et al., 2019). The
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small GTPases signaling downstream of IACs regulate protrusion, cell contractility
and cytoskeleton dynamics in general. This dynamic is finely controlled by the well
described RhoA/Racl balance and mutual exclusion which controls integrin
adhesion, with RhoA promoting cell contraction and Racl cell spreading (Bass et
al., 2007; Jacquemet et al., 2013). Cells can switch between these two modes and
therefore contribute to IAC formation (Lawson et al., 2014). This is discussed in
further detail in section 4.2.1.1.3.

IACs are also characterized by their spatiotemporal regulation. They constantly
assemble and disassemble, and this process is mediated by several mechanisms
including phosphorylation of different integrins and their adaptors, or endocytosis
(Ezratty et al., 2009; Wilhelmsen et al., 2007; Zaidel-Bar et al., 2007). This causes a
constant regulation in the adhesion strength. For instance, integrins are very motile
within FAs and stay immobilized for less than 80 seconds, but this dynamic varies
amongst integrin heterodimers (Rossier et al., 2012; Tsunoyama et al., 2018).

414 Integrins in cancer

Integrins can have an important role in cancer, namely in its initiation and
progression. They have also been considered as targets for anti-cancer treatments
(Hamidi and Ivaska, 2018).

4.1.4.1 Integrins in tumor initiation

Integrin-mediated interactions influence different cell functions, such as survival
and proliferation by modulating signaling pathways such as the PI3K/Akt,
Erk/MAPK, and Rho GTPase pathways. In addition, some integrins such as +6?4
enhance oncogenic signals of receptor tyrosine kinases (RTK). Indeed, it amplifies
HER?2 signaling and promotes mammary tumorigenesis (Rubashkin et al., 2014). It
also potentiates the oncogenic activity of the MET receptor (or HGFR, hepatocyte
growth factor receptor) by engaging 24-integrin and the integrin associated
tetraspanin CD151 (Bertotti et al., 2006, 2005).

Conversely, some integrins can act as tumor suppressors. In some occurrences, the
+v2 3 heterodimer has been reported to suppress tumor growth by inducing cell
differentiation and apoptosis (Ramovs et al., 2017). Loss of integrin +v* 3 expression
has been associated with increased tumor progression and metastasis. In this way,
the role of integrins in tumorigenesis is ambiguous, as integrin-mediated adhesion to
the ECM regulates the cellular response to growth factors, which can either inhibit
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or promote tumor initiation depending on the cellular context and the involved
heterodimers (Alanko et al., 2015).

4.1.4.2 Integrins in cancer invasion and metastasis

Integrins are implicated in cancer cell invasion and metastasis. Indeed, they
facilitate ECM degradation, cell motility and invasion by upregulating
metalloproteinases (MMPs) and interacting with other proteases (Macedo et al.,
2015). For instance, integrin +v>6 promotes invasion in carcinoma cells by
upregulating MMP-9, which degrades the ECM and facilitates cancer cell migration
(Nardone et al., 2017). Additionally, integrin +6>1 has been implicated in the
invasion of breast cancer cells by activating urokinase (uPA), a protease involved in
ECM degradation.

Integrins also contribute significantly to ECM remodeling by cancer-associated
fibroblasts (CAFs), which generates a stiffer ECM, enhancing cancer cell migration
and invasion (Winograd-Katz et al., 2014). Further details will be given in section
4.3.3.1. For example, integrin £11? 1 expression in CAFs has been shown to increase
ECM stiffness, which promotes an invasive behavior of cancer cells (Cox et al.,
2013). Furthermore, integrins play a crucial role during metastasis, supporting
various steps such as intravasation, survival of circulating tumor cells (CTCs),
extravasation into secondary sites, and colonization of new tissues (Labernadie et
al., 2017). Integrin 2 1, for instance, helps the survival of circulating tumor cells by
maintaining cell-ECM interactions and activating survival pathways that prevent
anoikis (a programmed cell death that occurs when cells detach from the ECM)
(Desgrosellier et al., 2009).

During extravasation, heterodimers such as +3* 1 facilitate the adhesion of cancer
cells to the endothelial cells lining blood vessels, thus increasing their escape rate
into surrounding tissues (Labernadie et al., 2017). Integrins also guide the formation
of invasive structures such as invadopodia, which are protrusions that degrade the
ECM and allow cancer cells to invade surrounding tissues.

4143 Targeting integrins for anticancer treatments

Given their significant roles in tumor progression and metastasis, integrins are
attractive targets for anti-cancer therapies. Therapeutic strategies include the use of
monoclonal antibodies to block integrin function, integrin-directed delivery of
therapeutics, and the inhibition of integrin-mediated signaling pathways. For
example, the monoclonal antibody etaracizumab targets integrin +v* 3 and has shown
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promise in inhibiting angiogenesis and tumor growth in preclinical models (Canel et
al., 2013).

Another strategy involves the use of integrin antagonists, such as cilengitide, which
targets integrins +v?3 and +v?5 and has demonstrated anti-angiogenic and anti-
tumor effects in glioblastoma (Borghi et al., 2010). However, so far, directly
targeting integrins in cancer has failed, mostly because of cell plasticity, integrin
redundancies and difficulty in patient stratification. Additionally, novel approaches
such as integrin-targeted nanoparticles for drug delivery are being developed to
improve the specificity and effectiveness of cancer treatments. For instance, integrin-
targeted liposomes loaded with chemotherapeutic agents have shown improved
delivery to tumor cells, reducing systemic toxicity and enhancing anti-tumor.

4.2 Apicobasal polarity of epithelial cells

A crucial feature of epithelial cells is to present an apicobasal polarity. This can

be defined as an asymmetric segregation and distribution of membrane components
such as proteins and lipids to distinct membrane sectors. Epithelial cells have an
apical membrane facing the outside of the body or internal cavities named lumen, as
well as a basolateral membrane on the opposite side featuring cel/ECM-interaction
proteins, such as integrins.
This asymmetry allows the emergence of specialized cell functions (Nelson, 2003).
The first polarized cells in mammals appear as soon as the 8-to-16 cells division at
the blastocyst stage, further leading to a polarized trophectoderm (TE) and an apolar
Inner Cell Mass (ICM) (Gerri et al., 2020; Nikas et al., 1996).

4.2.1 Polarity establishment
4.2.1.1 Molecular actors

The polarization process in cells is first initiated by cell-cell contacts (Bryant and
Mostov, 2008). The process that polarizes the epithelium following this cue is called
polarity establishment. During the formation of nascent cell-cell adhesions, a
dimerization of E-cadherins will occur, thus triggering the recruitment of AJ and
Tight Junction (TJ) proteins that will act as anchors for polarity proteins.
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Three family of molecules have been reported to be a part of this polarity
establishment process: polarity complexes, phosphoinositides (PIs) and Rho-
GTPases.

4.2.1.1.1 Polarity complexes

Three protein polarity complexes have been well characterized across the
literature. This molecular machinery is highly conserved in vertebrates.

- The Par3/Par6/aPKC complex defines the apical domain. It is composed of
Partition Defective 3 and Partition Defective 6 (Par3 and Par6) as well as atypical
protein kinase C (aPKC) (Kemphues et al., 1988). There are three different Par6
proteins that can be found together as complexes or alone depending on the cell type:
Par6A/C, Par6B and Par6D/G. Par6D/G is mostly found at TJs, Par6B in the cytosol,
and Par6A/C in both. Par6 proteins help the accurate localization of other adhesion
proteins and act as a mediator for the interaction between aPKC, Par3 and Lgl (Lethal
Giant Larvae). For instance, downregulation of Par6 impairs TJs (Hurd et al., 2003;
Joberty et al., 2000).

Two Par3 proteins have been identified: Par3A and Par3B. However, only Par3A
binds atypical PKC (aPKC) and plays a role in the polarity complex (Lin et al., 2000).
Indeed, after its association with Junctional Adhesion Molecules (JAMs) at nascent
junctions, it recruits Par6 and aPKC therefore causing the junction’s maturation.
Indeed, it has been shown that a dysregulation in Par3 expression causes an incorrect
localization of Par6, aPKC and defective TJs maturation (Itoh et al., 2001; Mizuno
et al., 2003).

Interestingly, aPKC has been named “atypical” since it features an N-terminal PB1
domain that cannot be found in conventional PKCs. There are two isoforms of aPKC
(aPKCA/t and aPKC{), found to be colocalizing with Par proteins at TJs (Suzuki et
al., 2001).

- The Crb/PALS1/PATJ complex also defines the apical domain. First
characterized in Drosophila Melanogaster, it is composed of Crumbs (or Crb), which
interacts with PALS1 and PATJ (Tepass et al., 1990).

Three Crb proteins have been described: Crbl, Crb2 and Crb3. While they present
varied localization within tissues, Crb3 is mostly found at the apical domain in
epithelial cells. Its FERM domain allows it to interact with the cytoskeleton (Roh
and Margolis, 2003) and even with Par6, thus showing an inter-complex interaction
profile (Lemmers et al., 2004).
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Crb3, PALSI1 and PATJ are found at the apical pole and around TJs. PAT]J interacts
with TJ proteins such as ZO-1, ZO-3 and Claudin-1. While downregulation of
PALSI causes mislocalization of E-cadherin (Wang et al., 2007), dysregulation of
PATIJ prevents ZO-1, Z0O-3 and Claudin-1 from correctly localizing at TJs (Lemmers
et al., 2004; Michel et al., 2005; K. Shin et al., 2005), therefore showing the role of
this complex as a scaffold for TJ establishment during cell-cell contacts.

- The Scrib/Lgl/Dlg complex defines the basolateral domain. The SCRIB
(Scribble planar cell polarity protein), LGL (Lethal giant larvae) and DLG (Disc
large) genes have first been discovered in Drosophila Melanogaster. Scribble plays
a role in excluding apical proteins from the basolateral domain (Bilder and Perrimon,
2000a). While 5 Dlg-family proteins exist in mammals, Dlgl has been the most
extensively studied. It binds to APC, B-catenin and PI3K and is localized at the
basolateral domain (Laprise et al., 2004; Matsumine et al., 1996).

The Lgl family presents two proteins: Lgll and Lgl2. They bind to the Par6/aPKC
complex, after which aPKC phosphorylates Lgl causing its exclusion from the apical
domain and its localization to the basolateral domain. This plays a key role in the
apicobasal polarity establishment process (Suzuki et al., 2001).

4.2.1.1.2 Phosphoinositides (PIs)

PlIs are a subtype of phospholipids that arise from a single precursor named
phosphatidylinositol (PtdIns). This precursor can be phosphorylated at three
different sites, therefore creating seven different PlIs that have a different cellular
localization (Di Paolo and De Camilli, 2006). These differentially phosphorylated
Pls act as structural and signaling mediators. For instance, phosphatidylinositol-
(4,5)-diphosphate (PI(4,5)P,) controls the activity of the actin cytoskeleton by
regulating the activity of actin-binding proteins (Yin and Janmey, 2003). The
distribution of Pls is one of the main apicobasal polarity markers, with P1(4,5)P,
being enriched at the apical membrane and phosphatidylinositol-(3,4,5)-triphosphate
(P1(3,4,5)P5) being enriched at the basolateral domain (Buckley and St Johnston,
2022; Gassama-Diagne et al., 2006; Martin-Belmonte et al., 2007).

- PI4,5)P; is situated at the apical domain. A mechanism has been proposed
(Martin-Belmonte and Mostov, 2007), in which PTEN (Phosphatase and tensin
homolog deleted on chromosome ten), a phosphatase, converts PI(3,4,5)P; to
PI(4,5)P,. PTEN is targeted to the apical pole through a B1-integrin/ECM contact,
activating the GTPase Rac1 (see section 4.2.1.1.3). Because PTEN is targeted to the
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apical domain, it results in a polarization of PIs. PI(4,5)P; at the apical site recruits
Annexin-2 (Anx2), which in turn recruits the GTPase Cdc42 (see section 4.2.1.1.3),
which acts as a binding platform for proteins of the Par6/aPKC complex, thus further
characterizing an apical domain. PI(4,5)P, also interacts with other apical markers,
such as ezrin, radixin and moesin (Di Paolo et al., 2002) which are polarity
stabilizers, linking the apical membrane to the actin cytoskeleton.

- PI(3,4,5)P; is situated at the basolateral domain. The PI(4,5)P,/PI(3,4,5)P;
balance is finely regulated by the previously mentioned PTEN, but also by PI3K
(phosphatidylinositol-3 kinase), which phosphorylates PI(4,5)P, into PI(3,4,5)Ps.
PTEN and PI3K are therefore potent polarity drivers, and have been found to be
regulated by localized Ras signaling (see section 4.2.1.1.3) (Sasaki et al., 2004).
Insertion of PI(3,4,5)P; within the apical domain of MDCK (Madin-Darby canine
kidney) cyst is sufficient to localize basolateral molecular markers and inverting
polarity (Gassama-Diagne et al., 2006).

4.2.1.1.3 Rho-GTPases

GTPases are enzymes that can be described as GTP-dependent molecular
switches. They can take two different conformations: one is bound to GTP
(Guanosine triphosphate), which is often called “active” or “on” state, while the
other is bound to GDP (Guanosine diphosphate), the “inactive” or “off” state. Active
GTPases can interact with effector molecules up until they go back to an off state.
These GTPases can be divided in five categories: Ras, Rho, Ran and the
aforementioned Rab and Arf. Rho-GTPases have been described to play a major role
in polarity establishment, which are the ones we will be describing here (Etienne-
Manneville and Hall, 2002).

The switch between the active and inactivate states of Rho-GTPases are regulated
by activators (GEFs — Guanine nucleotide exchange factors) and inactivators (GAPs
— GTPase-activating proteins) (Bos et al., 2007). They can also associate with
dissociation inhibitors (RhoGDIs) that keep them in an inactive state (Boulter and
Garcia-Mata, 2012). Amongst the twenty identified Rho-GTPases, three are playing
an important role in polarity establishment: RhoA, Racl and Cdc42. Mutations in
one of these GTPases is sufficient to trigger loss or misorientation of the apicobasal
polarity (O’Brien et al., 2001).

While RhoA, Racl and Cdc42 all regulate the actin cytoskeleton and are implicated
in apicobasal cell polarity, they each have specific roles (Mack and Georgiou, 2014):
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- RhoA is implicated in stress fiber formation, actomyosin contractility and
activation of myosin-II. RhoA supports the formation and assembly of actin
filaments and generates contractile forces. Linking it to polarity, RhoA regulates AJs
and TJs which are crucial to the stability of the epithelium (Ridley and Hall, 1992).
RhoA is recruited by the Crb/PALS1/PATJ complex in the first steps of cell-cell
contacts and therefore increases cell contractility thanks to its effector ROCK.
ROCK activity generates an actin belt in mature AJs. RhoA is therefore mostly
localized at the apical domain, and recruits Racl GAPs which effectively disable
Racl activity at the apical domain (Ratheesh et al., 2012). Therefore, the mutual
RhoA/Racl exclusion is a founding characteristic of the apicobasal polarity
establishment.

It should be kept in mind that the RhoA/Racl gradients can vary amongst the stages
of apicobasal establishment and the maturation stages of cell-cell junctions. While
RhoA plays a role in the maturation of the actomyosin belt on the Als, it is then
deactivated at the apical pole by its GAP, p190RhoGAP, but can later on be recruited
once again for further maturation of AJs through E-cadherin recycling and activation
of Myosin-II (Gomez et al., 2011).

- Racl is implicated in lamellipodia and membrane protrusion formation. It
supports actin polymerization and allows cell migration. Through the establishment
of a front-rear polarity, it allows cells to move in a mesenchymal cell migration mode
(Ridley and Hall, 1992). Rac1 impacts apicobasal polarity by signaling downstream
of Integrin-B1 and assembling laminins at the basal membrane (O’Brien et al., 2001).
It also plays a role at nascent AlJs, just like RhoA. Indeed, Racl activation causes
actin polymerization and membrane protrusions though its effector WAVE
(Yamazaki et al., 2007), which causes cell-cell contacts and the formation of Als.
Once AJs are established, Racl is activated there by its GEFs: VAV2 and Tiaml
(Fukuyama et al., 2006; Hordijk et al., 1997; Malliri et al., 2004) which have been
recruited by the E-cadherins of AJs. Racl inhibition has been shown to prevent
clathrin-dependent cell-cell adhesion and proper epithelium polarization (Ehrlich et
al., 2002).

