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Résumé

La maniere dont les cellules cancéreuses interagissent avec leur environnement in situ a des
implications majeures sur la compréhension de la physiopathologie tumorale et la réponse aux
traitements. En effet, le microenvironnement tumoral influence fortement le devenir tumoral et
notamment une sous population de cellules particulieres, possédant des propriétés souches (appelés
cellules souches cancéreuses) qui sont extrémement plastiques. Ces cellules sont supposées
actuellement étre en grande partie responsables de la progression tumorale, la résistance aux
traitements et des rechutes. Cependant, au cours de I’évolution tumorale, les propriétés physiques du
microenvironnement tumoral sont également fortement modifiées par rapport aux tissus sains
environnants. Les cellules cancéreuses subissent donc des variations majeures des forces physiques
gu’elles supportent avec notamment la rigidification de la matrice extracellulaire et la prolifération
dans un espace confiné. Il est donc important de comprendre comment cet environnement les impacte
afin de mieux cibler les stratégies thérapeutiques. Pour déméler les nombreux facteurs qui influent sur
la structure, la mécanique et la fonction des tissus et cellules tumorales, I'équipe a développé de
nombreux microsystemes en hydrogel afin de reproduire de fagon standardisée in vitro
I'environnement mécanique que rencontre la tumeur in vivo. C'est dans ce cadre que mon projet de
recherche s’évertue a comprendre comment I'environnement tumoral, d’'un point vue mécanique,
influe sur le devenir cellulaire cancéreux a long terme. Pour cela, je combine deux approches
complémentaires : une deformation mécanique est imposée soit en 2D en confinant des cellules
cancéreuses isolées, soit en 3D en comprimant de facon isotrope des sphéroides tumoraux.

Dans un premier temps, j'ai pu mettre en évidence, sur une lignée de cancer colorectal, des
modifications structurales au niveau du noyau, régulées de maniere temporelle sur plusieurs jours.
Contrairement a ce qui se passe pour un confinement a court terme, j'ai mis en évidence pour la
premiere fois une régulation nucléaire globale lors d'un confinement prolongé, avec une diminution du
volume nucléaire en 24h, et une réinitialisation de la forme nucléaire. De maniére surprenante, cette
régulation n’est pas liée a un ralentissement de la croissance au cours de la progression dans le cycle
cellulaire mais se produit lors de la division cellulaire confinée. De plus, ces changements nucléaires
sont conservés lors de la génération cellulaire suivante permettant au noyau d’atteindre une
homéostasie. Ces résultats pourraient changer la donne pour ce qui est de comprendre comment les
parameétres physiques du tissu influencent la croissance et la division des cellules puisque le réle clé de
la division dans I'adaptation des cellules cancéreuses a des contraintes mécaniques prolongées n’a
jusgu’alors jamais été montré.

Afin de mieux caractériser I'impact des contraintes mécaniques sur le devenir tumoral, il était
encore nécessaire de complexifier le modele et d’intégrer le microenvironnement. De ce fait, en plus
de ce travail fondamental sur les cellules isolées, le deuxieme enjeu de ma thése a été de reproduire
in vitro, sur un tissu modeéle 3D (sphéroides tumoraux), les contraintes auxquelles sont soumises les
tumeurs in vivo. En combinant un controle de I'environnement physique et un contréle du contenu du
milieu de culture, j’ai pu soumettre des sphéroides en croissance a un stress mécanique et métabolique
combiné. Jai, d’abord, pu montrer le réle primordial de I'environnement nutritif tumoral dans la
plasticité et le destin cellulaire tout en mettant en évidence I'apparition d’'une population de cellules
souches cancéreuses sous contrainte mécanique. Mes résultats ouvrent ainsi de nouvelles questions
sur l'interaction entre I'environnement nutritif et mécanique, influengant tous deux le phénotype et
I'expression génique des sphéroides colorectaux.

Tous ces changements ne sont pas sans conséquences et pourraient expliquer en partie I'échec des
thérapies actuelles a apporter une guérison compléete au plus grand nombre de patients victimes de
cancers.

Mots clés : cancer colorectal ; mécanobiologie du cancer ; microenvironnement; microsysteme en
hydrogel ; cellules souches cancéreuses ; régulation a long terme.






Abstract

How cancer cells interact with their environment in situ has major implications for
understanding tumor pathophysiology and response to therapy. Indeed, the tumor
microenvironment strongly influences the tumor fate and more particularly a specific
subpopulation of tumor cells that are recovering properties of stem cells, called cancer stem-like
cells, which are extremely plastic. These cells are assumed to be largely responsible for tumor
progression, treatment resistance and relapse. However, during tumor progression, the physical
properties of the tumor microenvironment are also strongly modified compared to the
surrounding healthy tissue. Therefore, cancer cells undergo major variations in the physical forces
they withstand, including rigidification of the extracellular matrix and proliferation in a confined
space. Thus, it is important to understand how this environment impacts them to better target
therapeutic strategies. To disentangle the many factors that influence the structure, mechanics
and function of tumor tissues and cells, our team has developed numerous hydrogel-based
microsystems to reproduce in a standardized way the mechanical environment that the tumor
undergoes in vivo. It is within this framework that my research project aims at understanding how
the tumor environment, from a mechanical point of view, influences the long-term cancer cell fate.
To do so, | combine two complementary approaches: mechanical deformation is imposed either in
2D by confining isolated cancer cells, or in 3D by isotropically compressing tumor spheroids.

Firstly, | was able to demonstrate, in a colorectal cancer cell line, structural changes in the
nucleus, regulated temporally over several days. Contrary to what happens during short-term
confinement, | have shown for the first time a global nuclear regulation during prolonged uniaxial
confinement, with a decrease of the nuclear volume in 24 hours, and a reset of the nuclear shape.
Surprisingly, this regulation is not related to a reduced growth during cell cycle progression but
occurs during confined cell division. Moreover, these nuclear changes are preserved during the
next cell generation allowing the nucleus to reach homeostasis. These results may change the
understanding of how physical parameters of the tissue influence cell growth and division since
the key role of division in the adaptation of cancer cells to prolonged mechanical stress has never
been shown before.

To better characterize the impact of mechanical stress on tumor fate, it was still necessary
to make the model more complex and to integrate the microenvironment. Therefore, in addition
to this fundamental work on isolated cells, the second challenge of my thesis was to reproduce in
vitro, on a 3D model tissue (tumor spheroids), the constraints to which tumors are subjected in
vivo. By combining a control of the physical and nutritive environment, | was able to subject
growing spheroids to a combined mechanical and metabolic stress. | was able to show the
important role of the tumor nutrient environment in cell plasticity and fate while demonstrating
the appearance of a cancer stem cell population under mechanical stress. My results open new
questions on the interaction between the nutrient and mechanical environment, both influencing
the phenotype and gene expression of colorectal spheroids.

All these changes are not without consequences and could explain in part the failure of current
therapies to bring a complete cure to the largest number of cancer patients.

Keywords: colorectal cancer; cancer mechanobiology, microenvironment; hydrogel microsystem;
cancer stem cells; long-term regulation.
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Chapter 1: General Introduction

Motivation

Cancer is an extremely complex pathology, which despite intense research is still one of the
major causes of death in the world. This raises important public health challenges mainly due

to post-treatment relapse and metastases.

However, it is now well established that cancer progression and metastasis depend on the
bidirectional interaction between cancer cells and their environment. The tumor
microenvironment is a composite and dynamic structure with vascular vessels, immune
infiltrates, fibroblasts, and an extracellular matrix. The evolution of this microenvironment
associated with tumor development induces modifications of the biochemical signals
perceived by the cells but also changes in the mechanical properties that influence the
behavior of the cancer cells. This participates in the progression of the tumor and its drug
resistance which is a major issue in fighting against cancer relapse. Cancer cells are thus
subjected to different types of mechanical stresses, all of which have different implications and
impacts depending on the tumor stage. These may include extracellular matrix (ECM)
remodeling, compressive stresses on the solid tumor, or shear stresses during metastatic cell
escape. The crosstalk between the cancer cells and their physical environment has raised
attention the last decades, and studies have shown the increase in therapeutic resistance
under mechanical constraints, to the extent that alleviating mechanical stress is now
envisioned as an interesting therapeutic strategy. Although the increasing consideration of the
mechanical properties in the tumor environment, several questions remain unanswered. How
the long-term mechanical constraints affect tumor progression? Can cancer cells adapt to such
prolonged stresses? If so, through which mechanisms? How physical stress alters cancer

identity? And can it promote cancer growth?