- Cdc42’s role is a key regulator of polarity as it regulates the localization of
polarity complexes such as Par3/Par6/aPKC, and, consequently, the formation of
TJs. Cdc4?2 is crucial in the formation of filopodia and plays a role in the formation
of polarized structures in epithelial cells such as microvilli (Ngok et al., 2014).
Cdc42 acts by first binding to Anx2 and accurately localizes the Par3/Par6/aPKC
(Martin-Belmonte et al., 2007). Cdc42 also localizes the Crb/Pals1/Patj complex
through a Rab11-dependant mechanism (Schliiter et al., 2009).
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Cdc42 forms filopodia through its activation of Arp2/3, which promotes branching
of actin cytoskeleton in an N-WASP-dependent mechanism (Ngok et al., 2014). Just
like other Rho-GTPases, Cdc42 activity is temporally and spatially controlled.
Indeed, it plays an important role in the early stages of cell-cell junction, but the
presence of Cdc42 GAPs such as ARHGAP17 at the apical pole and GEFs such as
Tuba at the basal pole indicates that Cdc42 inactivation is necessary for junctional
maturation (Elbediwy et al., 2012). The localized concentration and activation of
Cdc42 is needed for apical growth, and it has been shown that Cdc42 inhibition
prevents the proper growth and polarization of MDCK cysts (Jaffe et al., 2008; Salat-
Canela et al., 2023).

4212 Sequence of events and interactions during polarity
establishment

During polarity establishment, Crb recruits PALS1 through its PDZ domain,
which then recruits Par6. These components of the Crb/PALS1/PATJ complex,
through Cdc42 and aPKC, mediate the phosphorylation of Par3, Parl and Lgl. This
causes exclusion of Lgl (along with other basolateral proteins such as Dlg and Scrib)
from the apical domain. The phosphorylation of Parl prevents the basal recruitment
of apical markers such as Par3. This signaling cascade explains the segregation
between Crb and Par complexes at the apical pole, and Scribble complex at the
basolateral domain (see Figure 5).

As mentioned before, PIs are also responsible for membrane asymmetries. PTEN is
recruited to cell-cell junctions through its interaction with Par3, which causes a
higher concentration of PI(4,5)P, at the apical domain which in return causes the
recruitment of Cdc42 through Anx2. Cdc42 activates aPKC, which closes a signaling
loop as it can in return, phosphorylate Par3, Parl and Lgl.

PI3K is recruited by E-cadherin to basolateral junctions which recruits basal markers
such as Dlg, and causes a higher concentration of P1(3,4,5)P; (Rodriguez-Boulan and
Macara, 2014). In this process, E-cadherin plays a central role as it mediates junction
maturation by reducing the surface tension at cell-cell interactions (Slovakova et al.,
2022; Stachowiak et al., 2012; Winklbauer, 2015). Upon E-cadherin binding, there
is a RhoA inactivation and a Rac1 activation, therefore better characterizing the basal
domain (Anastasiadis et al., 2000; Yamada and Nelson, 2007).
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422 Polarity orientation and maintenance
4.2.21 ECM contact and subsequent orientation of polarity markers

As discussed above, many key steps of the polarity establishment process have
been described. Another important aspect is the polarity orientation process, i.e. the
correct localization of both basal and apical poles. To detail the timeline of polarity
orientation, it is necessary to focus on a specific example. MDCK (Madin-Darby
canine kidney) cells can generate polarized cysts and for this model, the sequence of
events has been largely elucidated. Early on, through first MDCK cell contacts,
podocalyxin (Pcx) (a glycoprotein, member of sialomucins and an apical marker) is
distributed at the outer membrane of cysts. It is then endocytosed in a Rab8- and
Rab11-dependant manner and delivered to a zone named AMIS (apical membrane
initiation site). This is the first step of polarity orientation, as the AMIS is the
precursor of what will become the apical membrane (Bryant et al., 2010). Anx2 and
Cdc42 associate with the Rab8/Rabl1-positive Pcx-transporting vesicles which,
upon Cdc42 activation through its GEF, Tuba, initiates the luminogenesis process.
Par6 bridges Cdc42 to the aPKC-Par3 complex, which allows the docking of the
apical vesicle to the AMIS. This AMIS evolves to a Pcx-enriched pre-apical patch
(PAP) which is where the lumen starts forming. The lumen expansion is allowed by
kinase-dependent activation of apical chloride channels (Bryant et al., 2010; Li et
al., 2004) (see Figure 5).

Several supplementary polarity actors have been described more recently (Bryant et
al.,, 2014). Pcx forms a complex with NHERF1 (Na'/H" Exchanger Regulatory
Factor) and Ezrin (which stabilizes Pcx at the apical membrane). In cysts cultured in
suspension, the inverted localization (ie. to the outer side) of this Pcx/NHERF1/ezrin
complex is stabilized by the phosphorylation of ezrin through ROCK1 (a RhoA
effector, member of the aforementioned ROCK family) activity. However, upon
ECM sensing via B1 integrin (likely as a2f1 and a3B1 heterodimers), integrin
heterodimers recruit FAK that leads to an activation of p190-RhoGAP which in
return inactivates RhoA and causes a decrease in ezrin phosphorylation (Bryant et
al., 2014). This, combined with the phosphorylation of Pcx by PKCBII induces a
destabilization of the complex and a subsequent endocytosis of Pcx to the AMIS.
This is followed by the action of phosphatase PP2A which dephosphorylates Pcx
and causes a reassociation of the Pcx/NERF 1/ezrin complex, at the AMIS this time,
showing here a sequential timeline of the polarity orientation process.

This ECM-integrin contact also initiates the formation of a basal membrane with the
assembly of laminin at the basal pole (O’Brien et al., 2001). This process is IRSp53-
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dependent, which also activates factors like WAVE leading to actin polymerization
from the basal pole. Blocking Integrin-f1 forces an inverted-polarity phenotype.
Conversely, inhibiting RhoA will support a normal polarity phenotype, and this will
be further described in 4.2.3 (Adams et al., 2004; O’Brien et al., 2001; Yu et al.,
2008, 2004) and in 7.1.

4222 Trafficking of polarity proteins in the polarity orientation process

Polarity orientation goes hand in hand with redistribution of polarity-related
molecules. In the case of Crb and Pcx, they are brought from the outer membrane to
the AMIS by first being endocytosed in a clathrin-dependent manner. The
heterotetramere Adaptor Protein Complex 2 (AP-2) is central here, playing a crucial
role for the recognition and selection of polarity proteins that are destined for
endocytosis (Bonifacino, 2014). This recognition is simultaneous to the formation of
a clathrin triskelion-coated pit. Indeed, proteins such as Eps15 and Epsin interact
with both clathrin and AP-2 to stabilize this budding endosome (Rodriguez-Boulan
and Macara, 2014). Once in the early endosome (EE), Crb is brought to the AMIS
through an Apical recycling endosome (ARE).

Once apically localized, Crb is constantly endocytosed and recycled back to the
plasma membrane to maintain its localization. Endocytosis of Crb through ASE
(Apical Sorting endosome) is then followed by a retrograde transport to the trans-
Golgi network (TGN) through a Common Recycling endosome (CRE). From the
TGN, it is recycled back to the apical membrane. In the TGN, the sorting of polarity
proteins is helped by the heterotetramer Adaptor Protein Complex 1 (AP-1).
However, some studies have shown that the localization of polarity proteins can be
AP-independent (Schuck and Simons, 2004).

In a similar fashion, basolateral components traffic through BREs (Basal recycling
endosomes) and BSEs (basal sorting endosomes) (Apodaca et al., 2012; Zhang et al.,
2023).

After their recruitment via AP-1 and AP-2, the polarity protein-containing vesicles
need to be fused at the proper membrane. This is controlled mainly by Anx2 which
binds to vesicles containing apical proteins. The fusion is dependent on v-SNARE
(on the vesicular side) and t-SNARE (on the target side) proteins, the specific
SNARE:s involved differs between the apical and basal domains (Gerke et al., 2005;
Pocard et al., 2007).
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Apicobasal polarity is maintained through the action of ERM proteins (for ezrin,
moesin, radixin). Indeed, during the polarity orientation, a decrease in the
phosphorylation of ezrin causes a destabilization of the Pcx/ezrin/NHERF1 complex
and causes a relocalization of polarity markers (Bryant et al., 2014). ERM proteins
all contain a plasma membrane-binding domain called the FERM domain
(4.1,ezrin,radixin,moesin) and an actin-binding domain called C-ERMAD (C-
terminal ERM-association domain). ERM proteins are found in various cells in the
mammalian body, but ezrin is exclusively present in epithelial cells. When inactive
in the cytoplasm, ERM’s FERM and C-ERMAD domain interact and this
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intramolecular bond mediates the autoinhibition of the protein. Once recruited to the
plasma membrane, phosphorylated by RhoA’s effector ROCK1 and bound to
PI(4,5)P,, the autoinhibitory interaction is disrupted, the two domains dissociate and
the C-ERMAD domain become available for actin binding (Fehon et al., 2010;
Saotome et al., 2004).

In intestinal epithelial cells mostly, ezrin is the only ERM protein expressed and acts
as a polarity maintenance key regulator. Being a well polarized molecule, it is often
used as a polarity marker (Saotome et al., 2004).

423 Inverted polarity

Inverted polarity englobes any non-conventional distribution of polarity
molecules. It is always described as opposed to what a “normal polarity” would be.
The normal polarity, also named “apical-in”, is conventionally defined by an apical
domain facing a lumen-like structure and a basolateral domain facing other cells or
the ECM. However, inverted polarity sometimes called “reverse polarity” or “apical-
out”, is characterized by a reversion of the apical and basolateral domain while the
overall polarity axis of the cell/cell cluster remains. In mammals, this inverted
polarity occurs in pathological situations, an exception to this being the blastocyst
development. More instances of inverted polarity can be found in other animals, such
as within the Drosophila Melanogaster embryo (Ebnet, 2015). All of these processes
are well described in Pasquier et al., 2024 (see Figure 6). The study of inverted
polarity has been the focus of I, which can be found enclosed at the end of this thesis.

4.2.3.1 Inverted polarity in cancer

For a long time, the loss of apicobasal polarity commonly referred to as EMT
(epithelial-to-mesenchymal transition) was thought to be one of the main drivers in
carcinoma progression and dissemination. It has been shown that nonpolarized
epithelia were more likely to invade (Lee and Vasioukhin, 2008; Macara and
McCaffrey, 2013; Peglion and Etienne-Manneville, 2023; Wodarz and Nithke,
2007). However, it has been found through histopathological analysis that some
cancers such as colorectal adenocarcinoma present structures with highly conserved
AB polarity axis, with epithelial structures surrounding an inner lumen (Libanje et
al., 2019).

A subtype of highly invasive carcinoma named micropapillary carcinoma show
structures that have a fully inverted AB polarity (Verras et al., 2023). In these tumors,
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apical markers such as the membrane-bound glycoprotein MUCI are found at the
outer bound, whereas basolateral markers such as the cell adhesion molecule
EpCAM is inside.

These inverted polarized structures can be found in multiple different cancers, such
as breast or lung carcinomas (Adams et al., 2004; Hirakawa et al., 2022; Luna-Mor¢
et al., 1994; Nassar et al., 2004; Siriaunkgul and Tavassoli, 1993), colorectal
carcinoma (Verdu et al., 2011), cervical carcinoma (Stewart et al., 2018) and thyroid
carcinoma (Asioli et al., 2013). Some cancers are even characterized by this inverted
polarity, such as breast solid papillary carcinoma with reverse polarity (SPCRP)
(Chiang et al., 2016) and papillary renal neoplasm with reverse polarity (PRNRP)
(Al-Obaidy et al., 2020, 2019).

Inverted polarity cancer cell clusters have also been found in peritoneal effusions or
pleural effusions (Ritch and Telleria, 2022; Zajac et al., 2018), in the lumen of
lymphatic vessels or lymph nodes (de Boer et al., 2010; Mohammed et al., 2019) and
in pools of mucins within tumors (Sun et al., 2020). These structures have been
named TSIPs (Tumor spheres with inverted polarity) and can be described as tumor
cell clusters that present an apical domain on their outer membrane. These structures
have an apical-out polarity in suspension as expected, since there is no ECM to
trigger any polarity establishment. However, in some instances TSIPs placed in
matrix maintained an apical-out polarity, therefore demonstrating inverted polarity
as a distinct malignant phenotype for some cancer subtypes (Canet-Jourdan et al.,
2022; Okuyama et al., 2016; Onuma et al., 2021; Zajac et al., 2018).

4.2.3.1.1 Consequences of inverted polarity on cancer invasion

The presence of TSIP-like structures in cancer has a direct impact on cancer
prognosis and invasion. Indeed, micropapillary carcinomas with inverted polarity
structures show a high proportion of lymph node metastasis (Kuroda et al., 2004).
Because of their inverted polarity, TSIPs lack surface integrins that would allow
them to form IACs with the ECM and form actin-based protrusions (Zajac et al.,
2018). They propagate from a metastasis or another TSIP, budding from their
structure. It has been shown that TSIPs adopt a collective amoeboid mode of
migration, moving in a fashion that is similar to immune cells, which depends on
friction forces and the contractility of the actomyosin ring at the rear of the cluster
(Pages et al., 2022). A partial inversion of polarity is enough to trigger invasion in a
collective amoeboid manner in MDCK spheroids (Bryant et al., 2014).
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4.2.3.1.2 Consequences of inverted polarity on drug resistance

In colorectal cancer organoids, TSIPs have a better resistance to chemotherapy
than apical-in structures which is due to a lower proliferation of apical-out structures,
therefore coffering resistance against some chemotherapies such as anti-mitotic
drugs (Canet-Jourdan et al., 2022). This can also be linked to a protection that is
inherently linked to inverted polarity. Indeed, transporters such as ABCBI1 are
localized at the outer membrane in TSIPs, causing drug exclusion (Ashley et al.,
2019).

4.2.3.1.3 Consequences of inverted polarity on immune escape

Proteins necessary for the immune response such as Major histocompatibility
complex (MHC) or toll-like receptors (TLRs) are polarized. Indeed, in healthy gut
or lung epithelia, MHC-II proteins such as HLA-DR and HLA-DM are polarized at
the basolateral domain. This polarization is essential for the regulation of CD4+ T-
cells which have a well-established anti-tumor role (Hershberg et al., 1998; Speiser
et al., 2023; Wosen et al., 2018). In TSIPs with inverted polarity, MHC-II is not
localized to the outward membrane. This may be linked to TSIPs escaping immune
surveillance and to immunotherapy failure in cancer types with inverted polarity
(Axelrod, 2019; Guo et al., 2008).

TLR-3 is also polarized in healthy tissue, as it is basolaterally localized in the
intestinal epithelium (Stanifer et al., 2020). Because of this, TSIPs might lack TLR-
3 on their outer membrane, therefore causing, once more, an immune escape.

4.2.3.1.4 Plasticity of inverted polarity in cancer

While the aforementioned TSIPs show an apical-out polarity in suspension, they
can adopt two polarity phenotypes once embedded in an ECM. After culturing them
in a collagen matrix, some of them revert to an apical-in polarity. This shift in
polarity is not fully understood and has been the main object of this thesis, although
an implication of the TGF-§ pathway as the main driver of polarity in this system
has been described (Canet-Jourdan et al., 2022). Blocking Integrin-f1 has been
shown to prevent the establishment of a normal apical-in polarity in ECM-embedded
TSIPs, which shows an implication of the Focal Adhesion Pathway in the polarity
establishment process (Canet-Jourdan et al., 2022 and 7.1).
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4232 Inverted polarity in genetic diseases

Some genetic diseases can cause pathological inverted polarity:

- Microvillus inclusion disease (MVID) is a disease that affects absorption of
nutrients through the intestinal epithelium, causing diarrhea. This disease can be
cause by several mutations, including MYOS5B, STX3 or STXBP2. This results in a
loss of apical microvilli and mispolarization of key proteins (Schneeberger et al.,
2015).

- Multiple intestinal atresia associated with combined immunodeficiency
(MIA-CID) is linked to a mutation in the TTC7A gene. This disease causes complete
inversion of polarity in intestinal organoids (Bigorgne et al., 2014).

- Polycystic kidney disease (PKD) is caused by mutations in PKD1 and PKD2
genes. This results in mispolarization of proteins leading to an abnormal cell
proliferation and cyst formation (Menezes and Germino, 2019; Wilson Patricia D.,
2004) in the kidney. This polarity inversion causes an alteration in fluid absorptions,
therefore causing an expansion of these cysts (Li et al., 2022).

4.2.3.3 Inverted polarity in pathogen defense

Inverted polarity in epithelia caused by pathogen infection leads to a signaling
to immune system. In chronic liver diseases for instance, damage caused to healthy
cells causes a relocalization of ICAM-1, normally localized at the apical domain, to
the basal pole. Indeed, TNF-a. treatment of healthy hepatocytes is sufficient to invert
ICAM-1 localization to the basal domain enhancing T-lymphocyte recruitment
(Reglero-Real et al., 2014).