The influence of long-term mechanical constraints on cancer cells has long been under
investigated due to the lack of tools allowing proper culture conditions and mimicking the ones
found in vivo. Studying the long-term co-evolution of the cancer cells with their physical and
cellular environment is crucial for the understanding of fundamental mechanisms behind drug

resistance and cancer relapse, as well as the development of new efficient therapies.
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Chapter 1: General Introduction

1. Cancer generality

Cancer is a generic term for a broad group of diseases altering any part of the body. It is the
leading cause of death worldwide with nearly 10 million deaths in 2020 and an incidence of
more than 19 million worldwide according to the World Health Organization and the
International Agency for Research on Cancer (IARC) (Ferlay et al., 2021). The main cause of
death from cancer is due to metastasis. Therefore, it is a major public health issue that needs
a better understanding of the arising causes and the underlying biological mechanisms of this
complex pathology. One simplistic explanation is the transformation of normal cells into
malignant cells in a multistage process that generally progress from a pre-cancerous lesion to
a malignant tumor. These changes are usually described as the results of the interaction of a
person’s genetic factors and external agents such as physical carcinogens (UV or radiations),
chemical carcinogens (such as tobacco or alcohol) and biological carcinogens such as infection
by cancer inducer viruses. However, this explanation is too naive and cancer is a dynamic
disease involving changes in genetic, epigenetic, surrounding tumor microenvironment in
terms of molecular, cellular, biochemical and biophysical features. In this context, more than
20 years ago, Hanahan and Weinberg published the hallmarks of cancer, which are six cancer
capabilities, shared by most of human cancer. These hallmarks include sustaining proliferative
signaling, evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, and activating invasion and metastasis (Hanahan and Weinberg, 2000).
Due to conceptual progress in the field, tumor biology can no longer be understood simply by
enumerating the traits of the cancer cells but instead must encompass the contributions of
the “tumor microenvironment’ to tumorigenesis. Therefore, since then, other hallmarks and
enabling characteristics have emerged: reprogramming of energy metabolism, evading
immune destruction, phenotypic plasticity, non-mutational epigenetic reprograming,
polymorphic microbiome and senescent cells (Hanahan, 2022; Hanahan and Weinberg, 2011)
(Figure 1). The evolution of cancer hallmark over time testifies the fail to address cancer
complexity as a list of rationalized characteristics and traits and the need to consider cancer as

a complex, heterogenous and multifactorial entity.
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Figure 1: Hallmarks of cancer.
Fourteen conceptual characteristics associated with development and
progression of human cancers, from (Hanahan, 2022).

2. Cancer cell plasticity

2.1. Tumor heterogeneity

Patient therapeutic relapse and drug resistance can be explained by the important
heterogeneity within and across patients’ cancers. Cancer heterogeneity can be divided into
two categories: inter- and intra-tumoral, Figure 2 (LeSavage et al., 2021). Inter-tumoral
heterogeneity describes population-level variations between patient with the same
histological type. This heterogeneity is due to patient specific factors such as germline genetic
variations, differences in somatic mutation profile or different environmental factors. Inter-
tumoral heterogeneity can also arise from altered tumor cell origin, stage of diagnosis,
treatment status and patient systemic health. The intra-tumoral heterogeneity refers to both
spatiotemporal cellular and extracellular diversity within a given patient’s cancer including
primary tumor and metastatic sites. Spatial heterogeneity ensues a non-uniform distribution
of genetically distinct tumor cell subclones within a disease site (Figure 2). Whereas temporal
heterogeneity refers to molecular and/or cellular variation of a tumor over time, either as a
natural progression of the tumor or as a consequence of exposure to selective pressures
created by treatments (Dagogo-Jack and Shaw, 2018). The distinct cancer cells subpopulations
at the origin of this heterogeneity display divergent genetic and transcriptomic profiles,

epigenetic signatures, metabolic rates, cellular phenotypes, and morphologies that directly
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influence cancer progression and drug resistance. Genomic and transcriptomic instability
facilitate cancer’s ability to dynamically select, harbor and amplify distinct malignant
subpopulation at the origin of tumor heterogeneity. However, not only cancer cells subclones
contribute to this tumor heterogeneity but the whole tumoral stroma, that is dynamically
evolving during tumor course, as well. Indeed, the altered ECM, the soluble factors and the
presence of non-malignant cells, such as fibroblasts, immune cells or endothelial cells, grandly
contributes to this biological diversity and influences neoplastic cell phenotype through
complex signaling (LeSavage et al., 2021; ND et al.,, 2013). Moreover, intra-tumoral
heterogeneity might results in the presence and differentiation of cancer stem-like cells into
diverse tumorigenic progeny even if it remains unclear what fraction of cancers follow the
stem-cell model (Meacham and Morrison, 2013). It is now clearer that tumor heterogeneity
explains some low clinical outcomes due to intrinsic and acquired therapeutic resistance.

Therefore, taking into account those multifactorial heterogeneities is essential for the

advances of personalized cancer therapy.
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Figure 2: Tumoral heterogeneity.
Each patient’s tumor has a unique cellular, molecular and environmental characteristics
contributing to the important heterogeneity within and across tumors. (LeSavage et al., 2021)
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2.2. Cancer Stem Cells (CSCs)

Cancer Stem Cells (CSCs) are functionally defined as cells with self-renewal, pluripotency, and
tumor initiation capabilities after in vivo transplantation (Nassar and Blanpain, 2016). These
cells, firstly described in teratocarcinoma (Kleinsmith and Pierce, 1964), can give rise to cancer
cells composing the bulk of tumor, therefore reproducing the initial tumor heterogeneity. Two
hypotheses have been proposed to describe their origin: clonal evolution and cancer stem cell
models (Visvader and Lindeman, 2012). Clonal evolution is defined as a non-hierarchical model
predicting that the sequential accumulation of mutations in tumor cells leads to a tumor cell
with a selective advantage that promotes the emergence of a dominant clone. All tumor cells
derived from this clone have similar tumorigenic capacity until they acquire additional
mutations that may alter their proliferative or invasive capabilities. In contrast, the CSC
hypothesis is defined as a hierarchical model that predicts that mutations affecting a stem or
progenitor cell would confer new tumor-initiating capabilities (Figure 3). The resulting CSCs
would thus have retained their ability to renew and differentiate while being able to initiate

heterogeneous tumors.

(a)
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Figure 3: Models of tumor growth.

(a) Cancer stem cell model, where only the CSCs subpopulation present self-renewal and pluripotency
properties. (b) Clonal evolution model, where all cancer cells are equipotent and can either self-renew or
differentiate. TA: Transient Amplifying, from (Nassar and Blanpain, 2016).

Although demonstrated in 1994 in acute myeloid leukemia (Lapidot et al., 1994) and, since,
well-established in the field of hematology, the concept of cancer stem cells has more recently
been translated to a range of solid tumors, including breast (Al-Hajj et al., 2003), colon (Dalerba
et al., 2007), prostate (Collins et al., 2005) and primary brain tumors (Singh et al., 2003)
(Visvader, 2011). The current controversy about this model stems from the fact that (i) multiple

definitions are used (tumor of origin, cell initiating tumor, and CSC) in the context of different
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solid or liquid tumors, and (ii) these cell populations have been widely described by the
markers they express. Indeed, the study of cancer stem cells is challenging due to the difficulty
of their isolation and characterization. Many efforts were first made to isolate them from
membrane molecular markers related to their stem properties, among them CD133 (a cell
transmembrane glycoprotein involved in the regulation of stemness and associated with
cancer recurrence), CD44 (a cell surface glycoprotein involved in malignant progression),
EpCAM (an epithelial cell adhesion molecule involved in Wnt Pathway) (Nagare et al., 2016).
However, their expression is generally tissue-dependent and despite an increasing number of
studies, the use of these molecular markers is not sufficient to identify a CSC even in a specific
tissue. This leads researchers to combine several types of markers (Munro et al., 2018). As
demonstrated by the pioneer work of Yamanaka (Takahashi and Yamanaka, 2006) and
Thompson (Yu et al., 2007), a core of pluripotent transcription factors is crucial for the
transformation of mature somatic cells into a stem cell state. These factors such as Oct4, Sox2,
Nanog, KIf4 are overexpressed in many CSC of solid tumors and could help refine the panels
of biomarkers for the identification of CSC (Munro et al., 2018). Nevertheless, an emerging
consensus suggests that a "cellular state" with some degree of plasticity may better define
CSCs rather than a molecular phenotype (Zipori, 2004). Indeed, the presence of CSC with
heterogeneous molecular portraits within the same tumor (Dieter et al., 2011) show that the
expression of molecular markers reflects the state of that population at a given time and that
CSC would rather refer to a dynamic cellular state. This description may also explain the

difficulty in characterizing and identifying specific markers for these rare cell populations.

Moreover, the origin of CSCs remains a complicated question; the analogy with healthy stem
cells suggests that they are the result of the alteration of stem cells into cancer cells, but they
also seem to be able to originate from more mature cells (Chaffer and Weinberg, 2015)
through a process of dedifferentiation. Even if the phenotypic switch from a CSC to a non-CSC
state has been largely portrayed as a unidirectional process, a growing body of data has shown
that cancer cells and CSCs are capable of significant plasticity regulated by multiple factors,
which would allow them to adapt to their environment (Batlle and Clevers, 2017; ND et al.,
2013). These findings demonstrate that non-stem cells and non-CSCs can be forced in an
oncogene-dependent manner into a CSC-like state with poorly tumorigenic capacity but a
highly pluripotent potential (ND et al., 2013). This dedifferentiation process can occur through
the co-opting by cancer cells of an embryonic developmental program: the epithelial-to-
mesenchymal transition (EMT) (Mani et al., 2008). EMT corresponds to the cellular process
happening when epithelial cells lose adhesion with their neighbors to adopt a mesenchymal
morphology allowing them to migrate over long distances (Nassar and Blanpain, 2016). In the
context of cancer, the EMT process enhances cancer’s invasiveness, and metastatic potential

and has been found at the invasive fronts of several cancer types (Spaderna et al., 2006; Thiery
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et al., 2009) correlating with poor prognosis (Polyak and Weinberg, 2009). EMT is controlled
by a combination of cell-intrinsic properties — such as a cell epigenetic profile — together with
stimuli from the tumor microenvironment, signaling pathways, transcription factors, and even
micro-RNAs. This dedifferentiation process is also associated with the loss of epithelial markers

(vimentin, N-cadherin, etc) and the acquisition of stemness ones (c-Myc, Nanog, Oct4, etc).

2.3. At the origin of drug resistance and therapy relapse?

An important feature of CSC is their capacity to regenerate the entire tumor heterogeneity and
therefore, maintaining tumor propagation. They are also suspected to massively contribute to
therapy resistance and cancer relapse. Indeed, according to Nassar and Blanpain (Nassar and
Blanpain, 2016), these cells can either be intrinsically resistant to conventional therapy, thus,
persisting after treatment, or becoming resistant under the selective pressure of therapy
(Figure 4). The intrinsic resistance character of CSC may be due to their ability to resist DNA-
damage induced cell death (Beck and Blanpain, 2013). It has been demonstrated in breast
cancer, that CSC exposed to radiation therapy contains lower levels of reactive oxygen species
(ROS) —which is a metabolic stress reaction that induces DNA damage —in the contrary of non-
CSC (Diehn et al., 2009). Besides, some CSC can express high levels of multidrug resistance as
ALDH, found in many CSC, mediates therapy resistance through metabolism and detoxification
of chemotherapeutic agents and the activation of the pro-survival PI3K/Akt and MAPK/ERK
pathways. The tumor microenvironment (TME) also contributes to CSC drug resistance.
Indeed, it has been shown in colorectal cancer, that TGF-B signaling in CSC increases their
resistance to cisplatin chemotherapy. Moreover, chemotherapy activates cancer-associated
fibroblasts (CAF) secretion of interleukins IL-17A that stimulates CSC self-renewal and tumor
growth (Lotti et al., 2013).

The cancerous plasticity phenomenon questions the models and the recent hierarchy of
cancer cells but has important clinical consequences. Indeed, the fact that non-CSC can switch
to a CSC state suggests that CSCs can be created de novo at different stages of tumorigenesis,
and that the pool of CSCs within a tumor may be continually renewing and/or expanding (ND
et al., 2013). Thus, an important consideration is the notion that therapies promoting CSC
differentiation toward a non-stem state may fail, in the same way as therapies aiming at
eradicating CSC if non-CSC cells can recreate the pool of CSC. Therefore, it is crucial to better
understand the regulation of the CSC/non-CSC equilibrium and the factors contributing to
shifting such equilibrium. Finally, a proposition could be to target the TME to counteract this

dedifferentiation and future cancer relapse.

27



Tumor microenvironment
Activation of DNA repalr mechanisms
Resistance to DNA damage
Resistance to apoptosis
Expression of MDRs
Immune evasion

Chapter 1: General Introduction

Therapy

Targeted
therapy

Chemotherapy Radlotherapy

Tumor microenvironment

SC reprogramming

ALDH activity
Slow cycling
NOROON
Autophagy PP Qe O e 3 2
Resistance of C5Cs

to therapy

@® csc
@ Non-Csc
@& Stromal cell

Figure 4: CSCs resistance to therapies

Multiple intrinsic and extrinsic mechanisms inducing CSCs resistance to therapies.
ALDH: aldehyde dehydrogenase; MDRs: multidrug resistance proteins.

From (Nassar and Blanpain, 2016).

3. Tumor microenvironment (TME)

In physiological conditions, there is a dynamic equilibrium between cells and the components

of their environment both interacting with each other. When a cancerous process occurs, this

equilibrium is perturbed. This altered tumor microenvironment (TME), also called stroma,

plays a crucial role in the development and progression of the tumor. The TME is composed of

an extracellular matrix (ECM), a heterogeneous population of cells — including immune cells,

endothelial cells, cancer-associated fibroblast, mesenchymal and epithelial cells, etc —, a

disorganized vascular network, and some immune molecules. The dialog between the tumor

and its surrounding cells is either direct or through soluble factors such as cytokines,

chemokines, or growth factors. Thus, the TME is continuously evolving and dynamically

regulating cancer progression, influencing the therapeutic outcome, therefore multiple
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therapies directed to various components of the TME have been developed in recent years

(Bejarano et al., 2021). Besides, during cancer dissemination, cells are confronted to very

distinct niches and are, thus, subjected to evolve in different environmental conditions.
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Figure 5: Complexity of the tumor
microenvironment.