Some examples show that pathogen infection cause a local polarity inversion. Upon
Pseudomonas aeruginosa infection, the intestinal epithelium cells form protrusions
surprisingly enriched in basolateral markers such as PI3K, PI(3,4,5)P; and E-
cadherin. This causes both a more favorable environment for bacterial colonization,
but also triggers immune response signaling, so the effect is dual (Gassama-Diagne
et al., 2006; Kierbel et al., 2007; Tran et al., 2014).

Similarly, Neisseria meningitidis, the cause of cerebrospinal meningitis, invades
thanks to polarity disrupting. At infection sites, its membrane extensions containing
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basolateral and apical components destabilizes the endothelium which creates gaps
allowing bacterial crossing (Coureuil et al., 2009).

4234 Inverted polarity in development

Inverted polarity can also occur in a physiological situation, and more precisely
during the early stages of embryonic development. From the 8-cell stage,
blastomeres start compacting and develop an apical-out polarity. This inverted
polarity is characterized by an increased localization of actin, actin-binding proteins
and the Par3/Par6/aPKC polarity complex at the outer membrane (Ducibella et al.,
1977; Lehtonen and Badley, 1980; Nikas et al., 1996; Plusa et al., 2005; Reeve and
Ziomek, 1981), when basolateral proteins such as the Scrib/Lgl1/DIgl are localized
at cell/cell contacts (Hirate et al., 2013). Through asymmetrical and symmetrical
divisions, polar cells differentiate into a polarized trophectoderm (TE) and an apolar
Inner cell mass (ICM). ; Maitre, 2017; Maitre et al., 2016). The formation of the
blastocoele (a lumen-like structure within the blastocyst) is interesting, because the
lumen initiation at the basolateral domain obeys different laws than to the apical
domain. While the apical domain does not harbor adhesion molecules and therefore
makes it a favorable site for fluid accumulation, the blastocoele forming at the
basolateral domain is due to the accumulation of fluid-filled microlumens, fusing to
each other by Ostwald ripening, therefore creating and increasing the size of the
cavity (Dumortier et al., 2019).

There is a marked plasticity in the polarity status of the blastocyst pre- and post-
implantation. While the apical-out polarity has been well described pre-implantation,
the polarity status adjusts during implantation. TE cells adhere to the endometrium,
which requires a polarity adjustment of the blastocyst in order to avoid apical/apical
repulsion. It has been shown that the mural blastocyst maintains its apical domain
externally, but invert the localization of some integrins to promote the adhesion to
the endometrium (Sutherland et al., 1993).

During the menstrual cycle, the polarity of luminal endometrial cells is changed, with
the loss of the apical enrichment of the Par complex, the Crb complex and mucins
(Whitby et al., 2020). The formation of pinopodes at the surface of the endometrium
makes it receptive to implantation (Quinn et al., 2020), via different integrin
heterodimers such as ovp3. No obvious link has been found between the
implantation process and the involvement of integrin-f1. Interestingly however,
overexpression of Integrin-f1 subsequent to a pathological situation, such as
infection by C. trachomatis, enhances adhesion of the blastocyst within the Fallopian
tubes and promotes ectopic pregnancies.
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Figure 6- Inverted apicobasal polarity (from Pasquier et al., 2024)

(A) Normal epithelial polarity is regulated by the asymmetric localization of mutually antagonistic
complexes. The Par and the Crumbs complexes define the apical pole which is enriched in PIP2, PTEN and
ezrin (proteins marked in blue). Below Als, the Scribble complex defines the basolateral domain, which is
enriched in PIP3 and PI3K (proteins marked in red). ECM sensing through integrins controls the orientation of
apicobasal polarity and ensures traction-based collective migration. Basal localization of MHC-II is thought to
promote immune clearance of damaged cells by permitting T cell recruitment. Apical localization of the
multidrug resistance transporter ABCB1 allows drugs to persist in lumens of epithelia. PIP3,
phosphatidylinositol 3,4,5-phosphate. (B) The pre-implantation blastula displays apical-out polarity, which
prevents adhesion to the uterine wall due to apical-apical repulsion. During the menstrual cycle, to permit
successful embryo nidation, apical determinants in the endometrium disappear from the lumen-facing
membranes while integrins and pinopodes appear. In parallel, polar throphectoderm (TE) cells invert their
polarity in response to emergence of the endodermal basal lamina and mural TE cells express integrins at the
periphery of the blastula to promote implantation. (C) MVID enterocytes show partial inverted polarity of
microvilli structures. MVID with an additional mutation in 77C74 results in fully inverted polarity in these
cells. In PKD renal tubules, inverted polarity of ion channels and EGFR contribute to the growth of cysts via
altered fluid absorption and secretion. (D) TSIPs arise from micropapillary and mucinous carcinoma. The
absence of integrins and presence of mucins at the TSIP periphery prevent cell-ECM interactions resulting in
tissue invasion via the collective amoeboid mode of migration. The inverted polarity of ABCB1 enhances
cytotoxic drug resistance whereas basolateral localization of MHC-II could limit T cell infiltration and increase

immune escape.
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4.3 Biological systems to study polarity and
integrin-mediated adhesions

4.3.1 Colorectal adenocarcinoma (CRC)
4311 Healthy gut architecture

The colon is an organ which function is to uptake nutrients and water from the
alimentary bolus. The role is dual, being both a structure of absorption and secretion.
It is also an important epithelial barrier against pathogens. Because of all these
combined functions, the colon displays a wide variety of cells with different
architectures, thus creating a multifunctional epithelium.

Through histological analysis, the colon can be divided in four distinct zones from
the lumen to the peritoneum (Magbool, 2013):

- The mucosa is the outermost layer (on the apical side, at the border with the
lumen). This sheet is composed of the cells composing the Lieberkiihn crypts, as
well as the lamina propria, ie. the connective tissue and inflammatory cells joining
the mucosal cells.

- The muscularis mucosa, a thin muscular layer.

- The submucosa is composed of nerves, blood and lymphatic vessels. It is a
connective tissue surrounding the muscularis mucosa.

- The muscularis externa, a thin sheet of smooth muscles.

In addition to these layers, the serosa, a monolayer of mesothelial cells, is one of the
composing sheets of the peritoneum (the visceral layer) surrounding the gut as well
most of the organs situated within the abdomen.

As mentioned above, the mucosa is composed of Lieberkiihn crypts containing a set
of different cells named colonic cells. These crypts increase the surface area of the
gut, therefore enhancing secretion and absorption. Different cell types are found in
the crypt with specific localization and function (see Figure 7):

- Colonic stem cells are situated at the base of the Lieberkiihn crypt. These cells
are nonmigratory, undifferentiated and maintain a pluripotent identity. They are
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characterized by the expression of stem cell marker Lgr5 (leucine-rich-repeat-
containing G-protein-coupled receptor 5) (Barker et al., 2007). Lgr5 acts as a Wnt
pathway amplifier by binding to its agonist, R-spondin. Colonic stem cells give rise
to other mucosa cells, such as Paneth cells, goblet cells, enteroendocrine cells and
tuft cells. This differentiation is finely tuned by a regulator called Notch. Indeed,
Notch influences cell fate by activating Hesl, which represses Atohl to prevent
secretory lineage entry. Hesl deletion increases secretory cells production, while
Atohl deletion eliminates them, indicating their crucial regulatory roles (Jensen et
al., 2000; Shroyer et al., 2005).

- Deep secretory cells (DSCs) have a similar structure and function to that of
Paneth cells in the small intestine. They are issued from the first differentiation stage
of colonic stem cells. They act as a protector against pathogens by secreting
antimicrobial peptides such as a-defensins. These cells are also nonmigratory. They
have a growth factor secretion activity and produce digestive enzymes (Bevins and
Salzman, 2011).

- Goblet cells have a protective function through the production of mucins. Mucins
in the gut can be of two natures: membrane-bound mucins (mostly MUC1) compose
the first layer, which acts as a filter protecting the epithelial cells against pathogens.
The second layer is composed of free mucins (mostly MUC2), which acts as a
protective layer and allows transport of secreted gut content (Birchenough et al.,
2015). These cells progressively migrate from the bottom of the crypt towards the
villi (Yang and Yu, 2021).

- Enteroendocrine cells (EECs) mostly play a role in the synthesis of digestive
enzymes and present ion transporters and channels allowing fluids and electrolyte
transports. EECs also produces hormones that are stored within cytoplasmic
granules. Upon signaling reception, these vesicles are released at the basolateral
membrane, which triggers nerve endings at the basal membrane or reaches other
distant cells through the bloodstream (Gribble and Reimann, 2016; Latorre et al.,
2016).

- Tuft cells have been less studied, but their structure is known to be close to that
of taste buds on the tongue. Indeed, many molecular markers of the taste transduction
pathway were found on tuft cells such as a-gutducin, f-endomorphin, metenkephalin
and uroguanylin (Hofer et al., 1996; Luciano and Reale, 1990).
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- Enterocytes are the most common cells within the gastrointestinal (GI) tract and
compose more than 80% of the gut epithelium. They present structures called
microvilli at their apical pole (facing the lumen). Measuring around 1-3 pm long,
these structures increase the absorption surface of the gut. These cells also present
transporters and channels allowing the absorption of water and nutrients. Akin to
goblet cells with mucins, enterocytes produce a membrane-bound mucin-type
glycoprotein (Maury et al., 1995).

Enterocytes are mainly responsible for nutrients and water absorption and do so
through two different transport pathways:

- The transcellular transport is ensured by channel proteins or carrier proteins.
Nutrient uptake can also be performed through endocytosis or pinocytosis (Conner

and Schmid, 2003). In this pathway, nutrients travel within the cell.

—> The intercellular or paracellular transport relies on the plasticity of TJs which
allows the diffusion of small nutrients (Pappenheimer, 2001) in between the cells.
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Figure 7- Structure of a crypt (adapted from Beumer and Clevers, 2021)

431.2 Characterization of CRCs

Colorectal adenocarcinoma (CRC) is the third most common cancer type
worldwide as well as the second most common cause of cancer death (Siegel et al.,
2023). In more than a half of cases, carcinogenesis can be attributed to specific risk
factors, such as smoking, diet, alcohol consumption, physical inactivity or body
weight (Islami et al., 2018). Some forms are hereditary, with Lynch syndrome being
one of the best documented instances (Lynch et al., 2008).
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4.3.1.2.1 Histopathology

Beyond conventional scoring such as TNM (Tumor, Node, Metastasis) score and
the immune infiltration of tumor microenvironment, CRCs can be analyzed by
anatomopathologists subsequently to a biopsy. Therefore, several histological CRC
subtypes have been identified:

- Classic adenocarcinoma (CA) is the most common histological subtype of CRC.
It accounts for 80-90% of patients (Li et al., 2019; Bagante et al., 2018). They can
be further characterized by their glandular status:

> Well differentiated CA-CRCs have more than 95% of the tumor that is
gland-forming.

—>Moderately differentiated CA-CRCs have 50-95% gland formation.

—>Poorly differentiated CA-CRCs have less than 50% gland formation.

- Mucinous adenocarcinoma (MUC) is characterized by more than 50% of the
analyzed surface being composed of mucins. Although this has been challenged,
MUC-CRC subtypes are correlated with a higher metastatic burden, a higher
proportion of peritoneal carcinomatosis (PC) and is linked to a poorer outcome
(Hugen et al., 2016; Mekenkamp et al., 2012).

- Micropapillary carcinoma (MiP) is characterized by the presence of tumor
clusters within the cancer stroma. They are more invasive than CAs and are
associated with a poorer prognosis. Some of these MiP-CRCs keep a highly
differentiated profile with the presence of polarized structures (Barresi et al., 2014;
Nagtegaal et al., 2020).

- Serrated carcinoma (SeC) is characterized by serrated lesions within the
glandular sections of the tumor. It is thought that MUC-CRC actually arise from
serrated lesions, therefore relegating these subtypes as two evolution stages of CRCs
(Laiho et al., 2007).

- Medullary carcinoma (MeC) are characterized by poorly differentiated clusters
showing an eosinophilic cytoplasm, but this subtype can often be confused with the
poorly differentiated grade of CA-CRCs (Wick et al., 2005).
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—> Signet ring cell carcinoma (SRCC) are characterized by the presence of signet
ring cells, which are big cells with a large vacuole. They have a high invasiveness
towards lymph nodes and have a poor prognosis (Hugen et al., 2015).

- Neuroendocrine carcinoma (NeC) arise from neuroendocrine (which
enteroendocrine cells constitute a section of) cells within the gut. A tumor is
classified NeC if it contains more than 30% of neuroendocrine cells (Bernick et al.,
2004; Nagtegaal et al., 2020).

- Adenosquamous carcinoma (AsC) is the least documented of these subtypes,
and presents a very similar phenotype than CAs, with a poorer prognosis (Nagtegaal
and Hugen, 2015).

4.3.1.2.2 Consensus Molecular Subtypes (CMS)

In addition to histological profiling, a molecular profiling called “Consensus
Molecular subtypes” allows to classify different CRCs in 4 different categories
(CMS1, 2, 3 and 4). This classification discriminates between different cancer
subtypes using multiple criteria detailed below (Fessler and Medema, 2016):

- CMS1, or MSI (Microsatellite instable) immune group, among which tumors
are generally associated with a high MSI status, hypermethylation (CpG island
methylator phenotype or CIMP) and BRAFYS"F mutation. MSI tumors have a
dysfunctional mismatch repair (MMR) machinery, causing an accumulation of
mutations in the DNA. CIMP phenotype causes many cytosine- and guanine-
enriched promoters to be methylated, thus causing a silencing of genes, and most
importantly tumor suppressor genes.

- CMS32, or canonical subtype, presents high levels of chromosomal instability
(CIN) and an activation of Wnt signaling pathway. CIN phenotype causes an
abnormal karyotype, with some chromosomes being aneuploid and showing
structural defaults.

- CMS3, or metabolic subgroup, displays KRAS mutations, increase in metabolic
pathways, and present a hypomethylated phenotype.

- CMS4, or mesenchymal type, presents an activation of EMT-associated genes,
angiogenesis, TGF-P signaling and matrix remodeling.
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CMS classification and histopathology do not necessarily coincide. For instance,
MUC-CRCs can be found in CMS1, CMS3 and CMS4, but are practically absent
from CMS2. Furthermore, 13% of CRCs cannot be stratified using this classification
due to mixed phenotypes.

4.3.1.2.3 Developmental pathways

Most CRCs arise from polyps, which are precursor lesions arising from
colorectal cancer stem cells at the very base of intestinal crypts. A polyp evolves to
CRCs in about 10-15 years. CRCs evolve along two distinct developmental
pathways (“Comprehensive molecular characterization of human colon and rectal
cancer,” 2012; Dekker et al., 2019):

- The adenoma-carcinoma pathway accounts for 70-90% of CRCs. These evolve
by the accumulation of CIN and genetic mutations. This sequence is generated by an
APC (Adenomatous polyposis coli) mutation, causing its loss of function. This is
followed by RAS activation and loss of the anti-cancer TP53. This pathway leads to
a tubular adenoma.

—> The serrated neoplasia pathway accounts for 10-20% of CRCs. This pathway
is often started by genetic mutations of BRAF or KRAS and is characterized by a
high CIMP status. This pathway leads to serrated lesions.

4313 Metastasis and invasion of CRCs

CRC:s invade following three main metastatic routes:

-> The circulatory route occurs using blood and lymphatic vessels. This cascade
starts with the invasion of tumor cells within the surrounding matrix, followed by
the intravasation of the tumor cells inside the circulatory system (where they are
called circulating tumor cells - CTCs), the circulation of tumor cells, the
extravasation from the vessels to the parenchyma and the colonization of distant
organs and formation of metastasis (Pretzsch et al., 2019). These CTCs have been
shown to be tumorigenic and are able to colonize the liver in vivo (Grillet et al.,
2017). The main metastatic site of CRCs is the liver, as the cancer cells easily migrate
from the gut through the portal system.
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- The transcoelomic route is described when tumor cells invade through the
digestive wall and through the serosa to reach the peritoneal cavity (in between the
two sheets of the peritoneum). The peritoneum surrounds most organs within the
abdomen, and this makes it an important route for the transport of fluid and cells
within the abdomen. CRC cells easily migrate through the peritoneum and, once they
adhere, form metastasis called peritoneal carcinomatosis (PC). It is generally
believed that patients harboring PC have a lower prognosis and are in a terminal
stage of CRC, although almost half the patients with metastasis present PC without
liver metastasis (Aoyagi et al., 2014; Lemoine et al., 2016; Pretzsch et al., 2019).