(a) The tumor microenvironment is
composed of diverse cell types including
immune cells (lymphocytes, TAM, dendritic
cell) and stromal cells (CAFs, tissue-specifics
cells), a new vasculature and a remodeled
ECM, as well as many secreted factors, from
(Bejarano et al.,, 2021). (b) The several
biochemical and mechanical interactions of
cancer cells with the ECM, from (LeSavage et
al., 2021).
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3.1. Metabolic environment

During tumor progression, cancer cells must adapt to a variety of changes within their TME:
from physical constraints to metabolic stress and immune surveillance. Indeed, within a tumor,
an important temporal and spatial metabolic heterogeneity exists (Birsoy et al., 2014). This is
due to the disorganized intratumoral vasculature (Figure 5) as nutrient and oxygen access are
proportional to vascular access. When the metabolic resources are finite, this can lead to
nutrient depletion and accumulation of metabolic waste (Pavlova et al., 2022). However, to
produce biomass to maintain growth in such deprived conditions, cancer cells need to
reprogram their metabolism (Choi and Park, 2018). To counteract these metabolic challenges,
cancer cells not only import nutrients from the surrounding TME but refocuses their
metabolism to reuse the metabolic waste product to support their biosynthesis and their
energy status (Cairns et al., 2011). Nutrient competition within the tumoral stroma has a pro-
tumorigenic role as it impairs effective antitumor immunity (Lyssiotis and Kimmelman, 2017).
Moreover, metabolite intermediates not only serve as a substrate for energy and biomass
production but also act as signaling modulators by regulating gene and protein expression and
influencing the behavior of non-malignant cells present in the TME (Figure 5) which in turn

promotes tumor expansion (Pavlova et al., 2022).

Nutrient

Glucose and glutamine are the two most important nutrients used by cancer cells for their
proliferation and growth. Therefore, to sustain their needs during tumor progression, cancer
cells have to reprogram their metabolic pathways. The best characterized metabolic change of
cancer cells is the Warburg effect which concerns glucose metabolism that produces energy.
Cancer cells shift their ATP production through oxidative phosphorylation to ATP generation
through glycolysis, even under normal oxygen concentrations (Warburg, 1956). This effect is
regulated by many metabolic or oncogenic-induced factors such as the PI3K, hypoxia-inducible
factor (HIF), p53 and MYC pathways. Thus, unlike normal cells, many tumoral cells use aerobic
glycolysis to convert incoming glucose to lactate rather than metabolizing it in the
mitochondria through oxidative phosphorylation (Semenza et al., 2001; Warburg, 1956). This
increase in lactate acidifies the TME and influences how the immune system recognizes and
responds to the tumor, partially contributing to immune escape (Lyssiotis and Kimmelman,
2017).

As for glutamine, despite being a non-essential amino acid, its catabolism provides an essential
source of carbon and nitrogen for cancer cell proliferation (Choi and Park, 2018; Nguyen and
Durdn, 2018; Windmueller and Spaeth, 1974). For this reason, most cancer cells are dependent
on glutamine for their survival and were called “glutamine addicted” (Eagle, 1955). Thus,
glutamine intracellular signaling promotes hallmarks of malignancies by assisting proliferation,

impeding cell death, and sustaining invasion and metastasis. Indeed, it has been shown that a
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subpopulation of breast cancer cells has gained the ability to grow in a deprived glutamine
environment and display aggressiveness markers such as reduced anchoring growth,
enhanced expression of mesenchymal markers and therapeutic resistance (Hensley et al.,
2013; Singh et al., 2012). It is unknown whether glutamine prevents the development of
aggressive markers or if glutamine starvation selects a particular subpopulation with
aggressive characteristics. However, it has been shown in human pluripotent stem cells that
glutamine signaling is essential for differentiation and cell fate determination (Lu et al., 2022,
2019).

In addition to the call for energy, or the need for macromolecular building block, cancer cell
metabolic adaptation also requires the maintenance of a redox balance (Pavlova et al., 2022).
For that, cells require a source of either reducing power such as NADPH and NADH (electron
donors), or oxidative power such as NAD+ which are crucial for several enzymatic reactions in
biosynthesis. Moreover, NADPH is also an antioxidant and contributes to the defense against

reactive oxygen species (ROS) that are produced during rapid proliferation (Cairns et al., 2011).

Oxygen
In addition to nutrients, insufficient tissue coverage and abnormal characteristics of tumor

vasculature limit gas exchange and create regions of hypoxia. Several studies have
demonstrated the role of hypoxia in promoting tumor survival and progression by changing
tumor metabolism, angiogenesis, invasion, and drug resistance (Pan et al., 2017). Hypoxia also
contributes to tumor heterogeneity by stimulating CSC properties (Nassar and Blanpain, 2016).
Highly hypoxic TME has been correlated to poor clinical prognosis (Bristow and Hill, 2008;
Mclntyre and Harris, 2015) as the sensitivity to radiation, conventional chemotherapy and
targeted therapy are affected under hypoxia. Moreover, several molecular pathways affecting
cell metabolism are altered under hypoxia. Indeed, hypoxia regulates gene expression through
the transcriptional factors HIF-1a and HIF-2a (Hypoxia Induced Factors) that can bind to the
promoter of many genes (Cairns et al., 2011; Pan et al., 2017). This hypoxic response increases
glycolytic activity and decreases mitochondrial respiration leading to even more lactate
deposition in the TME (Lyssiotis and Kimmelman, 2017; Yoo et al., 2020). Of note, the in vitro
culture conditions in which both oxygen and nutrients are always in excess contributed to mask

the nature and importance of metabolic restriction in cancer.

3.2. Non-malignant cellular components

Vascular and lymphatic networks

Similarly to every organ, both primary tumors and metastatic cancers rely on blood vessels for
their supply in nutrients and oxygen, as well as for their removal of carbon dioxide and
metabolic waste to sustain their growth. For that, tumors can develop different strategies for

vascularization: formation of new blood vessels through angiogenesis, using the pre-existing
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vessels via co-option vascularization (Bejarano et al., 2021; Wang et al., 2017) or via vascular
mimicry by transdifferentiating cancer cells to endothelial cells (Qian et al., 2016). Of note, to
survive the hypoxic TME, primary tumor cells adjust to low oxygen setting and induce a
molecular switch thanks to the Hypoxia-Induced Factor (HIF) favoring angiogenesis (Semenza,
2009). Besides, the resulting tumor vasculature is often uncontrolled, tortuous and
heterogeneous. Numerous growth factors were described as regulators of angiogenesis such
as platelet-derived growth factor (PDGF), fibroblast growth factor (FGF) and transforming
growth factor a (TGFa). However, vascular endothelial growth factor (VEGF) is considered as
the main angiogenic molecule in malignancy and is secreted by both tumor cells (mainly) and
stromal cells within the TME (Wu and Dai, 2017).

Moreover, in the context of cancer, the primary role of lymphatic vessels to remove interstitial
fluid and tissue immunosurveillance is impaired. Indeed, tumor cells can co-opt lymphatic
vasculature for cancer dissemination in the whole body (Bejarano et al., 2021; Randolph et al.,
2017). It has been shown that local tumor invasion correlated with excellent lymphatic vessel
density (Shields et al., 2004; Wang et al., 2017).

Immune and inflammatory cells
A growing body of data has shown that both the innate immune system (composed of

macrophages, neutrophiles, dendritic cells, and natural-killer cells) and adaptative immune
cells including lymphocytes T and B contribute to tumor progression (Hinshaw and Shevde,
2019).

Tumor-associated macrophages (TAM) are one of the most important innate immune cells in
the TME (Figure 5), they are generally associated with poor clinical outcomes (Cassetta and
Pollard, 2018; DeNardo and Ruffell, 2019) due to their role in chemotherapy resistance showed
both in vitro and in vivo (Baghban et al., 2020). According to their polarization status,
macrophages can be categorized into M1 or M2 subtypes. In cancer, TAMs are heterogeneous,
and several studies have highlighted the tumoricidal role of M1 TAM, and the tumorigenic role
of M2 TAM (Wu and Dai, 2017). The established pro-tumoral role of TAM includes production
of migration-stimulating factors, promoting angiogenic switch and facilitating cancer cell
immune evasion (Xiao and Yu, 2021). M1 and M2 TAMs are plastics and reversible and the TME
plays a crucial role in regulating their functional polarization (Sica et al., 2008; Wu and Dai,
2017). Thus, the reciprocal interaction between cancer cells and infiltrating or resident

macrophage is primordial for the tumor’s immune fate.