—> The perineural route is the migration of cancer cells along the nerves from the
primary tumor site. This dissemination route is associated with a poor prognosis
(Krasna et al., 1988; Liebig et al., 2009).

4314 Models of CRCs

CRCs can be studied using different models (Rizzo et al., 2021). Although
multiple cell lines have been generated, thus representing a large phenotypical
diversity (more than 100 CRC cell lines in different cell banks) and present the
advantage of consistency and practicality, they do not model the intratumoral cell
diversity, and the cell lines easily diverge from the original tumors. To solve these
problems, other models can be used, such as Patient-derived xenografts (PDXs) and
patient-derived organoids (PDOs).

4.3.1.4.1 Cell lines: the example of LS513

LS513 is a colorectal adenocarcinoma cell line which has been used for this
project. It comes from a primary tumor in the caecum of a 64 year old male and
presents a KRASY!?P mutation (Suardet et al., 1992). Because of its serrated origins
and its CIMP-high, MSS (microsatellite stable) statuses, it recapitulates the MUC-
CRC phenotypes well and is classified in the CMS3 category. When cultured on
plastic and reaching confluency, the LS513 monolayer starts to bud and releases
TSIP-like structures in the medium that present an inverted polarity, which was
particularly relevant for our study. Using a cell line allows an easier manipulation
for basic biochemistry techniques and a higher throughput (Lopez, 2022). Genetic
drift amongst passaging, the immortalization process as well as a culture exclusively
in vitro are amongst the main limitations to the relevance of the use of such cell lines.
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4.3.1.4.2 Patient-derived xenografts (PDXs)

Patient-derived xenografts have been used since their first successful report in
1953 (Toolan, 1953). This technique relies on grafting patient tumor tissue in an
immunodeficient mouse. PDX are a very relevant technique to reproduce the tumor
phenotype, as they correspond to the histopathological features of the original patient
tumor (Blomme et al., 2018), as well as its CMS status (Sveen et al., 2018). However,
there might still be a genetic divergence along with the increasing number of
passages that should be taken into account (Rizzo et al., 2021). The subcutaneous
engrafting of patient tumoral material allows to develop a full-grown tumor in vivo,
and such tumor fragments can be passaged in immunocompromised mice. It must be
noted that maintaining PDXs is expensive, slow and technically challenging,
especially when it comes to genetic manipulation of the tumoral material ex vivo.
For this research work, three CRC PDX models have been retrieved from the
CReMEC (Center of Resource for Experimental Models of Cancer) consortium, all
presenting mucinous characteristics and KRAS mutations (Julien et al., 2012).

4.3.1.4.3 Patient-derived organoids (PDOs)

The production of PDOs (Patient-derived organoids) is a good alternative to
PDXs’ limitations. It is easier to expand the tumoral material and requires a 3D ECM
as well as a serum-free medium supplemented with stem cell growth factors. PDOs
start with patient tumoral material and follows three main steps: fragmentation and
digestion of the tissues, embedment in the ECM and culture in the medium (Cartry
et al., 2023; Date and Sato, 2015) (see Figure 8). At every passage, PDOs are
digested into small fragments and seeded into fresh ECM and can be expanded this
way. Having this small fragment/single cell stage at each passage step makes genetic
manipulation of PDOs easier than that of PDXs but might compromise the cell
diversity, although this has not been fully investigated.
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Figure 8- Generation of PDOs (from Date and Sato, 2015). After digestion,
digested cells are embedded in Matrigel. From Lgr5+ cells, different
cell types differentiate to form a full-grown organoid

4.3.2 Human induced pluripotent stem cells (hiPSCs)
4.3.2.1 What are hiPSCs?

hiPSCs are a type of pluripotent stem cells, which means they have the ability to
renew and differentiate into multiple cell types. To avoid the use of embryonic stem
cell, it is possible to reprogram human somatic cells for them to revert to
pluripotency. These reprogrammed cells are hiPSCs (Takahashi et al., 2007;
Takahashi and Yamanaka, 2006), and they overexpress pluripotency and stemness-
related genes: OCT3/4, SOX2, KLF4, NANOG and c-Myc.
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4.3.2.2 Naive and primed states

hiPSCs can be described in two different states:

- Naive hiPSCs mimic the pre-implantation state of the Inner Cell Mass (ICM).
They can give rise to both embryonic and extraembryonic cell lineages, and therefore
can be qualified of pluripotent. These cells can be maintained in a naive state in vitro
by the addition of leukemia inhibitory factor (LIF).

—>Primed hiPSCs however, have a state which is similar to that of post-implantation
of ICM cells. These cells can give rise to the three documented germ layers: the
ectoderm, the mesoderm and the endoderm (X. Wang et al., 2021). In vivo, primed
stem cells surround the amniotic cavity which will contain the growing embryo.

While the transition mechanisms between the naive and primed states are not fully
understood to this day, several protocols are available to revert primed hiPSCs into
naive hiPSCs and to capacitate naive hiPSCs into primed hiPSCs (Collier et al.,
2022; Rostovskaya et al., 2019; Taei et al., 2020). Capacitation can be defined as the
process during which naive hiPSCs gain competence for lineage induction, turning
them into primed hiPSCs, which does not require exogeneous growth factors but is
facilitated by the inhibition of Wnt, which is what was performed in vitro (see
6.1.2.2).

Some cell-state markers help discriminate between the naive and primed states,
namely the naive markers Kriipel-like factor 17 (KLF17) and T-Box Transcription
factor 3 (TBX3), and the primed markers Zix family member 2 (ZIC2) and secreted
frizzled related protein 2 (SFRP2).

4.3.2.3 Adhesion and polarity status of the blastocyst

Integrins are crucial to the growth of hiPSCs. Indeed, they grow in colony-like
structures, and their colony architecture is dependent on the attachment to the ECM
through integrins. When cultured on Matrigel, naive colonies tend to adopt a dome-
shaped structure, while primed colonies tend to have a flatter phenotype. This
flattened shape is accompanied by a contractile actin fence at the edge of the colony.
These fibers present a specific type of focal adhesions at both ends, named
cornerstone focal adhesions, which are enriched in integrin-f5 (Néarvi et al., 2017,
Stubb et al., 2019).
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During the implantation of the embryo to the endometrium (and therefore during
capacitation), it has been shown that the mouse blastocyst started its polarity
orientation process (Bedzhov and Zernicka-Goetz, 2014). Indeed, the tissue
epithelialization, and especially the lumen formation is concomitant with the naive-
to-primed transition (Cesare et al., 2022). This polarity establishment has been linked
to the subsequent exit of pluripotency, with cells in contact at the basal membrane
responding to survival signals, which triggers their differentiation into polarized
columnar epithelium (Coucouvanis and Martin, 1995). To further understand this
process, we have investigated the role of Integrin-f1 in the capacitation and
reversion cascades, and how it translates into the architecture of stem cell colonies
(see 7.3).

4.3.3 Stiffness-insensitive spreading of cancer: the use of
TIFs and U20S

4.3.3.1 The role of matrix stiffness in cancer invasion

In solid tumors, the increased tissue stiffness is often seen as a hallmark of cancer

and is a direct prognosis factor in different carcinomas such as breast, pancreas and
colon (Paszek 2005, Lee 2019, Rice 2017, Baker 2013). Stiffness can also be used
as a diagnosis tool, for example during palpation (Boyd et al 2007).
The increase in stiffness is due to the remodeling of the ECM within the tumor
microenvironment (TME) which is mainly produced by cancer-associated
fibroblasts (CAFs). Increased matrix protein deposition, altered collagen
crosslinking and a change in the expression of metalloproteinases (MMP) that
degrade ECM components cause dramatic remodeling altering matrix density and
its visco-elastic properties. While a stiff ECM can cause the transformation of
healthy epithelial cells into cancer cells, it can also influence and support cancer cell
invasiveness (Bonnans et al., 2014; Fu et al., 2018; Katara et al., 2018; Najafi et al.,
2019). Historically, cancer cells are often cultured on plastic, ie. on a substrate which
stiffness is higher than physiological ones. However, it is more and more common
to culture cells in more physiological stiffness regimes, where soft matrix is often
mimicked with 0.5 kPa ECM coated hydrogels and stiff matrix with hydrogels with
a Young Modulus of around 50 kPa (James R. W. Conway et al., 2023).
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4.3.3.2 The role of matrix composition in cancer invasion

Matrix remodeling by CAFs is not characterized by a sole change in the physical
visco-elastic properties of the ECM, but also in its biochemical composition.
Carcinogenesis can be accompanied by altered expression or mutations in collagens,
laminin and fibrillin (Bateman et al., 2009; Mao and Bristow, 2001). In addition, just
like it is possible to correlate stiffness with prognosis, the matrix composition can
also act as a prognostic marker. For instance, higher proportions of collagen VI,
tenascin C and fibronectin are correlated with a poorer prognosis (Fernandez-Garcia
et al., 2014; Ishihara et al., 1995; Wishart et al., 2020). The mutations and
overexpression of MMPs in cancer cells also implicate a change in the TME matrix
through selective degradation of some components (Liao et al., 2021). By testing
different stiffness and matrix compositions, it has been possible to find conditions
that uncouple composition and stiffness in the cancer cell spreading process (James
R. W. Conway et al., 2023).

43.3.3 TIFsand U20S

Across our study, we have looked into the impact of the TME ECM composition
and physical properties using two cell lines, namely telomerase immortalized
fibroblasts (TIFs) and U20S osteosarcoma cells (from a moderately differentiated
sarcoma in a 15-year-old girl). Using these, it was possible to study the effect of the
matrix both on the invasiveness of cancer cells and their associated fibroblasts.
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5 Aims of the PhD

Integrins are crucial in the establishment of cell states. In the literature review, I have
discussed their importance in cell spreading, apicobasal polarity establishment and
in the architecture of stem cell colonies during the capacitation process. Therefore,
this PhD work is a pan-model study (CRC PDXs and cell lines, osteosarcoma cell
lines and hiPSCs) to further investigate a wide panel of the influence of integrin
availability, trafficking and signaling in regulation of these three processes. While
Integrin-B1 is the best-studied integrin monomer, owing to its involvement many
integrin heterodimers, mechanisms by which it regulates these processes in a context
and cell-type specific manner remain unclear. Consequently, the aims of this PhD
are:

1. To better understand the underlying events in polarity orientation of
inverted polarity structures, both in health and disease (Publication I).

2. To investigate the underlying reasons of the focal-adhesion pathway-
dependent polarity reversion in CRC metastasis and the possible role
integrin-mediated control of polarity on cancer invasiveness (Publication
10).

3. To investigate the role of matrix stiffness and ECM composition on cell
spreading using a matrix spot-array screening system (Publication III).

4. To investigate the role of Integrin-B1 on the architecture of hiPSC stem
cell colonies and in the regulation of naive and primed cell states
(Publication IV).
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6 Material and Methods

6.1 Cell culture and organoid formation

6.1.1 MUC CRC (lIl)
6.1.1.1 Culture and passaging of PDXs

Animal experiments performed in France were compliant with French legislation

and EU Directive 2010/63. The project was validated by the Ethical Committee
(CEEA) no. 26 and was then granted French government authorizations under
number  517-2015042114005883 and  2734-2015111711418501.  Animal
experiments performed in Finland were done in accordance with the Finnish Act on
Animal Experimentation (animal license number ESAVI/12558/2021 and
ESAVI/6253/2024). Mice were obtained from Charles River France and Germany,
housed and bred at the Gustave Roussy animal core facility (accreditation number
E-94-076-11) and at TCDM (Turku Center for Disease Modelling). Animals were
humanely euthanized according to endpoints that were validated by the Ethical
Committee, the French government (Ministére de 1’Enseignement Supérieur, de la
Recherche et de I’Innovation) and the Finnish government.
Three human colorectal tumors (9C corresponding to LRB-0009C, 12P
corresponding to IGR-0012P and 14P corresponding to IGR-014P) from the
CReMEC tumor collection were maintained in NSG mice (strain: NOD.Cg-
Prkdc*® 112rg"™'"™"/SzJ) as described in Canet-Jourdan et al., 2022 and in Julien et
al. 2012. Briefly, small tumor fragments were subcutaneously engrafted on both
flanks of anesthetized mice (2.5% isoflurane). Tumor growth was measured once to
twice a week. When the combined tumor burden reached 1700 mm?, mice were
sacrificed, tumors were used for ex vivo experiments and 50 mm?® fragments
engrafted on the flanks of new mice.
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6.1.1.2 Generation of tumor spheres

Organoids were prepared according to Sato and Clevers 2013 and adapted for
muco-secreting tumors as follows. The 9C, 12P or 14P tumors between 1200 and
1700 mm? were retrieved from the mice, minced into small fragments using a sterile
scalpel and were incubated for 1 h at 37°C in a final volume of 5 to 10 ml of culture
medium (Dulbecco’s modified Eagle’s medium; DMEM) without fetal bovine serum
(FBS) and with 2 mg/ml collagenase (Sigma, C2139). The samples were then mixed
with 20 ml of DMEM and filtered on 100 um mesh size cell strainers (Greiner,
EASYstrainer, 542000) and centrifuged 10 min at 277 g. Clusters were isolated from
the remaining mucin and single cells by washing in 10 ml of DMEM and pulse
centrifugating at 277 g five times. The clusters, now free of mucin and single cells,
were maintained for 3 days in ultra-low attachment plates (Corning, CLS3471) in
culture medium. Then, organoids were pelleted at 277 g and used for further
experiments.

6.1.1.3 Collagen embedding and culture of tumor spheres

Collagen-I (Corning, 354236) was neutralized with 1.0 M NaOH and 10x MEM
(Life Technologies, 21430-02) according to the ratio: 1.0:0.032:0.1 (v/v/v). The
concentration was then adjusted to 2 mg/ml with 1x DMEM, and the collagen-I was
incubated on ice for 1h. The organoids, after spending 3 days in suspension as
described previously, were then embedded in neutralized collagen-I and were added
on top of pre-coated (using 7ul of the collagen mix per well) wells of an p-Slide 8
Well ibiTreat slide (Ibidi, 80826) at a concentration of 30—50 organoids/5 ul. The
gel was allowed to polymerize for 1h at 37°C. Organoids were then cultured in
culture medium supplemented with FBS 10% for up to 6 days (3 days for PDX#3).
The drugs were diluted in the medium as follows: AIIB2 (DSHB, AB528306, 1
pg/ml), Heregulin-f1 (Peprotech, 100-03-10UG, 20 ng/ml), Trastuzumab
(Herceptin, Roche, 10 pg/ml), Pertuzumab (Perjeta, Genentech, 10 pg/ml),
Saracatinib (Selleckchem, S1006, 1 uM), EHT-1864 (R&D Systems, 3872, 5 uM),
P1E6 (DSHB, AB2619597, 10 pug/ml), FAK14 (Tocris, 3414, 10 uM).
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6.1.1.4 Generation of a 14P-derived PDO line

The clusters obtained from the PDX as described previously were pulsed centrifuged
at 277 g and resuspended in Matrigel (Corning, 354230) and plated in 10 x 15 pl
droplets in the bottom of a 6-well plate (Greiner, 657160). Cells were then incubated
at 37°C for 15 minutes to let the basement membrane extract polymerize, then
culture medium was added as described in Fujii et al 2018, without any human R-
spondinl, A83-01 and Afamin-Wnt-3A serum-free condition medium. During the
first two days, the organoid expansion medium was supplemented with Y-27632
(Calbiochem, 688000, 10 uM). This medium was renewed every two days and PDOs
were passaged every 7 to 14 days as described in Cartry et al 2023.

6.1.1.5 Culture of LS513 and generation of TSIPs

LS513 cells were obtained from ATCC (#CRL-2134) and cultured in RPMI-
1640 medium supplemented with 10% FBS. LS513 were cultured in 10 cm cell
culture dish. To generate TSIPs from the LS513 monolayer, the medium was
changed every two days until the monolayer reached confluence. After waiting 5
days, the medium was collected and pulse centrifuged at 277g to collect the LS513
TSIPs. These were left for 3 days in suspension in ultra-low attachment plates
(Corning, CLS3471), and embedded in collagen as described earlier (using the
LS513 medium). For passaging, the monolayer was digested with 1x trypsin when
70% confluence was reached.

6.1.2  hiPSCs (IV)

6.1.2.1 Culture of naive and primed stem cells

Primed hiPSCs HEL24.3 were a kind gift from Timo Otonkoski (University of
Helsinki). They were cultured in Matrigel-precoated plates (354277, Corning) and
in Essential 8 Medium (A1517001, ThermoFisher) at +37°C and 5% CO2. For
passaging, 50 mM EDTA in PBS was used until detachment of the edges of the
colonies as described in Nérva et al., 2017. The medium was changed daily.

To culture naive hiPSCs, a monolayer of feeder cells was prepared. For this,
inactivated mouse embryonic fibroblasts (iMEFs, A24903, Life Technologies) were
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cultures on 0.1% gelatin-precoated (07903, StemCell Technologies) dishes in
DMEM/F12 (11320033, Gibco) supplemented with 10% FBS at 37°C, 5% CO2.
Naive hiPSCs were obtained after reversion of the primed HEL24.3 using the
NaiveCult Induction Kit (05580, StemCell Technologies). They were then cultured
on the feeder cell monolayer after washing it twice with PBS and cultured in
NaiveCult Expansion Medium (StemCell Technologies). The medium was changed
daily. The cells were cultured at 37°C, 5%CO2 and 5% O2. For passaging, cells were
dissociated with TrypLE Express (12604-21, Gibco), and re-plated on a feeder-cell
monolayer in culture medium - supplemented with 10 pM ROCK inhibitor Y-27632
(72302, StemCell Technologies) during the first 24 hours. In cells cultured with
Mab13 (in-house, 10 puM), the antibody was added 24h after passaging and
introduced in the freshly changed medium every day.

6.1.2.2 Capacitation

For the capacitation process, naive hiPSCs were first plated on a Matrigel-
precoated plates (354277, Corning) supplemented with 10 uM Y-27632 (72302,
Stemcell Technologies). After two days, the NaiveCult medium was changed to
capacitation medium, called N2B27, as described in Rostovskaya et al., 2019
(DMEM/F12 [1:2; 11320033, Gibco], Neurobasal medium [1:2; 21103049, Gibco],
N2 supplement [in house], 1 mM Il-glutamine [Sigma-Aldrich] and 0,1 mM 2-
mercaptoethanol [M3148, Sigma-Aldrich]) medium supplemented with 2 uM XAV-
939 (Tocris Bio-Techne, 3748) at +37°C, 5 % CO2 (Guo et al. 2017). N2 was
prepared by supplementing DMEM/F12 with 0.4 mg/ml insulin (19278, Sigma-
Aldrich), 10 mg/ml apo-transferrin (3188-AT-001G, R&D systems), 3 uM sodium
selenite (S5261, Sigma-Aldrich), 1.6 mg/ml putrescine (P5780-5G, Sigma-Alrich)
and 2 pg/ml progesterone (P8783, Sigma-Aldrich). Depending on the experiment,
the cells were capacitated for 2 to 5 days. The capacitation process was followed
with an Incucyte S3 live-cell analysis instrument (Sartorius).

6.1.2.3 Colony formation assay

Similarly to what is described in Rostovskaya et al., 2019, previously
capacitated cells were passaged according to that of the Naive cell passaging
protocol into Matrigel-precoated 12 well plates at a density of 4x10° cells/well.
Depending on the conditions, cells were cultured in NaiveCult Medium (reversion)
or E8 medium (control), supplemented with 10 uM Y-27632 for the first 24 hours.
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After 7 days, colonies were fixed and stained with Crystal Violet. Pictures of the
whole plate were taken and analyzed using the ImageJ Colony Area plugin (Guzman
et al., 2014).

6.2 Protein and gene expressions
6.2.1 Western blotting (Il)

Spheres embedded in collagen were first released from the matrix by incubation
of DMEM without serum supplemented with 2 mg/ml collagenase (Sigma, C2139)
for 45 minutes. After pulse centrifugating at 277g, spheres were washed with PBS
and pulse centrifugated at 277 g twice. Spheres were then lysed in TXLB buffer [50
mM Hepes, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM
EDTA, 50 mM NaF, 10 mM Na3VOs, and protease inhibitor cocktail (cOmplete
Mini, EDTA-free, Roche)]. Cells cultured in 2D were washed twice with PBS and
directly lysed with TXLB. Separation was performed by gel electrophoresis (Mini-
PROTEAN TGX Precast Gels 4-20%, Bio-Rad, 4561096), before transferring onto
a nitrocellulose membrane (Trans-Blot Turbo Transfer System, Bio-Rad) and
blocking with AdvanBlock-Fluor (Advansta, R-03729-E10). Primary antibodies in
AdvanBlock-Fluor were incubated overnight at 4°C with the dilutions mentioned in
Table 2. Membranes were washed thrice between primary and secondary antibody
treatments with Tris-buffered saline with 0.1% Tween 20 (TBST). IRDye secondary
antibodies (see Table 2) were incubated for at least 1 hour at RT, before detection on
an Odyssey fluorescence imager CLx (LI-COR). Densitometry analysis was
performed in Fiji by normalizing the signal to GAPDH, which was used as a loading
control.

6.2.2 PNGase digestion of lysates (I1)

For PNGase digestion, cell lysates were prepared in a SDS-free buffer [SO0 mM
Hepes, 1%NP-40, 0.5% sodium deoxycholate, 0.5 mM EDTA, 50 mM NaF, 10 mM
Na3;VOys, and protease inhibitor cocktail (cOmplete Mini, EDTA-free, Roche)]. 9 ul
of lysate was mixed to 1 ul of Glycoprotein Denaturing Buffer 10X) (NEB, B1704S).
The lysate was denatured at 100°C for 10 minutes, then chilled on ice. 2 ul
GlycoBuffer 2 (10X) (NEB, B3704S), 2 ul 10% NP-40 (NEB, B2704S), 5 ul H,O
and 1 ul PNGase F (NEB, P0704S) were then added to the lysate, and mixed gently.
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The lysate was then incubated at 37°C for 1h. From there, the samples were prepared
and run as described before.

6.2.3 Mass cytometry (Il)

Spheroids in collagen for 3/6 days underwent collagen digestion by incubation
of DMEM without serum supplemented with 2 mg/ml collagenase (Sigma, C2139)
for 45 minutes. After resuspending in DMEM + 10% FBS and pulse centrifugating
at 277g, they were collected. Spheroids cultured in suspension, clusters obtained
from PDX digestion or spheroids released from collagen as described previously
were washed with PBS thrice and pulsed centrifuged at 277 g thrice in order to keep
the clusters/spheroids and get rid of any single cells and secreted mucins. The
spheres were then digested in Cell Dissociation Buffer Enzyme-Free PBS-based
(gibco, 13151-014) supplemented with 2 mg/ml collagenase (Sigma, C2139) and
incubated for 1h at 37°C with occasional mechanical dissociation by pipetting. After
addition of DMEM+10% FBS to quench the collagenase, cells were centrifuged at
200 g for 3 minutes and washed thrice with PBS. They were then resuspended in 1
ml cold PBS and filtered through a 5 ml polystyrene round bottom tube with Cell-
Strainer cap (Falcon, 352235), and kept on ice until analysis. The sample was then
run through a Helios® Mass Cytometer and the data analyzed with Cytobank and
clustered through SPADE and viSNE analysis.

6.2.4 Whole exome sequencing (Il)

DNA was extracted using the DNeasy ikit (Qiagen, Cat. No. 69504) from
organoids either after 3 days in suspension (wash one time in PBS supplemented
with Ca*" and Mg?" as mentioned above). Whole exome analysis was performed by
Integragen SA (France), comparing the three samples (9C, 12P and 14P) to a PON
(panel of normal) and analyzed with MERCURYQ .

6.2.5 Analysis of SORLA and ITGB1 gene expression in
human tumors (II)

Preprocessed TCGA colon adenocarcinoma cohort RNAseq data and raw
RSEM-counts were downloaded from https://gdc.cancer.gov/node/905/ and
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https://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/, respectively.
CMSCaller (Eide et al., 2017) was used to infer consensus molecular subtypes
(CMS) from RSEM-counts, excluding calls with FDR > 0.05. The samples were
categorized as mucinous and control cases based on previously conducted
characterization (Nguyen et al., 2021). Associations between SORLA and ITGB1
gene expression were assessed with the preprocessed normalized log2 mRNA
expression data by computing linear regression within each CMS group.

6.2.6 Single cell RNA sequencing (scRNAseq) (1V)

Naive hiPSCs were seeded on Matrigel-coated 6 well plates at a density of 10*

cells/well (354277, Corning), with or without Mab13 (inhouse, 10 uM) in naive
conditions as previously described. After two days of culture, selected plates were
put in normoxia in capacitation medium as detailed earlier, for 2 days. Similary,
HEL24.3 cells were cultured on Matrigel-coated 6 well plates at a density of 10*
cells/well, with or withour Mab13, in primed conditions for 4 days.
After the 4 full days, cells were detached with EDTA (for primed hiPSCs) or TryPLE
express (for naive hiPSCs) as previously described. For each condition, 3 wells were
used. Cells were washed thrice with PBS and resuspended in 15 pul 0.04% BSA in
PBS. The sequencing and analysis were carried by the Single-Cell Omics facility at
the University of Turku.

6.3 Quantification of cell-matrix interactions

6.3.1 Generation of fluorescent collagen (Il & 111)

To fluorescently label rat tail type I collagen (~4.24 mg/mL, 354236, Corning),
1.65 mL was mixed with 450 uL of Milli- Q water and 500 pL of neutralizing buffer
(20 mM NaH2PO4, 112 mM Na2HPO4-2H20, 0.4 M NaCl, and 46 mM NaOH) and
incubated at 37 °C for 30 min. The polymerized collagen was then washed thrice
with PBS for 10 min. Then, 3 mL of Milli-Q water and 1 mL of bicarbonate
buffer [1 M NaHCO3 (pH 8), raised dropwise to pH 8.3 using 1.17 M Na2CO3 (pH
11)] were added to the collagen gel before addition of the Alexa Fluor@d 647 NHS
Ester (Succinimidyl Ester) dye (A20006, Invitrogen) in 100 uL of PBS. After
incubating the collagen mix overnight at 4 °C, the dye was then removed, and the
collagen was washed with PBS with rotation at room temperature for 30 min,
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changing the PBS five times. Stained collagen was then depolymerized through the
addition of 2 mL HCI (20 mM) and gentle rotation at 4 °C overnight. The collagen
was finally centrifuged at 20,000 g for 10 min, collecting the labeled collagen from
the supernatant. The fluorescent collagen was then used at a 1:1000 concentration in
the previously described neutralized collagen gel.

6.3.2 Generation of CNA35 and cloning (II)

Molecular cloning and recombinant protein purification. To generate the
CNA35-mScarlet construct, pET28a-CNA35-EGFP (A kind gift from Maarten
Merkx (Eindhoven University of Technology, MB Eindhoven, The Netherlands),
Addgene plasmid #61603) was digested with Nhel/EcoRI and ligated with
a Nhel/EcoRI digested mScarlet gene fragment (IDT) to generate pET28a-
mScarlet-CNA35. This was validated by analytical digestion and sequencing.
Recombinant protein purification for CNA35-mScarlet was performed as described
in James R. W. Conway et al., 2023.

6.3.3 Peritoneum ex vivo assay (Il)

Peritoneum samples were collected from mice and decellularized by incubating
them in a 1M NH4OH solution for 1h at RT. After washing thrice with PBS for 15
minutes, peritoneum samples were left to incubate with PBS and penicillin-
streptomycin (1:100) at 4°C overnight. After washing thrice with PBS for 15
minutes, the peritoneum was sectioned in lemxlcm pieces and adhered (using
Tissue Adhesive, 3M, 1469SB) to the bottom of plastic transwell inserts (Greiner,
Thincerts, 8 um pore size, 662638) after removing the filter with a scalpel. 100 tumor
spheres were resuspended in 100 ml of DMEM+10%FBS and placed in the well with
AlIB2 (DSHB, AB528306, 1 pg/ml), Y27632 (Calbiochem, 688000, 25 puM),
Heregulin-B1 (Peprotech, 100-03-10UG, 20 ng/ml), Trastuzumab (Herceptin,
Roche, 10 pg/ml), Pertuzumab (Perjeta, Genentech, 10 pg/ml) for 6 days. The fixing
and IF staining was performed as described previously. Peritoneum bits were placed
upside-down on a glass bottom dishes (Cellvis, D35-14-1-N), and imaged as
described previously, using the x20 objective.
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6.3.4 Collagen orientation analysis (ll)

Type I collagen gels with 14P and 12P spheroids were prepared on glass bottom
dishes (Cellvis, D35-14-1-N). 80 pl of PureCol EZ Gel (Advanced BioMatrix, 5074)
was spread on the glass bottom using a micropipette tip and allowed to polymerize
at +37 °C for 1 h. Next, 14P or 12P spheroids were pulse centrifuged at 277 g to
remove the mucin and single cells. Approximately 100 spheroids were mixed with
80 pul of PureCol EZ Gel and pipetted on top of the previously polymerized collagen
layer, after which the mixture was allowed to polymerize at +37 °C for 1 h. Spheres
were treated with AIIB2 (DSHB, AB528306, 1 pg/ml), Y27632 (Calbiochem,
688000, 25 uM), Heregulin-B1 (Peprotech, 100-03-10UG, 20 ng/ml), Trastuzumab
(Herceptin, Roche, 10 pg/ml), Pertuzumab (Perjeta, Genentech, 10 pg/ml). One day
before the samples were imaged, the cultures were supplemented with 1:1000 SiR-
actin (Sprichrome, SC001) and ~40 pg/ml of mScarlet-conjugated collagen probe
CNA35 (Aper et al 2014).

The spheroids were imaged live using a Marianas spinning disk confocal
microscope, 20x objective, Orca Flash4 sCMOS camera, and 2x2 binning (see
Microscopy for details). 60-80 um stacks were acquired around the center (z) of each
spheroid. In order to analyze collagen fiber orientation around the spheroids, ca. 4
um substacks were acquired near the center of each spheroid and used for creating
maximum intensity projections. Next, 200x200 um regions of interest depicting
CNA35 directly proximal to each spheroid, but excluding any dense collagen
aggregates on the spheroid surface, were selected from the projections for analysis.
If the matrix surrounding the spheroid was obviously heterogeneous, the region was
selected to maximize the local alignment.

The selected regions were analyzed with ImageJ plugin Orientation], using cubic
spline gradient and a local window size of 4 pixels. In the color survey, hue
represented orientation and saturation represented coherency. All the local
orientations were exported and analyzed using a custom R script to yield fiber
orientation indices (Ferdman et al 1993, Taufalele et al 2019). Briefly, the
orientations (-90°...+90°) representing each region were normalized, i.e., their
distribution was centered around zero based on the peak of the histogram. Next,
orientation indices (S) were calculated such that

S =2<cos*a>-1

where o is the angle between an individual (fiber) orientation and the average
orientation of the entire region, and <cos o> is the averaged square cosine of all a
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per analyzed region. And index of 0 represents a random distribution, and an index
of 1 represents a perfectly aligned distribution.

6.3.5 Collagen displacement fields (Il)

In order to measure transient displacements exerted on the collagen matrix by
the 14P and 12P spheroids, the spheroids were prepared and embedded in type I
collagen, as described above. The spheroids were grown in the gels for 6 days and
supplemented with 1:1000 SiR-actin and ~40 pg/ml mScarlet-CNA35 one day
before the imaging. 60-80 pm stacks were acquired around/near the center of each
spheroid, before and after the cells and matrix were relaxed by adding 10 pM
latrunculin B and incubating for ca. 20 minutes. Marianas spinning disk confocal
microscope, 20x objective, Orca Flash4 sCMOS camera, and 2x2 binning were used
for the imaging (see Microscopy for details).3D displacement fields were calculated
using TFMLAB (Barrasa-Fano et al 2021a, Sanz-Herrera et al 2021, Barrasa-Fano
et al 2021b), a traction force microscopy toolbox implemented in MATLAB R2022a
(MathWorks). The spheroids were segmented using actin images, variable threshold
adjustment and a minimum object size of 10* voxels. Rigid image registration was
done using the default phase correlation-based algorithm. The displacements were
calculated from CNA35 images using 10x10x10 pum grid spacing, default
registration metric and optimizer (normalized correlation coefficient, adaptive
stochastic gradient descent) and post-shift correction. The results were visualized
using ParaView v5.11.0 (Ahrens et al 2005).