Cancer-associated fibroblast
Cancer-associated fibroblasts (CAF) are the most abundant cells in the tumoral stroma (Figure

5). Their presence is known to facilitate tumorigenesis in various physicochemical ways by

promoting cancer cell proliferation, tumoral migration, angiogenesis, therapeutic resistance
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and immune escape or even synthesizing and remodeling the ECM (Chen and Song, 2019;
Kalluri, 2016). CAFs are mainly derived from resident fibroblasts that are recruited and
activated within the stroma thanks to many soluble factors and cytokine such as TGF-B, FGF2,
and PDGF, but can also originate from mesenchymal cells, adipose cells of cancer epithelial
cells after EMT (Wu and Dai, 2017). The TME regroups a functional and molecular
heterogeneity of CAF. The myofibroblastic subtype, mainly originated from TGF-B induced
differentiation, induces synthesis and secretion of ECM and the release of matrix proteinases
resulting in ECM remodeling, serving to guide the structures that direct metastasis migration
(Labernadie et al., 2017; Pan et al., 2017; Xiao and Yu, 2021). Additionally, the non-
myofibroblastic subtype of CAF secrete cytokines such as various growth factors (VEGF, PDGF,

etc) stimulating tumor growth, angiogenesis and contributing to drug resistance.

3.3. Contribution of the extracellular matrix

As described above, the TME is a complex system consisting of an ECM, many types of cells,
interstitial fluid and soluble factors that control the complex interaction between cancer cells
and their environment (Figure 5b). The ECM is the major component of the stroma and plays
a crucial role in the proliferation, differentiation and maintenance of tissue (Mohan et al.,
2020). ECM is mainly composed of water, proteins and polysaccharides and has specific
biophysical and mechanical properties. Among the matrix constituents, collagen is the most
abundant even if its composition and structure vary according to the tissue. During cancer
progression, the ECM serves as a pathological scaffold leading to aberrant signaling and to
changes in its composition, becoming disorganized, thus promoting cellular transformation

and metastasis escape (Le et al., 2020).

Collagens
Collagens are the most abundant proteins in mammals as they represent 30% of the total

protein mass. They are the scaffold of the ECM and the main source of its structural stiffness.
The heterogeneity of the collagen superfamily is due to translational and post-transcriptional
modifications leading to an important functional diversity. Fibrillary collagen such as type |, II
and Il are the main responsible for the mechanical properties of the ECM in terms of stiffness
and structure (Doyle et al., 2015). As the tumor progresses, abnormal remodeling of collagens
occurs which in turn leads to its excessive accumulation, altered proportion and change in
architecture (Kim et al., 2021). Thus, collagens can be modified by cancer cells to regulate their
in situ neoplasia, invasion and dissemination (Xu et al., 2019). Type | collagen is found to be
increased in tumor tissues compared to healthy ones, especially for colorectal cancer (Kim et
al., 2021; Kirkland, 2009; Zou et al., 2013). Moreover, studies have shown that type | collagen
promotes tumor growth via the activation of PI3K/AKT/Snail signaling and, therefore,

promotes EMT (Wu et al., 2019). Loss of differentiation has also been shown as type | collagen
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downregulates E-cadherin and B-catenin for the benefit of stem cell markers such as CD133
(Kirkland, 2009).

Proteoglyccans
Proteoglycans (PG) are composite molecules constituted with a core protein covalently linked

to glycosaminoglycans chains (GAGs). GAGs are polysaccharides chains and are thought to
provide lubrification and structural integrity to the cells in the intestine ECM (Meran et al.,
2017). Major GAGs are heparan sulfate, chondroitin sulfate, hyaluronic acid and keratan
sulfate. It has been shown, in the intestine tissues, that heparan sulfate-based PGs promote
intestinal regeneration by modulating Wnt/ B-catenin signaling pathway (Meran et al., 2017).
More generally, PGs maintain ECM structure by organizing collagen fiber deposition, and are
related to cancer development. As they can bind to growth factors, cytokines and other ECM
molecules, PGs also play an important role in modulating downstream cell signaling
(Nallanthighal et al., 2019). Each malignant tumor has a unique PG profile, which is closely
related to its biological behavior and differentiation (Kim et al., 2021).

Glycoproteins (Fibronectin and laminins)

Glycoproteins make the ECM a cohesive network of molecules by linking cells together with
structural components such as fibulin, fibrillin, laminin, or fibronectin. Glycoproteins can binds
to integrins, non-integrin receptors, growth factors, and other ECM components to activate
downstream signaling pathways and activate EMT, self-renewal, promoting the emergence of
CSC subpopulation (Nallanthighal et al., 2019).

Fibronectin is a major adhesive ECM glycoprotein. This glycoprotein, found in a wide range of
tissues, forms a fibrillary supramolecular assembly within the ECM and bounds to many ECM
proteins such as collagens, GAGs, and several transmembrane proteins suggesting its
multifunctional role in the ECM (Meran et al., 2017). Fibronectins have a unique motif called
arginine-glycine-aspartate (RGD) allowing them to bind to integrins. Those molecular bonds
regulate the formation and organization of the focal adhesions, thus, directing cell migration
and setting the cell’'s mechanical state by activation of the actin cytoskeleton notably (Kim et
al., 2021).

Laminins are multimeric basement membrane proteins and a major constituent of the
intestinal crypt basement participating in the establishment of epithelial cell polarity (Teller
and Beaulieu, 2001). Moreover, laminins are involved in a wide range of pathological
phenomena such as tumor angiogenesis, cell infiltration and cancer metastasis (Gordon-
Weeks and Yuzhalin, 2020; Qin et al., 2017).
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3.4. Reproducing in vitro the complex TME

Classical 2D culture systems are widely used for fundamental research, therapeutic efficacy
analysis, or pathology modeling. However, even if they have allowed pioneer works, they
present important limitations as they do not recapitulate the complexity of the architecture,
nor the chemical and physical environment found in vivo. Therefore, 3D culture models have
emerged as interesting alternatives between 2D cell culture and animal models, Figure 6
(Heinrich et al., 2021; Pampaloni et al., 2007).

brganoids

B,
I A s,

3D In Vitro Models

Scaffold

Figure 6: Overview of different 3D in vitro models.
From (Heinrich et al., 2021).

In my PhD, | used the multicellular spheroid model. It is one of the most used models for the
study of non-vascularized solid tumors as it remains relatively simple and allows the
reproduction of the cellular 3D organization of micro-tumors. Indeed, these dense self-
assembled 3D constructs tend to form a spherical shape after self-aggregation and accurately
recapitulate tumor features including cellular heterogeneity, cell-cell, and cell-ECM
interactions, and a tumor morphology composed of different cell layers (Figure 6) (Pampaloni
et al., 2007; Rodrigues et al., 2021). Thus, they also present physiopathological characteristics
encountered in vivo such as the establishment of a gradient of nutrients, oxygen and pH (Figure
7), activating cell signaling pathways and the resulting gene expression patterns. This
physiochemical gradient generally induces the formation of three concentric zones on a

spheroid — an anoxic core in the center containing necrotic cells, for large spheroids (minimum
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500 um diameter), a middle hypoxic zone that has a low concentration of oxygen and nutrients,
and an outer zone containing highly proliferative cells, Figure 7 (Millard et al., 2017; Nath and
Devi, 2016; Rodrigues et al., 2021). Moreover, multicellular tumor spheroids can eventually
model the difficulty of penetration of therapeutic molecules. Although more time-consuming
and expensive than 2D cell culture, spheroids are increasingly used, and more complex
structures are arising that allow co-culture with stromal or immune cells or combining other
methods such as 3D bioprinting technologies, microfluidics, and scaffold-based platforms to

generate more physiologically representative tumor models.

o Cells in hypoxic zone 73" Cells inquiescent zone ga Cells in proliferative zone = ECM :# NP

Figure 7: Representation of simililarities between MultiCellular Tumor Spheroid model and tumor.
From (Millard et al., 2017).

In scaffold-based systems, multicellular tumor spheroids can be cultured within biomaterials,
including decellularized native tissues, or in 3D scaffolds based on ceramics, synthetic — such
as polyethylene glycol (PEG), and coated with peptide or fibrinogen to promote cell adhesion
— and/or natural polymers including collagen, alginate, chitosan (Figure 6) (Rodrigues et al.,
2021). Those systems should provide an appropriate environment for cell adhesion,
proliferation, differentiation, and migration to allow the generation of in vitro tumor models
that closely recapitulate essential cell-ECM interactions (Ferreira et al., 2020). Hydrogel-based
scaffolds are widely used due to their ability to modulate their mechanical properties to closely

mimic the tumor ECM.

Novel in vitro techniques like 3D bioprinting have emerged creating even more complex
scaffolds with a more precise architecture and composition (Figure 6) (Langer et al., 2019). This
novel approach allows the control of the spatial distribution of cells and facilitates cancer cell
patterning as it enables the incorporation of cancer cells into a composite environment made
of tumor, stromal cells and ECM where interaction and organization of the tissue can be
studied (Asghar et al., 2015).
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Another way to mimic the biophysical and chemical condition of the TME in vitro is the use of
microfluidic chips. The goal of microfluidics is to build platforms that can model the patho-
physiological functions of tissues and organs. These chips, also called organ-on-chip devices
consist of a network of microfluidic channels allowing a continuous perfused cell culture and
thus, enhancing control of nutrient transport and chemical gradients (Figure 6) (LeSavage et
al., 2021). Organ-on-chip or tumor-on-chip in the context of cancer enables the
standardization of complex systems designed with precise control of the mechanical forces
applied, the orientation of tissue interfaces, and the types and localization of cells (Mollica et
al., 2019).

4. Mechanical constraints on tumor tissues

The evolution of this microenvironment associated with tumor development induces changes
in biochemical signals perceived by the cells but also changes in mechanical properties that
influence the behavior of cancer cells, participating in tumor progression and therapy
resistance (Madl and Heilshorn, 2018). Indeed, tumors are more rigid and generate and
withstand mechanical stresses that can reach up to several kPa (Jain et al., 2014). These cancer
cells are, thus, subjected to different types of mechanical stresses that all have different
implications and impacts depending on the tumor stage (Holle et al., 2016). These may include
ECM remodeling, compressive stresses on the solid tumor, proliferation of cells in a confined
environment (Nia et al., 2017), elevation of interstitial fluid pressure (Libutti et al., 2018) or
shear stresses during metastatic cell escape (Figure 8a) (Butcher et al., 2009).

4.1. Physical properties of the tumor microenvironment

The first interesting element concerns the change in ECM mechanics that has multiple effects
on tumor tissue. As detailed in the sections above, during tumorigenesis ECM undergo massive
remodeling which results in an increased amount of collagen proteins, a more important
crosslinking, and a complete reorganization of matrix fibers. Therefore, the physical
architecture and mechanical properties due to the density, the porosity, the size and the
orientation of fibers are altered resulting in an increase of ECM stiffness (Kalli and
Stylianopoulos, 2018; Nallanthighal et al., 2019). Beyond a simple static support, the ECM also
influences cancer cell’s fate and regulates cell interactions and gene expression through a
process called mechanotransduction (Discher et al., 2005). However, the mechanical stress on
cells varies according to their position in the tissue. Indeed, it has been shown on breast
MCF10A tumor spheroids that cell and nuclear volumes vary between the core and the
periphery of the spheroids due to the gradient of intratumoral stress and supracellular fluid

flow between these two regions (Han et al., 2019), suggesting an interesting contribution of
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local confinements on tumor cellular heterogeneity (Almagro et al., 2022). This variation
influences their proliferation, migration, branching, stem cell phenotype and cancer cell
survival and invasiveness. An increase in environmental mechanical stress reduces their
proliferation rate (Delarue et al., 2014b; Helmlinger et al., 1997), induces apoptosis (Cheng et
al., 2009) and enhances their invasive and metastatic potential (Almagro et al., 2022; Ingber,
2005; Kalli et al., 2018; Kumar and Weaver, 2009; Nelson et al., 2005; Tse et al., 2012).
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Figure 8: Physical constraint influences tumor progression.

(a) Physical characteristics of the TME that influence tumor development, adapted from (Holle et al., 2016).
(b) Tissue deformation due to the over-proliferation of cancer cells resulting in an accumulated solid stress.
(c) The internal tumor mass (purple) is compressed while the periphery is rather stretched (green). Central
cells are compressed isotropically while cells at the periphery are stretched tangentially to the tumor. Middle
slice representation of a 3D tumor mass. (b-c) from (Levayer, 2019).

The solid mechanics of tumors

Three main types of mechanical stresses influence tumor evolution at the tissue level: i) the
externally applied stress on the tumor by the host tissues, ii) the growth-induced stress, which
is the accumulated stress within the tumor due to the proliferation of cells in a confined
environment, and iii) the swelling stress due to increased swelling of the hyaluronic acid tissue
component (Voutouri and Stylianopoulos, 2018). These stresses are regrouped in the term
“solid stress” (Figure 8b) as they are due to the solid phase of the tumor and exclude fluid
mechanics such as interstitial fluid pressure (IFP). During tumor progression, the evolution of
the mechanical properties of both the tumor and the host tissue — in terms of stiffness/elastic
modulus —, the density of stromal cells in the TME — that are able to modulate ECM
composition and organization —, strongly determine the level of solid stress (Stylianopoulos et
al., 2018).
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Relationship between the tumor and the mechanical properties of the host tissue
The generation of solid stress during tumor progression depends on the resistance from the

host tissue. Indeed, if the tumor is softer than the host tissue it would be hard for the tumor
to grow. On the contrary, if the tumor is stiffer than the host tissue, as it grows it would displace
the surrounding tissue, which in turn would resist tumor expansion (Nia et al., 2017;
Stylianopoulos et al., 2013). Besides, the stiffer the surrounding tissue is, the higher the stress
in the tumor becomes. This internal tumor stress is compressive in all directions whereas near
the interface between the tumor and normal tissue, the stress is compressive in the radial
direction and tensile in the circumferential direction (Figure 8b-c) (Kalli and Stylianopoulos,
2018; Levayer, 2019; Northcott et al.,, 2018; Voutouri et al., 2014). Thus, mechanical
interactions with the host tissue strongly affect the tumor’s state of stress.

Previous studies estimated tumor internal stresses by physically cutting excised tumors (Figure
9c-d) and then, introducing the resulting tissue deformation parameters in their mathematical
models (Nia et al., 2017, p. 201; Stylianopoulos et al., 2012; Voutouri et al., 2014). More
recently, elastic microbeads have allowed the characterization of the mechanical effect of
compression on the propagation of isotropic stresses within a tumor spheroid (Figure 9b)
(Dolega et al., 2017) and oil droplets have allowed the observation of cell-generated stresses
in situ via quantifying spatiotemporal changes in endogenous cell-generated stresses within
growing spheroids (Lucio et al., 2017), Figure 9a.

The fluid mechanics of tumors

Solid stress can also affect tumor development by indirectly compressing intratumor blood
and lymphatic vessels (Aragona et al., 2013; Jain et al., 2014). On top of that, increased vascular
permeability and impaired lymphatic drainage result in hypoperfused tumors — leading to a
drop in microvessels pressure — and a drastic elevation of the interstitial fluid pressure (Jain et
al., 2014; Stylianopoulos et al., 2013).
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Figure 9: Measurements of tumoral in situ forces.

(a) Anisotropic stress measured by cell-sized oil droplet with the mean curvature map of the
droplet’s surface, from (Lucio et al., 2017). (b) Isotropic stress measured by fluorescent elastic
microbeads, with a bright field image at the equatorial plane of a tumor spheroid, from (Dolega et
al., 2017). (c) Schematic of the released growth stress-induced after excision of a tumor mass, from
(Stylianopoulos et al., 2012). (d) Study of the released stress of the embedded and cut tumor and
analysis of its geometry with high-resolution ultrasound, from (Nia et al., 2017).