6.4 Infections and polarity/trafficking analysis (I1)
6.4.1 SorLA silencing using shRNA lentiviral transduction

During passaging of the 14P-generated PDO line as described previously, 10°
cells were resuspended in 36 pl of organoid expansion medium were infected with
4M TU [62 pl of the virus (Origene, TL309181V)], 1 ul polybrene (Merck, TR-
1003-G, stock solution at 1 mg/ml) and 1 pl Y-27362 (Calbiochem, 688000, 10 uM,
stock solution 1 mM), in a U-bottom 96-well plate (Falcon, 351177) for 6 hours at
37°C. 1 ml of DMEM+10%FBS was added, and cells were centrifugated at 200 g

for 3 minutes. Cells were then resuspended in 60 pl Matrigel (Corning, 354230) and
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4x15 pl droplets were poured in a 24 well cell culture plate (Cellstar, 662 160) and
left at 37°C degrees to polymerize for 15 minutes. 1 ml organoid expansion medium
(supplemented with 10 uM Y-27362 for the first two days). The medium was
changed every two days and organoids left to grow for 7 days. For polarity assays,
the well was first washed thrice with PBS, before adding 1 ml of Cell Recovery
Solution (Corning 354253). Cells were then left to incubate at 4°C for 20 minutes;
Mechanical dissociation was then applied with a p1000 pipette until Matrigel was
completely dissolved. 4 ml of PBS was added and spheroids were pulse centrifuged
at 277 g. The spheres, now free of Matrigel, were maintained for 3 days in ultra-low
attachment plates (Corning, CLS3471) in PDX culture medium. Then, organoids
were pelleted at 277 g and used for further experiments.

6.4.2 SorLA KO using siRNA transient transfection

LS513 were plated in a 6 well plate at 80% confluency. Transient siRNA
transfections were performed using Lipofectamine RNAIMAX reagent (Invitrogen,
56532) according to the manufacturer’s instructions. SORLA-targeting siRNAs
were ON-TARGETplus obtained from Dharmacon—siSORLA #1 (J-004722-08),
siSORLA #2 (J-004722-06). For controls, Allstars negative control (Qiagen, Cat.
No. 1027281) was used. siRNA concentrations used were all 20 nM and cells were
transfected with siRNAs 72 h prior to experiments.

6.4.3 Integrin recycling assay

Surface biotinylation-based integrin trafficking assays in SorLA-silenced LS513
cells were performed based on previously published methods (Farage et al., 2021;
Arjonen et al. 2012), with some modifications. Nunc MaxiSorb 96-well plates
(Thermo Fischer, 44-2404-21) Enzyme-linked immunosorbent assay (ELISA) plates
were coating with anti-B1-integrin antibody mix (5 pg/ml of AIIB2 (in-house) and
anti-CD29 (BD Bioscience #610468) ) in TBS (50 pl per well) overnight at +4 °C.
The wells were blocked with 5% BSA in TBS for 2 h at 37 °C, (100 pl per well).
LS513 cells were silenced three days before the experiment as described earlier. 2
hours prior to the experiment, the medium was changed to prewarmed RPMI with
10% FBS to induce receptor traffic. The cells were placed on ice and washed once
with cold PBS. Cell surface proteins were labelled with 0.13 mg/ml EZ-link
cleavable sulfo-NHS-SS-biotin (Thermo Scientific, 21331) in serum-free RPMI
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medium for 30 min at +4 °C. Any unbound biotin was removed by washing with cold
medium and pre-warmed RPMI+10% FBS with or without 100 uM primaquine
(Sigma, 160393) was added to the cells. The biotin-labelled surface proteins were
allowed to traffic at +37 °C for 15 or 30 minutes. Cells were placed on ice, washed
once with cold PBS and cold cell surface reduction buffer (50 mm Tris—HCI, pH 8.6
and 100 mm NacCl). Cell surface biotin was cleaved with non-membrane permeant
reducing reagent MesNa (30 mg/ml, sodium 2-mercaptoethanesulfonate; Fluka,
63705) in cell surface reduction buffer 20 min at 4 °C, followed by quenching with
100 mM iodoacetamide (Sigma, 13750) for 15min on ice. For the 0 min
internalization, cells were maintained on ice in serum-free RPMI until cell surface
reduction with MesNA. The cells were lysed by scraping in lysis buffer (1.5%
octylglucoside, 1% NP-40, 0.5% BSA, 1 mM EDTA, and protease and phosphatase
inhibitors) and incubation at +4 °C for 20 min with rotation and cleared by
centrifugation (16,000g, 10 min, 4 °C). To detect the biotinylated integrins, 50 pl
volumes of the cell lysates were incubated in duplicate wells at +4 °C overnight,
washed extensively with TBST, incubated for 2 h at 4 °C with 1:1,000 horseradish
peroxidase-coupled streptavidin (Fisher, 21130), washed and detected with antibody
for ELISA detection.

6.5 Stainings and microscopy (II)

6.5.1 Immunofluorescence staining

After incubation for 3 days in suspension or for 3 to 6 days in collagen, the
apicobasolateral polarity of organoids was quantified. Cells were washed thrice with
PBSCM (PBS supplemented with CaCl, (0.1 mM) and MgCl, (1 mM)), fixed with
4% paraformaldehyde (PFA) for 5 minutes (for spheres in suspension) or 45 minutes
(for spheres in collagen) at RT. Spheres fixed in suspension were then embedded in
collagen for imaging as previously described. Permeabilization was then performed
in PBSCM supplemented with 0.5% Triton X-100 for 45 minutes. Spheres were
incubated with primary antibodies overnight at 4°C with the dilutions mentioned in
Table 2 in PBSCM supplemented with 10% FBS and 0.1% Triton X-100. After
washing thrice with PBSCM supplemented with 0.05% Tween, spheres were
incubated with secondary antibodies and phalloidin for 2h at RT with the dilutions
mentioned in Table 2, as well as with DAPI (1 pg/ml). Spheres were then washed
thrice with PBSCM supplemented with 0.05% Tween. The gel was then immerged
in PBS before imaging.
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6.5.2 Confocal imaging

Images were acquired either using a SpinningDisk CSU-W1 microscope
(Yokogawa) with a ZylasCMOC camera piloted with an Olympus X83, or with a 3i
CSU-W1 spinning disk confocal microscope with Hamamatsu CMOS (x40 water
immersion objective). Images were processed using Image]J.

6.5.3 Immunohistochemistry staining

Histology CRC and peritoneum specimens obtained after surgical resection were
formalin fixed and paraffin embedded according to routine protocols. Sections (3
um) of formalin-fixed and paraffin-embedded samples were deparaffinized,
unmasked (pH 8) and rehydrated before HES or Alcian Blue (pH 2.5) staining,
immunohistochemistry or immunofluorescence. Immunohistochemistry Sections
were immunostained for SORLA, HER2, HER3 or with anti-CK20 mouse
monoclonal antibody (see Table 2). Slides were imaged using Axioscan Z1, Zeiss
(x20) and analysed using QuPath.

6.6 Statsistical analysis and polarity quantification

6.6.1 Statistical analysis (Il, Il & 1V)

All statistical comparisons were performed using Prism 7 (GraphPad software),
as indicated in the figure legends, repeating all experiments at least three times
independently.

6.6.2 Polarity score (Il)

To quantify polarity, a polarity score was established by computing three
parameters:
—> the absence/presence of a lumen (1 if one ore more lumen, 0 if none).
- The quantification of protrusions through the measure of corrected circularity (1-
circularity) using the phalloidin signal (varying from 0 if no protrusions, to 1)
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- The quantification of the ezrin fluorescence signal ratio R ( varying from 0 if
cortical signal only, 1 if luminal signal only). If there is no lumen but a strongly

polarized ezrin signal, this is set to 0.
By adding these parameters, we get a score varying from 0 (apical-out) to 3 (apical-
in). If there is no lumen and no polarized ezrin signal, the score is set to 1.5.

6.7

Annexes

Table 1 - Antibodies

Protein Company Catalog Number | Application | Concentration
Ezrin DHSB AB-210031 IF 1:400
SorLA C.M. Petersen IF 1:200
(Aarhus U)
RAB11FIP1 ThermoFische | PA5-55276 IF/WB 1:400/1:1000
(RCP) r
HER2 ThermoFische | MA5-14057 IF/WB/IHC 1:400/1 :1000/1
r 1400
HER3 Cell Signaling | 12708S IF/WB 1:1000/1 :100
P5D2 (Total Abcam Ab193592 IF 1:500
integrin-g1)
12G10 (Active | Abcam Ab202641 IF 1:500
integrin-p1)
WGA-lectin GeneTex GTX01502 IF 1:500
CNA-35 In-house IF 40 ug/ml
Phalloidin 488 | Invitrogen A12379 IF 1:1000
Phalloidin 647 | Sigma 65906 IF 1:1000
Phalloidin 750 | Sigma 07373 IF 1:1000
SorLA BD 624084 WB 1:500
Biosciences
Anti-ms 568 Invitrogen A10037 IF 1:500
Anti-ms 488 Invitrogen A21202 IF 1:500
Anti-rbt 488 Invitrogen A21206 IF 1:500
Anti-rbt 561 Invitrogen A10042 IF 1:500
GAPDH HyTest 5G4MAB6C5 WB 1:2000
Integrin-p1 Abcam Ab52971 WB 1:500
Erk Cell Signaling | 4696S WB 1:500
p-Erk Cell Signaling | 4370S WB 1:500
Src Cell Signaling | 2108S WB 1:500
p-Src (active) Cell Signaling | 2101S WB 1:500
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Ms sec 650 Azure AC2166 WB 1:1000
Biosystems

Ms sec 800 Azure AC2135 WB 1:1000
Biosystems

Rbt sec 650 Azure AC2165 WB 1:1000
Biosystems

Rbt sec 800 Azure AC2134 WB 1:1000
Biosystems

HERS3 Dako DAK-H3-IC IHC 1:50

SorLA Atlas HPA031321 IHC 1:400

Pan-CK Invitrogen MAS5-13203 IHC 1:400

P1E6 DSHB AB2619597 FB 10 pg/ml

(Integrin-a2)

AllB2 DHSB AB528306 FB 1 pg/mi

(Integrin-p1)

AlIB2 In-house ELISA 5 ng/ml

(Integrin-p1)

CD29 BD Bioscience | 610468 ELISA 5 ng/ml

89Y-Integrin- AH 3089004B MC 1:100

allb Diagnostics

41Pr-EpCAM AH 3141006B MC 1:100
Diagnostics

142Nd-PETA-3 | AH 3142011B MC 1:100
Diagnostics

143Nd-N- AH 3143016B MC 1:100

Cadherin Diagnostics

145N (- AH 3145003B MC 1:100

Syndecan-1 Diagnostics

146Nd-Integrin- | AH 3145011B MC 1:100

B3 Diagnostics

148Nd-HER2 AH 3148011A MC 1:100
Diagnostics

149Sm-CD34 AH 3149013B MC 1:100
Diagnostics

150Nd-Integrin- | AH 3150026B MC 1:100

avp3 Diagnostics

1S1Eu-ICAM-2 | AH 3151015B MC 1:100
Diagnostics

1%6Gd-Integrin- | AH 3156007B MC 1:100

p1 Diagnostics

158Gd-E- AH 3158018B MC 1:100

cadherin Diagnostics

159Th-CD98 AH 3159022B MC 1:100
Diagnostics
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160Gd-Integrin- | AH 3160015B MC 1:100

o5 Diagnostics

161Dy-Integrin- | AH 3161012B MC 1:100

o2 Diagnostics

162Dy-Integrin- | AH 3162026B MC 1:100

B7 Diagnostics

163Dy-Integrin- | AH 3163015B MC 1:100

ol Diagnostics

164Dy-Integrin- | AH 3164006B MC 1:100

b Diagnostics

165Ho-Notch2 | AH 3165026B MC 1:100
Diagnostics

166Er-CD44 AH 3166001B MC 1:100
Diagnostics

168Er-Integrin- | AH 3168013B MC 1:100

a9p1 Diagnostics

169Tm-CD24 AH 3169004B MC 1:100
Diagnostics

170Er-ICAM-1 AH 3170014B MC 1:100
Diagnostics

7Yb-CD9 AH 3171009B MC 1:400
Diagnostics

73Yb-Integrin- | AH 3173008B MC 1:100

p4 Diagnostics

74Yb-Integrin- | AH 3174018B MC 1:100

o4 Diagnostics

176Yb-NCAM AH 3176001B MC 1:100
Diagnostics

209Bj-CD47 AH 3209004B MC 1:100
Diagnostics

"2Cd-EGFR Biolegend 352902 MC 1:50

4Cd-Integrin- | R&D Systems | MAB1219 MC 1:50

aV

"1Cd-Integrin- | Sigma MAB1952Z MC 1:50

a3

166Cd-HER4 R&D Systems | MAB11311 MC 1:50

10Cd-HER3 R&D Systems | MAB3481 MC 1:50

106Cd-Integrin- | R&D Systems | MAB4235 MC 1:50

all

144Nd- R&D Systems | MAB29181 MC 1:50

Syndecan-4

152Sm-Integrin- | R&D Systems | MAB2528 MC 1:50

avB5

155Gd-Integrin- | R&D Systems | MAB6194 MC 1:50

o8
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75 u-Integrin- | R&D Systems | MAB4775 MC 1:50
B8

153Eu-Integrin- | R&D Systems | MAB4155 MC 1:50
p6

147Sm-CD166 Biolegend 343902 MC 1:200
54Sm-Notch-1 | Biolegend 352102 MC 1:50
67Er-Notch-3 | Biolegend 345407 MC 1:50
72Yp- Biolegend 354502 MC 1:50
Neuropilin-1

"3Cd-CD10 Biolegend 312223 MC 1:50

Table 2 - siRNA and shRNA

Reagent Catalog number Company
siSORL1 #1 J-004722-08 Dharmacon
siSORL1 #2 J-004722-06 Dharmacon
AllStar 1027281 Qiagen
shSCR TL309181V Origene
shSORLA #A TL309181V Origene
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7 Results

71 Implication of Integrin-p1 trafficking in the
apicobasal polarity orientation of CRC
metastasis (lI)

This project was the main project during my PhD work; therefore, the results will be

detailed thoroughly in the following sections.

711 MUC CRC polarity is regulated by ECM interactions
and Focal Adhesion Pathway

Inverted polarity in cancer has been reported multiple times before (Onuma and
Inoue, 2022; Zajac et al., 2018) with the occurrences of TSIPs for instance. However,
the mechanisms of polarity orientation of TSIPs once embedded in a matrix is
unclear. Being able to decipher this process is clinically relevant, since it had been
shown that a higher burden of apical-out structures is associated with a poorer
prognosis (Canet-Jourdan et al., 2022). By using MUC-CRC PDXs from the
CreMEC bank (Julien et al., 2012), we were able to use clinically relevant models to
further investigate the polarity orientation process, in two primary tumor models
(12P and 14P) and one PC model (9C). Through generation of tumoroids from these
three PDXs and culturing them in suspension or in a collagen-I matrix, we were able
to observe two polarity phenotypes. While all these tumoroids are apical-out in
suspension, 14P tumoroids revert to an apical-in polarity once embedded in collagen
(I, Fig. 1A). 12P and 9C tumoroids remain apical-out in the matrix. All these IF
observations (through actin and ezrin staining) were backed up with the computation
of a polarity score (described in 6.6.2 and II, Fig.S1A), and by the staining of mucin,
which secretion also happens to be polarized (I, Fig. S1B). This polarity score is
based on the quantification of protrusions (through the measure of the circularity of
the tumoroid), the presence or absence of a lumen, and the ezrin fluorescence ratio
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between the cortical and the luminal membranes. By computing these parameters,
we establish a polarity score varying from 0 (perfect apical-out) to 3 (perfect apical-
in). While all models in suspension and collagen (except the 14P in collagen)
presented a polarity score (PS) lower than 0.75, the 14P in collagen harbored a PS
of almost 2, showing a unique polarity shift solely in the 14P upon contact with the
collagen matrix (II, Fig. 1B). Live imaging of 14P in collagen allowed to see lumen-
like structures and beginnings of protrusions as early as 5 hours after embedding (11,
Fig. 1B).

Since previously performed transcriptome analysis (GSE152299) on these three
models reported an upregulation of the KEGG Focal Adhesion pathway in the
collagen-embedded 14P tumoroids, we decided to investigate this pathway deeper.
To illustrate this, we plotted the 45 most upregulated genes in 14P in collagen
compared to the other conditions (II, Fig.S1C and S1D). Inhibition of key regulators
of this pathway, namely Rac, FAK and Src all prevented the polarity reversion of
14P (11, Fig.1D and 1E). Concordantly, we observed a Src phosphorylation in 14P
upon embedding in collagen (I, Fig. S1E and S1F).