4.2.In vitro models to reproduce mechanical stress

In 3D models, the effect of ECM stiffness is extensively studied in the context of tumor
progression. For that, 3D tumor spheroids are included in gels made of collagen, Matrigel, or
a homemade combination of matrix proteins (Ferreira et al., 2020; Rodrigues et al., 2021).
Variation of the ECM stiffness — usually increased to reproduce in vivo physiopathology — is
made by changing proteins density or the degree of the crosslinking of the matrix allowing
researchers to study the mechanical downstream impact of ECM-originating mechanical cues
(Khavari et al., 2016). However, the impact of applied stress on tumor development remains
poorly understood. For that, several experimental set-ups were developed in the past two
decades to mimic solid stress during tumor growth (Kalli and Stylianopoulos, 2018). The oldest
technique consists of growing tumor spheroids in a confined environment leading to the
development of isotropic solid stress (Figure 10b). For that, Helmlinger et al., have grown colon
adenocarcinoma spheroids embedded within an agarose gel and have estimated the
accumulated solid stress during tumor expansion (between 6-16kPa) (Helmlinger et al., 1997).
Other studies estimated this solid stress in the context of breast, pancreatic and brain tumors,
that varies from 0.2 to 20 kPa). These differences are explained by the tumor model and the

experimental procedure used in each study such as the concentration of the surrounding
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polymer gel, impacting its rheology. Despite these differences, they all demonstrated the
inhibition of tumor growth under an increased compressive stress (Cheng et al., 2009; Delarue
et al., 2014b; Helmlinger et al., 1997; Prunet, 2020; Roose et al., 2003). The application of an
isotropic compressive stress can also be performed using Dextran polymers (Figure 10a).
Dextran is a long-chain polymer incorporated in the culture medium that induces a global
osmo-mechanical pressure applied to the surface of spheroids. It has been recently shown that
dextran mainly compresses the intercellular spaces allowing to measure the bulk modulus
(Delarue et al., 2014b, 2014a; Dolega et al., 2021; Montel et al., 2012). Another microfluidic-
based, developed technique consists of the encapsulation of spheroids inside elastic and size-
controlled microcapsules (Figure 10c) (Alessandri et al., 2013) that allows the measurements
of the resistance of growing spheroids. Moreover, polydimethylsiloxane polymer (PDMS)
devices can be used to restrict spheroids growth within walls (Figure 10d) (Desmaison et al.,
2013) or a cage (Figure 10e) (Meriem et al., 2023).

(a) (b) (C) = (d) (e) spheroid growth in chemostat

medium

x 3

MCS | /
agarose cushion 0G2

l solidification

Medium

PDMS wall

Figure 10: Methods of mechanical constrains application in 3D overview.
(a) Dextran osmo-mechanical compression, from (Rizzuti et al., 2020). (b) Inclusion in agarose gel, from (Du et al., 2019). (c)
Growth and compression in elastic capsule, from (Alessandri et al., 2013). (d-e) Growth in a restrained PDMS environment,
either by walls (Desmaison et al., 2013) or by a cage (Meriem et al., 2023).

4.3. Mechanosensitive signaling pathways

The mechanotransduction phenomenon is the process of converting a mechanical signal into
a biochemical one resulting in a cellular response (Jaalouk and Lammerding, 2009). Cells can
sense and translate these external mechanical cues into signaling that influences gene
expression and in turn impact cell structure and behavior (Vogel and Sheetz, 2006). Various
elements are described as factors in the transmission of mechanical signals (Mendez and
Janmey, 2012). Starting from the ability of cells to probe the physical features of the
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microenvironment through integrins to the transduction at the molecular level thanks to

transcriptional factors.

YAP/TAZ and the Hippo pathway
YAP transcription factor and its co-factor TAZ have been identified as the main

mechanotransducers and are involved in various cellular settings (Figure 11a). Their regulation
is impacted by a broad range of mechanical inputs such as shear stress, tensile forces, or matrix
stiffness (Elosegui-Artola et al., 2017) and therefore their role is critical in several human
malignancies with aberrant cell mechanics such as atherosclerosis, fibrosis, pulmonary
hypertension, inflammation, muscular dystrophy and cancer (Panciera et al., 2017). A growing
body of data demonstrated that YAP/TAZ are crucial for cancer initiation or growth in several
solid tumors like breast or colorectal cancer. Indeed, their activation instructs malignant
properties including cancer stem cells properties, unrestrained proliferation, cell survival,
chemoresistance and metastasis (Cordenonsi et al., 2011; Panciera et al., 2017; Zanconato et
al., 2016). YAP/TAZ activity is normally restricted by the Hippo signaling pathway through
phosphorylation and sequestration in the cytosol (Figure 11b). Therefore, changes in the
mechanical properties of the TME — including aberrant tissue organization, accumulation of
stromal cells, increased compression forces and interstitial pressure as well as ECM remodeling
—overrules the YAP-inhibition induced by the Hippo pathway (Totaro et al., 2018). Noteworthy,
despite their activation in numerous cancers, no activating mutations of YAP/TAZ nor at Hippo

signaling were found in human cancers (Panciera et al., 2017; Zanconato et al., 2016).

B-catenin and Wnt signaling pathway
Besides their previously described roles, YAP/TAZ are also biochemical and transcriptional

mediators of Wnt signaling and, therefore, promote cell proliferation and tumorigenesis
(Diamantopoulou et al., 2017; Llado et al., 2015; Oudhoff et al., 2016). Indeed, activation of
YAP/TAZ, induced by mechanical cues or Hippo inactivation can lead to B-catenin nuclear
localization (Imajo et al., 2015; Nowell et al., 2016). When the Wnt pathway is “inactivated”
YAP/TAZ and B-catenin are incorporated into the destruction complex for them to be
sequestrated in the cytoplasm and/or degraded (Figure 11c). However, when Wnt signaling is
“activated”, disassembly of this complex abolishes both B-catenin and YAP/TAZ cytosolic
inhibition, triggering their nuclear accumulation and subsequent activation of targeted genes
(Figure 11c) (Azzolin et al., 2014, 2012; Totaro et al., 2018). This highlights the mechanical
interplay between YAP/TAZ transcription factors and pB-catenin and the complexity of
molecular signaling in the context of cancer. Wnt is a paramount intracellular signaling
pathway regulating cell function and cell fate transition in both physiological and pathological
contexts including cancer (Fernandez-Sanchez et al., 2015). Increasing amounts of its effector
B-catenin contribute to the formation of cell-cell adhesions leading to cellular differentiation

and mesenchymal to epithelial transitions. Its regulation by mechanical cues implicates several
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mechanosensitive pathways including cell-ECM interactions, TGF- and Notch signaling (Totaro
et al., 2017).

Piezo mechanosensory channels
Stretch-activated ion channels are others cell membrane mechanosensors. These very well

conserved proteins are included in the plasma membrane and can undergo a change of
conformation in response to an applied force. A change in membrane curvature, an increase
in membrane tension, or forces exerted from the substrate or from the underlying
cytoskeleton network result in channel opening and ions exchange between the intracellular
and extracellular compartments (De Belly et al., 2022). This is the case for the well-known
PIEZO1 channel, which discovery led to a Nobel Prize! (Coste et al., 2010). The mechanical
stretching of this channel leads to Ca2+ influx regulating various cellular behavior. Indeed,
studies have shown the role of PIEZO1 mechanosensing in neuron development (Segel et al.,
2019), in cell fate and aging (He et al., 2018), in cancer (Chen et al., 2018), in cell division (David

et al., 2023) and even in confined migration (Srivastava et al., 2020).