7.1.2 Collagen-binding integrins regulate polarity
establishment in MUC CRC

Because the a2 1 integrin heterodimer, which is the best documented collagen-
interactor, is upstream of the FA pathway, we investigated the relative levels and
localization of this integrin in our PDXs. IF staining with P5D2 and 12G10
antibodies has shown that the localization of both total and active Integrin-f1
receptors changed upon collagen embedding in the 14P. While integrins are mostly
intercellular in suspension, they strongly localize on the cortex, at the cel/ECM
interface in collagen in 14P (II, Fig. 2A). Through single-cell mass cytometry
(CyTOF) of our models, we were able to see that the surface expressions of f1 and
a2 were higher in the 14P PDX than in the other PDXs (II, Fig. 2B and S2A, S2B
and S2C). When generating tumoroids from these PDXs, we noticed that embedding
14P in collagen showed an increase in the surface expression of these two subunits
(II, Fig. 2C and S2D). Upon blocking them with AIIB2 (anti-f1-integrin) and P1E6
(anti-o2-integrin) blocking antibodies, we significantly inhibited the polarity
reversion of 14P tumoroids (II, Fig.2D and 2E). It was also possible to observe this
through live imaging (II, Fig. S2E and S2F).
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7.1.3 Inverted polarity is linked to altered expression of
integrin trafficking regulators

Motivated by the observation that the polarity status was correlated to a
differential surface expression of integrins and was functionally dependent on
integrin-ECM interaction, we decided to investigate this more precisely. Cell surface
levels of integrins are largely controlled by the balance of constant integrin
endocytosis and recycling (Bridgewater et al., 2012; Caswell and Norman, 2006;
Moreno-Layseca et al., 2019) as explained in 4.1. By screening through well-
documented integrin traffic regulators, we were able to identify two interesting
targets that were respectively down- and up-regulated in the collagen-embedded
14P: RAB11FIP1 (or RCP) and SORLI1 (II, Fig. 3A and 3B). RAB11FIP1 encodes
for a Rab associated protein which has been shown to be a positive regulator of B1-
integrin recycling in different cancer cell types (Caswell et al., 2008; Eva et al., 2010;
Machesky, 2019). SORL1 encodes for the SorL A protein which has been implicated
in the rapid recycling of B1-integrins in breast cancer (Pietila et al., 2019). Western-
blots and IF stainings of these two proteins showed a downregulation of RCP in all
three models upon embedding in collagen, while SorLA was upregulated upon
collagen embedding, but only in 14P (II, Fig. 3C, 3E, 3G and S3B). Interestingly,
this was accompanied by an elevated Erk phosphorylation in 14P tumoroids in
collagen, which was sensitive to Integrin-f1 blocking through function blocking
antibodies (I, Fig 3H, 31, S3C and S3D). These data suggested the possibility that
in 14P, integrin recycling might undergo a switch from a Rabl1fipl-mediated
Rabl1-dependent long recycling loop to a SorLA-driven rapid recycling loop,
contributing to increased cell surface integrin levels compared to that of the other
models.

To explore this in more detail, we blotted for Integrin-1. Although the total level of
integrins does not significantly change in the different tumoroids between the
suspension and collagen conditions, we observe an increase in the mature, heavier
glycoform of Integrin-B1 in 14P in collagen (II, Fig. 4A). We were able to validate
this result by digesting the used lysates with PNGase (an enzyme cocktail removing
N-glycosylations from the extracellular domain of integrins, as seen in I, Fig.S4A).
The ratio of mature/immature integrin-f31 has previously been linked to alterations
in integrin traffic with a higher ratio of the mature form being correlated to increased
Bl-integrin recycling (Bottcher et al., 2012). Studying integrin-f1 trafficking in
tumoroids has proven technically challenging, and we therefore had to find a relevant
alternative. Our choice was LS513 cells, a mucinous CRC cell line which generates
TSIPs in the medium upon confluency when cultured in 2D. These LS513 TSIPs
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replicate the 14P polarity phenotype well, with a polarity reversion and a SorLA
upregulation when embedded in collagen (II, Fig. S4B, S4C and S4D). Previous
studies have shown that impaired recycling of Pl-integrin can lead to its
accumulation inside of the cell (Sahgal et al., 2019). Through SorLA silencing of
LS513 and performing a cell-surface biotinylation-based integrin uptake assay, we
were able to determine that SorL A silencing increases the intracellular levels of cell
surface-derived endocytosed [1-integrin, indicative of defective recycling in CRCs
(II, Fig.4C). We then aimed at reproducing these results in 14P. Because efficient
silencing SorL A in 14P tumoroids turned out to be technically challenging, we
generated a PDO line from the 14P PDXs. Passaging these PDOs transiently goes
through a single-cell stage which facilitated the efficacy of shSORLA lentiviral
infection. This approach enabled us to generate SorLA-silenced organoids of 14P,
which showed a clearly reduced polarity reversion in comparison to the control (II,
Fig. 4D and 4E), further demonstrating that SorL A is necessary for polarity reversion
in CRC spheroid response to collagen.

7.1.4 The SorLA-dependent integrin trafficking loop is
induced by HER2 and HERS3

Human epidermal growth factor receptor 2 and 3 (HER2 and HER3) are two
transmembrane receptor tyrosine kinase (RTKs) which have been shown to interact
with SorLA. By doing so, SorLA stabilizes the HER2/HER3 heterodimer, increasing
protein levels of the two receptors, and supports its rapid recycling in breast and
gastric cancer (Al-Akhrass et al., 2021). Through IF staining and Western-Blotting,
we have found that only the 14P model showed a simultaneous increase in HER2
and HER3 upon collagen embedding (II, Fig. 5A, 5B, 5C and S5A). Similar to the
collagen-induced SorLA expression, HER2 and HER3 upregulation were also
integrin-dependent in 14P tumoroids in collagen (I, Fig. 5D, 5E and S5B). As it was
shown in Al-Akhrass et al., 2021, the HER2/HER3 signaling via the Erk pathway
induces a transcriptional regulation of SorLA. In return, SorLA regulates HER3 at a
post-transcriptional level, as it was shown that the expression of ERBB3 is
unchanged upon SorL A overexpression or silencing in breast cancer.

We  have performed HER2/HER3  signaling inhibition using a
Pertuzumab/Trastuzumab cocktail (which prevents respectively HER2/HER3
heterodimerization and HER2/HER2 homodimerization) and are both clinically in
use in breast cancer (Swain et al., 2015). Upon inhibition, we prevented the 14P
tumoroid polarity reversion in collagen, which shows an important functional role of
HER2/HER3 signaling in the polarity reversion process (II, Fig. 5F and 5QG).
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Conversely, activating this signalization through Heregulin-B1 (the main HER3
ligand) treatment of 12P (which was thus far blind to the matrix and stays apical-out
in a collagen matrix) initiates a polarity-reversion process, turning them apical-in (11,
Fig.5H and 5I). Upon HER3 stimulation with Heregulin-B1, SorLA was also found
to be upregulated in 12P (II, Fig. 5J and S5E). The 9C model however does not
respond to Heregulin-fB1 stimulation (II, Fig. S5C and S5D) which correlates well
with its aforementioned low HER3 expression level. These results show the validity
of the HER2/HER3/SorL A feed-forward loop, as the stimulation with Heregulin-$1
in 12P leads to a SorL A upregulation which, in returns, regulates HER3 at a post-
transcriptional level (Al-Akhrass et al., 2021). The upregulation of SorLA
consequently leads to an activation of the SorLA-dependent Integrin-f1 recycling
loop, therefore allowing 12P to sense the matrix and orient its polarity accordingly.

7.1.5 The apicobasal polarity orientation allows proper
interaction with the matrix

The HER2/HER3/SorLA complex seems to play a cornerstone role in the
apicobasal polarity orientation in our MUC CRC tumoroids. It was possible to
correlate it to their interaction with the matrix. Through Traction Force Microscopy
(TFM) and collagen-labelling, we were able to visualize the collagen fibers
orientation as well as their displacement. Embedding 14P in a collagen matrix causes
marked fiber displacement compared to 12P, showing a higher matrix interaction
which goes hand in hand with an apical-in polarity and a basal localization of
integrins (II, Fig. 6C, 6D, 6E and S6C). Upon blocking Integrin-B1 or blocking
HER2/HERS3 signaling, we were able to see a decrease in collagen-fiber orientation,
once more indicating a reduced tumoroid/ECM interaction which correlates with the
decrease in polarity reversion. Conversely, activating HER2/HER3 signaling in 12P
results in a higher alignment in collagen fibers proximal to the tumoroid (I, Fig.6A,
6B, S6A and S6B). To better visualize this interaction with the matrix and the stroma,
we performed ex vivo invasion assays of 12P and 14P tumoroids on decellularized
peritoneum. We observed a efficient spreading of 14P tumoroids, which goes well
with a basal localization of integrins. Blocking Integrin-f1 or HER2/HER3 reduces
this spreading. Conversely, activating HER2/HER3 in 12P increases the spreading
area on the peritoneum (I, Fig. 6F, 6G and 6H).
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7.1.6 Higher HER2/HER3/SorLA expression correlates with
apical-in polarity

We eventually wanted a more clinical readout of HER2/HER3/SorLA

expression. By using previously characterized MUC CRC cohort (Canet-Jourdan et
al., 2022), we stained Formalin-fixed paraffin-embedded (FFPE) tumor sections for
HER2, HER3 and SorLA. We observed a higher expression of HER2 in apical-in
structures than in apical-out structures, corresponding well with our in vitro
observations (II, Fig. 7A, 7C and S7B). This correlates well with the relative HER2
expression in 14P vs. 12P. in the PDX FFPEs (II, Fig. S7A). In all structures, a
positive correlation between HER2 and HER3, as well as between HER2 and SorLLA,
was seen (11, Fig. 7B). Interestingly, by analysing a CRC cohort (Nguyen et al., 2021)
and dividing them into two groups (mucinous and non-mucinous), we were able to
see a positive correlation between ITGB1 and SORLA expression both in CMS1 and
CMS3 solely for mucinous CRCs, which was not the case for the non-mucinous (I,
Fig.7D and S7C).
Cumulatively, using cell- and mechanobiology methods to interrogate CRC PDX
tumors ex-vivo and patient samples we report a novel polarity determination (see
Figure 9) mechanism whereby HER2/HER3/SORLA-controlled (1-integrin traffic
control tumor-ECM interactions, ECM rearrangements and invasion into the
peritoneum.
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Figure 9 - HER2/HER3/SorLA-dependent Integrin-1 recycling (from Il)

7.2 Uncoupling stiffness and matrix composition to
determine ideal conditions for integrin-
dependent cancer cell spreading (I11)

This project was a side project during my PhD work; therefore an emphasis will
be put on my contribution to this work (see Figure 10).

Cell spreading is one of the mechanisms by which cancer cells invade their direct
environment (Augoff et al., 2020). While different models show differential
spreading depending on the ECM composition (equivalent to a healthy or a diseased
ECM state), the coupling of such results with physical properties of the matrix, such
as stiffness, is still unclear. To unravel this, we established a high-throughput ECM
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array with different compositions and stiffnesses. This aimed at better understanding
the invasiveness and spreading of cancer cells, taking into account both chemical
and physical parameters.

To answer this question, different ECM compositions were printed on
polyacrylamide (PA) gels with two different stiffnesses: 0.5 kPa (soft) and 50 kPa
(stiff). This was made possible by finding that all these components adhere on PA
with no cratering or defaults after printing, using fluorescent collagen (III, Fig. S1,
reported here in Figure 10). Chosen concentrations for further experiments were 400
pg/ml.

Through the analysis of cell spreading, it was possible to find matrix compositions
that uncoupled stiffness and ligand repertoire, and enhanced U20S and TIF
spreading even on soft substrates: Collagen and Laminin (Coll/Lam), as well as
Laminin and Tenascin C (Lam/TNC) (111, Fig.1 and Fig.2). This can be explained by
an increase of molecular clutches at the cell surface. Indeed, TIFs on soft Coll/Lam
substrates present more zyxin- and vinculin-positive foci, which can explain a better
adhesion to the substrate (III, Fig.3). Additionally, because TIFs and U20S present
both collagen-binding (o231 and a11f1) and laminin-binding (a3B1, a6p1, a634)
integrins at their surface, they are able to engage a broader integrin repertoire for
ECM interaction in a Coll/Lam matrix than on collagen or laminin alone (III, Fig.3).
This goes hand in hand with an increase in integrin signaling (III, Fig.4).

It was thus possible to find matrix compositions that engaged a higher diversity of
integrins, and therefore initiate a higher number of molecular clutches on the cancer
cell surface, therefore creating stiffness-independent conditions for cancer cell
spreading and invasion.

Figure 10- Fig. S1 from Ill (see next page).

(A) Schematic of the microcontact printing technique applied to print the ECM mixtures as spots on
hydrogels of different stiffness. (B) Schematic of the ECM spot array following
microcontact printing on the different polyacrylamide hydrogels. (C) Representative
images (left) and quantification (right) from initial FN test spots on 50 kPa stiffness gels
(n=4 biological replicates; 4 spots/mixture/replicate; equal protein concentrations printed
by making each mixture up to 400 ug/ml total protein with BSA; scale bars, 50 uym). (D
to F) Representative images (D; whole spots imaged with half presented from each
channel) and quantification of Collagen-1-647 (Coll-647) signal (E) or Lam staining (F)
after spotting stiffness gels (0.5 and 50 kPa) with different dilutions of Coll-647, Lam or
Coll-647/Lam (n=4 5 biological replicates; 2 spots/mixture/replicate; equal protein
concentrations printed by making each mixture up to 400 pg/ml total protein with BSA,;
scale bars, 50 ym; XZ maximum projections given below representative XY images).
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7.3 Integrin-pB1: a cornerstone in hiPSC
capacitation (V)

This project was a side project during my PhD work; therefore an emphasis will

be put on my contribution to this work (see IV, Figures 4 and 6).

7.31 Blocking Integrin-B1 delays the capacitation process

The action of Integrin-B1 on the blastocyst implantation and on the priming
process which enables primed hiPSCs to evolve from naive hiPSCs is still poorly
understood, which is what has been the core of our research here.

While capacitation has already been molecularly characterized (Rostovskaya et al.,
2019), the impact of Integrin-B1 on this process has not been studied. After growing
naive hiPSC colonies in NaiveCult for 48h with or without Mab13 (an integrin-f1-
blocking antibody), the medium was changed to capacitation medium (N2B27 +
2uM XAV-939) and the growth was monitored with an IncuCyte. Colonies both
adopt naive-like features with a dome rounded shape in NaiveCult. After 48h in
capacitation medium, colonies cultured without Mab13 lose their naive-specific
architecture and spread on the plastic, while the colonies cultured with Mab13
maintained a very similar phenotype to that of naive hiPSCs. After 120 hours of
capacitation, both conditions present a similar primed-like phenotype, lose their
dome-shaped architecture and spread (IV, Fig.4A).

To further investigate the capacitation, we performed a colony count assay similar
to the one described in Rostovskaya et al., 2019. Naive hiPSCs were either
capacitized for 48h (2d) or 120h (5d), both with or without Mab13. Cells were then
passaged on a Matrigel-coated plate and cultured in either NaiveCult (to revert them
to a naive state) or E8 (to maintain them in a primed state) for 7 days (IV, Fig.4B).
Colonies were then fixed and stained with CrystalViolet, and the colony area ratio
between the NaiveCult and the E8 conditions was assessed from brightfield
microscopy pictures. For both conditions, with or without Mab13, we normalized
this area ratio to the area of non-capacitized colonies (IV, Fig.4C). Without Mab13,
we noticed a significant decrease in the colony area ratio in naive hiPSCs capacitated
for 5 days as opposed to the ones capacitated for 2 days, indicating that during the 5
days of capacitation, the cells have exited their naive state and are no longer able to
grow in NaiveCult. However, when cultured in presence of Mabl13, the area ratio
remains unaltered despite the capacitation duration, indicating that Mab13 attenuated
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exit from the naive state, such that after 5 days the cells remain capable of growing
and renewing in NaiveCult.

Taken together, these data suggest that blocking Integrin-1 using Mab13 delays the
capacitation process both on a phenotypical and molecular level. In this sense,
integrin-B1 is essential for the capacitation process.

7.3.2 Integrin-B1 is central to a fully primed feature
acquisition during capacitation

To further understand the genetic changes cause by capacitation, we performed
single cell RNA sequencing (scRNAseq) using 6 different conditions: naive hiPSCs
cultured with (d0_Mab13) or without (d0) Mab13, previously capacitized (for 48h)
naive hiPSCs with (d2_Mab13) or without (d2) Mab13, and primed hiPSCS cultured
with (HEL24.3_Mab13) or without (HEL24.3) Mab13. The U-map of these 6 groups
shows that clustering patterns of naive cells cultured without Mab13 is similar to that
of capacitated cells cultured without Mab13, while the d0_Mab13 and d2_Mab13
groups also cluster alike. Primed HEL24.3 cells clustering is identical whether with
or without Mab13 (IV, Fig. 6A). The overlayed SFRP2 expression (IV, Fig. 6B)
shows a consistent pattern considering the capacitation process: as a primed marker,
it is increasingly expressed with the capacitation stage and maximal in primed cells.

To better understand the effect of Mab13 on the capacitation process, we plotted
the top up- and down-regulated genes in the d2 condition compared to the d0
condition (IV, Fig. 6C). From this geneset, we identified three populations: genes
that remained downregulated in d2_Mab13 compared to d0_Mab13 (written in blue),
genes that remained upregulated in d2_Mab13 compared to d0_Mab13 (written in
red), and genes that were differentially regulated in the absence of Mab13 but not in
d2_Mab13 compared to d0_Mab13 (written in green). DPPA3 and L1TD1, two well
characterized naive markers (Palangi et al., 2017; Rostovskaya et al., 2019; Zhao et
al., 2019) and therefore logically downregulated during capacitation seemed to be
impacted by Integrin-B1 function blocking. Indeed, upon addition of Mab13, their
expression stays unchanged upon capacitation. The case of Mabl3-sensitive
upregulation of MT1G and MTIH upon capacitation is interesting, as these
metallothioneins have been reported to be upregulated during the differentiation
process of cardiomyocytes (Branco et al., 2019) but also as part of naive genesets in
other studies (Liu et al., 2020; Mol¢ et al., 2021) (IV, Fig.6D). Interestingly, CGA
which is involved in the embryo attachment to the endometrium (Idelevich and
Vilella, 2020) and therefore upregulated upon capacitation (IV, Fig.6D), was slightly
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downregulated after integrin-B1 blocking, once more underlining the strong
inhibitory effect of Mab13 on the capacitation process.

Taken together, these data show the impact of Integrin-1 function blocking on
the capacitation with Mab13-treatment inhibiting capacitated cells to fully display a
primed-like expression profile.
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8 Discussion

8.1 Understanding inverted polarity in health and
disease ()

Inverted apicobasal polarity plays crucial roles in developmental processes,
ranging from embryo implantation to immune surveillance. Conversely to the EMT
paradigm, inverted polarity can also be a hallmark of invasive cancer progression.
The significance of polarity inversion in the pathophysiology and molecular origins
of these diseases is therefore becoming evident.

Our research compiles observations from cancer subtypes and genetic diseases
to explain the development of inverted apicobasal polarity. It focuses on cellular
responses to polarizing ECM cues, actomyosin contractility, and changes in
membrane trafficking. Many of these molecular mechanisms have been identified
through in vitro studies on cellular spheroids within standardized 3D matrices.
However, to identify key molecular targets more precisely, more complex systems
involving co-culture with stromal cells are necessary.

Recent advancements in manipulating cell polarity orientation, such as those
reported by Watson et al., 2023, are needed to bridge the knowledge gap required
for therapeutic interventions in diseases characterized by inverted polarity. These
advancements will greatly help in developing targeted treatments to either restore
normal cell polarity or induce polarity inversion as needed, enhancing our ability to
modulate immune detection, drug responsiveness or cell migration. Overall,
understanding and manipulating cell polarity dynamics hold significant promises for
improving outcomes in a range of diseases, and especially cancer treatment.
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8.2 A HER2/HER3/SorLA-dependent Integrin-p1
recycling loop as a polarity regulator in CRC
metastasis (II)

A prevailing view has been that the normal apicobasal polarity of epithelial
tissues is progressively lost during carcinogenesis via the EMT process. However,
this idea has increasingly been challenged with the occurrence of well polarized
cancer structures (Diepenbruck and Christofori, 2016). Our study reveals an new
mechanism through which CRC metastasis orient their polarity. We show a new
interaction network involving integrins, HER-family RTKs and SorL A, explaining
the efficient trafficking of Integrin-B1 in a collagen matrix and explaining the
consequent apicobasal polarity orientation of MUC CRC metastasis. In this polarity
regulation pathway, HER2/HER3/SorLA-regulated Integrin-pl1 trafficking
influences the interaction between tumor tissues and the ECM, as well as the ECM
rearrangement and the peritoneal invasion of PC. We also show a correlation
between the polarity phenotype and HER2, as well as an expression correlation
between HER2, HER3 and SorL A in a MUC CRC cohort.

SorLA is a known sorting protein that regulates membrane traffic of amyloid
precursor protein (APP) in neurons, insulin receptor in adipocytes and HER2/HER3
in HER2-positive breast cancer. Silencing SorL A has also been previously correlated
with a lower Integrin-f1 recycling in breast cancer (Al-Akhrass et al., 2021;
Andersen et al., 2006, 2005; Klinger et al., 2011; Pietila et al., 2019; Schmidt et al.,
2016; Spoelgen et al., 2009; Whittle et al., 2015). However, SorLA has not been
previously shown as being implicated in CRC polarity regulation. Our findings
indicate that SorLA is crucial for polarity orientation in MUC CRC tumoroids.
SorLA levels are low in TSIPs cultured in suspension but increase in TSIPs showing
a high surface-integrin expression. These TSIPs can form initial contacts with
collagen and adopt an apical-in polarity once embedded in the matrix. ECM contact
triggers two feed-forward loops:

-> the increased integrin-B1 recycling maintains an apical-in polarity phenotype.

- the increased HER2/HER3 signaling induces SorLLA expression.

We have found that inhibiting integrin-p1 or HER2/HER3 signaling, as well as
silencing SorL A, prevents a normal apicobasal polarity orientation of MUC CRC

TSIPs. These findings enhance our understanding of MUC CRC TSIP behavior
during metastatic invasion and their functional consequences. Indeed, inverted
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polarity has been correlated with a shift in the cell migration mode (from collective
mesenchymal to collective amoeboid as explained in Pages et al., 2022) and in anti-
cancer drug sensitivity (Ashley et al., 2019).

As we have extensively described in 4.1, integrins constantly traffic between the PM
and endosomes, both in normal and cancer cells. Most of these integrins are recycled
back to the membrane (Moreno-Layseca et al., 2019; Paul et al., 2015). This integrin
trafficking is central to cancer invasion, as it promotes metastasis in many
carcinomas such as breast and pancreas. The role of Rab11fipl in this process has
also been described as it promotes integrin-B1 recycling and consequent cancer cell
motility (Caswell et al., 2008; Caswell and Norman, 2006; Jacquemet et al., 2013;
Machesky, 2019; Muller et al., 2009; Rainero et al., 2012). Interestingly, in our MUC
CRC system, collagen interaction effectively reduces Rabl1fipl expression. We
hypothesize that this is followed by a downregulation of the Rab11-dependent long
loop of integrin recycling. The CRC-ECM contact upregulates SorLA, which implies
that integrin-B1 trafficking switches to a short SorLA-dependent loop. This loop,
supported by HER2/HER3 signaling, allows a proper localization of Integrin-f1 at
the PM which signals for a normal polarity orientation.

CRCs show altered integrin expression compared to that of normal cells. Indeed, the
laminin-binding a6B4 heterodimer is overexpressed in cancer (Beaulieu, 2020). We
have efficiently shown that both the a1B1 and a231-collagen binding heterodimers
were expressed in our CRCs, which we have decided to investigate. While the a1p1
dimer has been shown to be upregulated in 65% of CRC cases (Boudjadi et al., 2016),
the role of a2f1 in CRC invasion has not been extensively studied. Normally
polarized CRC tissues harbor a higher surface expression of both a2 and 31-integrins
than apical-out CRC tissues. Conversely, blocking a2 and B1 integrins prevents the
polarity reversion. a2 blocking alone is enough for a normal polarity orientation,
showing that al1-collagen interaction does not support polarity reversion.

While HER2-targeting therapy is extensively used in HER2 amplified breast cancer
with substantial clinical benefit, there is no such clinically validated therapy for CRC
(Nowak, 2020; Ye et al., 2022). Interestingly, HER2 amplified CRC as well as high
levels of Heregulin-f31 are correlated with a resistance to anti-EGFR therapy (Martin
et al., 2013; Yonesaka et al., 2011). Because polarity effectively changes the way
cancer cells react to anti-cancer drugs (Ashley et al., 2019), and inverted polarity has
been correlated with a poorer prognosis (Canet-Jourdan et al., 2022), the way the
HER2/HER3/SorL A signaling pathway and subsequent integrin-trafficking loop
functions requires further investigation in order to decipher the clinical implications
of polarity orientation in MUC CRCs. Further studies may for example facilitate
patient stratification for targeted therapy.
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8.3 Ligand availability and integrin engagement
determine cell behavior and stiffness-
independent spreading (lIl)

While it is now known that cancer cells remodel the substrate by changing the

ECM stiffness and composition, few studies have aimed at uncoupling these
parameters to further understand the underlying causes of cancer cell invasion
(Najafi et al., 2019). Indeed, the adhesion maturation caused by talin unfolding and
vinculin recruitment explains adhesions on rigid substrates, but it does not explain
cell migration on compliant matrixes (Atherton et al., 2015; Friedland et al., 2009).
Here, we developed a composite ECM spot array system to analyze cellular
responses to matrix composition and its mechanical properties. We uncovered two
ECM compositions promoting stiff-like behavior on compliant substrates. These
findings align with observations that cells in soft tissues migrate without rigid
support, mostly depending on ligand density and the affinity of specific integrin
heterodimers to specific ligands (Su et al., 2016). For instance, the expression of
integrin heterodimers with varied affinities to fibrillar and non-fibrillar collagen
(Lerche et al., 2020; Tiger et al., 2001; Tulla et al., 2001) shows the implication of a
varied integrin repertoire within the same ligand-binding family. The nature of the
expressed integrin families explains why some of the matrix combinations we found
promoted cancer cells spreading on compliant substrates when others did not.
A computational motor-clutch model was applied to simulate cell spreading on soft
substrates as a function of ECM ligand availability and motor activity, showing that
a higher number of molecular clutches could compensate for the lack of mechanical
support, promoting cell spreading. Experimental verification confirmed that cell
spreading on soft ECM depends on the balance between available clutches and motor
activity. However, mechanical adhesion reinforcement is less likely on soft
substrates, which suggests that ligand density and integrin affinities play a larger role
in cell adhesion on compliant matrixes (Elosegui-Artola et al., 2016; Su et al., 2016).
The current platform focuses on a limited set of ECM proteins and mechanical
properties. To address these limitations, future research should aim to refine the
model and validate findings in more complex 3D systems. This will enhance our
understanding of ECM dynamics and improve the relevance of drug screening
platforms, ultimately leading to better therapeutic strategies for diseases such as
cancer, where the ECM plays a critical role in tumor progression and treatment
response. Indeed, matrix compliance has been shown to be implicated in treatment
resistance in breast cancer (Drain et al., 2021).

100



Discussion

8.4 Integrin-B1 blocking promotes naive-like
features and prevents effective capacitation of
hiPSCs (V)

Although the establishment of naive hiPSCs, their chemical reversion and their
capacitation into a primed state has been documented (Hassani et al., 2019;
Rostovskaya et al., 2019; Taei et al., 2020), the influence of Integrin-f1 in this
process has been widely overlooked. In this study, we show that inhibition of
Integrin-B1 supports naive-like features and architecture in hiPSC cells and
reproduces well the maintenance state of the early blastocyst ICM cells.

Across this publication, we have shown that integrin-f1 inhibition downregulates
Angiomotin-Like 2 (AMOTL2) in primed hiPSCs. AMOTL2 is known as a negative
regulator of YAP and YAP inhibition is crucial for the differentiation process of
PSCs. Therefore, we suggest the importance of Integrin-Bf1 signaling into the
priming and differentiation process of stem cells, although some more information
on its action and that of AMOTL2 on the establishment of primed hiPSC colony
architecture and morphology is needed (Pagliari et al., 2021; Wang et al., 2011; Zhao
et al., 2011). Upon Integrin-f1 blocking in naive hiPSCs, we have shown an
upregulation of actin regulators such as Phosphatase Actin Regulator-1 (PHACTR-
1) and Filamin A-Binding Protein (FILIP1) which regulate actomyosin assembly,
lamellipodium formation and cell migration (Allain et al., 2012; Jarray et al., 2011;
Nagano et al., 2002; Wiezlak et al., 2012), but deeper studies should be done to
further grasp their impact on the maintenance of naive-like features.

We also show that Integrin-B1 is crucial for the capacitation of hiPSCs, ie. the
transition from the naive to primed state. Blocking integrin-f1 seems to effectively
delay capacitation, support a naive-like morphology and induce a higher growth
ability in naive condition. Capacitation is accompanied by the upregulation of
primed markers, such as secreted frizzled related protein 2 (SFRP2) and by the
downregulation of naive markers, namely DPPA3 and L1TD1 (Messmer et al., 2019;
Rostovskaya et al., 2019; Yilmaz and Benvenisty, 2019). However, blocking
Integrin-B1 prevents the shift towards a fully primed signature, with equal levels of
these two markers in Mabl3-treated capacitated cells to that of naive cells.
Furthermore, integrin-f1 inhibition prevents the upregulation of metallothioneins
(MT1G and MT1H) upon capacitation. This is an interesting lead to follow in the
future as altered metallothionein expression have been linked to cell state transitions.
Altogether, we show a crucial role of Integrin-P1 in the exit from naive cell. Integrin-
B1 inhibition delays and a full capacitation of hiPSCs and supports a naive-like

101



Nicolas Pasquier

phenotype. This moves the understanding of cell state transition one step forward
and puts Integrin-f1 as a key regulator in the early embryonic development.
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9 Conclusions

The aim of this thesis was to understand the role of integrins, and especially
integrin-B1 in different cell processes, namely apicobasal polarity orientation,
stiffness-independent cancer cell invasion on different substrates and capacitation of
hiPSCs. While these projects had very different outcomes and readouts, they allowed
to identify Integrin-B1 as a cornerstone in the establishment of cell states and
morphology. Through this study, we uncovered a previously unknown
HER2/HER3/SorLA-dependent Integrin-f1 recycling loop, matrix compositions
allowing a stiffness-independent spreading of cancer cells and further uncovered the
role of Integrin-f1 in the early phases of development.

9.1 Original Publication |

Here we explain the role of inverted polarity in health and disease, studying
different examples. Inverted polarity can be considered as a relatively newly
described hallmark of cancer, and effectively impacts cancer invasion and growth,
treatment resistance and its immune escape. Inverted polarity is also seen in genetic
diseases and immune response to pathogen defense. Because inverted polarity is not
necessarily pathological, we have also focused on the blastocyst polarity, which
shows a perfect example of apicobasal inverted polarity at the pre-implantation
stage.

Altogether this work allows to further understand the current knowledge on inverted
apicobasal polarity, its molecular mechanisms and its pathological implications.

9.2 Original Publication Il

We discovered here a Focal Adhesion pathway-dependent mechanism by which
MUC CRC metastasis orient their apicobasal polarity. Indeed, we show that upon
embedding tumoroids in collagen, a Rabl1-dependent long Integrin-B1 recycling
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loops is downregulated and replaced by a SorLA-dependent short loop. This loop is
induced by HER2 and HER3 signaling, which initiates positive feedback as the
upregulation of SorLA further stabilizes HER2 and HER3 at the membrane. This
newly described Integrin-B1 recycling loop is responsible for the proper localization
of integrin heterodimers at the membrane of MUC CRC metastasis, allowing
interactions with the matrix and proper orientation of the apicobasal polarity. These
data show relevance clinically, since the polarity status correlates with HER2
expression in vivo and HER2, HER3 and SorLA levels show a positive correlation
in MUC CRC tissues. Because the polarity status of such tumors has been correlated
with survival, this unlocks interesting opportunities for further polarity-oriented anti-
cancer targets.

9.3 Original Publication IlI

Here we explained how osteosarcoma cells and fibroblasts spread in a stiffness-
independent fashion on the substrate, and we explain it by the increase in the number
of molecular clutches to form interactions with the matrix. By expressing a specific
repertoire of specific-ligand binding integrins, cancer cells invaded compliant
substrates in a stiff-like fashion. We identified two matrix compositions which
supported this: Collagen and Laminin (Coll/Lam), as well as Laminin and Tenascin
C (Lam/TNC). Because ECM physical and chemical properties can influence anti-
cancer treatment response and resistance, this study impacts in a relevant way by
further explaining stiff-like spreading of cancer cells on soft substrates.

9.4 Original Publication IV

Here we unravel how integrin-1 acts in the capacitation process of hiPSCs.
Integrin-B1 blocking supports naive-like features in primed hiPSCs related to their
architecture and gene expression patterns. It also maintains a naive-like state in naive
hiPSCs through the enhancement of cell clustering. Integrin-B1 blocking effectively
delays and weakens the capacitation process and promotes cell growth once back in
naive medium. By changing the expression profile of naive and primed markers, we
show that Integrin-B1 is a key regulator of capacitation, and therefore a cornerstone
in the early development.
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