P13k/AKT pathway and ERK activity

PI3K/AKT signaling is another pathway important for stem cell function. It is directly regulated
by cell-substrate mechanical input (Riviére et al., 2007) and mediated by focal adhesion kinase
(FAK) (Figure 12) (Broders-Bondon et al., 2018). An increase in tissues stiffness, as encounter
in cancer, intensifies PI3K-FAK mediated signaling leading to enhanced cell migratory capacity
(Wu et al., 2019). The major mediator of this mechanical signaling is PiPs (phosphatidylinositol
3,4,5-trisphosphate) which is the result of the phosphorylation of PiP, (phosphatidylinositol
4,5-bisphosphate) by the phosphoinositide-3 kinase (PI3K) leading to downstream activation
of AKT/mTOR (De Belly et al., 2022). This signaling axis modulates primary cellular functions
such as protein synthesis, cell survival (Vara et al., 2004) but is also involved in the regulation
of cell size giving a mechanistic link to cell cycle progression under confinement (Delarue et
al., 2014b; Nam et al., 2019).

Integrin/FAK activity is also associated with ERK activation (Farahani et al., 2021)and contribute
to cell hyperproliferation and increase motility in cancer context (Figure 12) (Broders-Bondon
et al., 2018; Provenzano et al., 2009). In physiological context, ERK signaling determines cell
fate transitions under specific mechanical input such as shear stresses in differentiating
alveolar and osteogenic cells (Li et al., 2018; Liu et al., 2010). Pluripotent stem cells fate is also
regulated by ERK signaling through stretching forces and decrease in membrane tension (De
Belly et al., 2021; Verstreken et al., 2019).

1 https://www.nobelprize.org/prizes/medicine/2021/advanced-information/
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Figure 11: Molecular mechanosignaling pathways
(a) Inputs regulating YAP/TAZ activity in cancer cells, from (Zanconato et al., 2016). (b-c) Simplified diagram
of the activated or inactivated Hippo (b) or Wnt pathway (c), from (Totaro et al., 2018).
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From (Northey et al., 2017).

5. Mechanical properties of cancer cells

Cancer-isolated cells are subjected to numerous constraints during metastasis when they are
escaping and migrating away from the main tumor. They will invade the bloodstream and
experience shear forces due to blood flow, or transient confinement when they migrate
through a dense ECM or even a constant applied stress within a highly fibrotic tissue (Figure 5,
Figure 8a).

5.1. Plasma membrane and cytoskeleton

Cells sense and respond to the various mechanical cues of their environment through
mechanotransduction. Indeed, mechanical stimuli activate numerous mechanosensors at the
cell surface leading to intracellular signaling to trigger a biological response. Plasma membrane
is the first key step in this chain of transduction. It is constituted of a lipid bilayer whose
composition and structure define its physical properties (De Belly et al., 2022). The tension of
the plasma membrane is influenced by the level of packing/ordering of its lipids as wells as the
different transmembrane and membrane-connected proteins (Sitarska and Diz-Mufioz, 2020).
Those proteins are part of cell adhesion and mechanosensory complexes that can be divided
in four groups (Figure 13). First, we can cite the cell-cell adhesion complex mediated by
cadherin-catenin junctions. High cell-cell adhesions can lead to an accumulation of B-catenin
activating Wnt signaling and regulating cell fate by differentiation of human pluripotent stem
cells for example. Substrate mechanosensing can also control cell fate through traction forces

mediates by integrins (Lampi and Reinhart-King, 2018). Integrins are transmembrane proteins
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connecting the extracellular matrix with cell cytoskeleton by focal adhesion complex and

adaptor proteins including paxillin, talin or vinculin (Kechagia et al., 2019). This cell-ECM

adhesion serves as a bidirectional mechanical link between the cell and its environment and

are part of the molecular clutch dynamics (Elosegui-Artola et al., 2018).
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Figure 13: Diagram depicting the whole mechanosignaling chain.
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induce intracellular signaling response through mechanosensitive pathways (c) leading to a downstream

biological response (d). From (De Belly et al., 2022).

46



Chapter 1: General Introduction

Another key regulator of cell surface mechanics is the underlying actin cortex. Actin is a major
component of the cytoskeleton originating at focal adhesions and polymerized into contractile
bundles of actin filaments and myosin motors called stress fibers and are involved in substrate
stiffness sensing (Lee and Kumar, 2016; Shivashankar, 2011). Moreover, actin is highly
connected to other cytoskeleton filaments such as microtubules — that can provide structural
integrity to the cell body (Brangwynne et al., 2006) — and intermediate filaments (Herrmann
et al., 2007; Shivashankar, 2011). A large body of data demonstrates the crucial role of the
cytoskeleton in transmitting various signal and offering a protective shell to the cell nucleus as

well as regulating nuclear volume (Patteson et al., 2019; Stewart et al., 2007).

5.2. Specificity of the nucleus

5.2.1. Nuclear architecture
The nucleus is the largest cellular organelle and is separated from the cytoplasm by the nuclear

envelope (NE) whose function is to compartmentalize the genome and regulate access to DNA.
In eukaryotes, the nuclear envelope consists of two lipid bilayers: the outer nuclear membrane
(ONM) and the inner nuclear membrane (INM) that merge at the nuclear pore complexes
(NPC), that allow bidirectional transport (Figure 14). The ONM is continuous with the
endoplasmic reticulum (ER) and at the INM is assembled a complex of proteins called the
nuclear lamina. The main components of this meshwork are the type V intermediate filament
proteins called nuclear lamins. In mammalian cells, these lamins are divided into two types
based on their structure: the B-type lamins (lamin B1 and lamin B2) and the A-type lamins
(lamin A and its splicing variant lamin C) (Vahabikashi et al., 2022). The density of these lamin
filaments can be irregular across the INM surface but act as a nucleoskeletal network that
anchors to the INM, NPC and peripheral heterochromatin (Figure 14) (Turgay et al., 2017).
Indeed, the nucleus surrounds a highly organized genome which is essential for the regulation
of gene expression and repression. The poorly compacted and transcriptionally active
euchromatin is located more toward the center of the nucleus, whereas the highly condensed
and transcriptionally repressed heterochromatin is attached to the nuclear lamina — also
known as lamina associated domains — thanks to emerin proteins (Figure 14) thus, allowing
lamins to have a critical function in gene expression and cell cycle regulation (Gruenbaum and
Foisner, 2015). The NE is also connected to the cell cytoplasm and the cell surface by the Linker
of Nucleoskeleton and Cytoskeleton (LINC) complex (Lammerding et al., 2022). This complex
is composed of transmembrane proteins such as Nesprin and Sun proteins that constitute a

physical link between the nucleoplasm and the cytoplasm.
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Together, the three components of the NE: the membranes, the lamin filaments and NPC
establish a barrier between the nucleoplasm and the cytoplasm and have an impact on the
nuclear mechanics and rigidity.

sR53
“ LaminA/C  joe8 SUN SEIRENTRREY
, N Q>

Lamin B1/2 :i'/ Dynein

$=>€ Kinesin

Emerin
@ Plectin

Heterochromatin

Intermediate
filaments

Euchromatin

Figure 14: Nuclear architecture.
From (Vahabikashi et al., 2022).

5.2.2. Nuclear mechanics
The nuclear envelope and especially the lamin proteins are not only important structural
components of nuclear shape and architecture but also nuclear mechanical integrity (Buxboim
et al.,, 2017; Gruenbaum and Foisner, 2015). Indeed, cells depleted with lamin A and/or C
present irregularly shaped nuclei, critically reduced nuclear stiffness and increased nuclear
fragility (De Vos et al., 2011; Lammerding et al., 2006, 2004; Stephens et al., 2019). Conversely,
cells that overexpress lamin A have a stiffer nucleus and a more important resistance to
deformation. Evidence shows that both lamin A and C contribute to nuclear stiffness whereas
lamin B1 contributes to nuclear integrity but not stiffness (Lammerding et al., 2006; Swift et
al., 2013). Another study showed that B-type lamin convey elastic properties to the nucleus
envelope whereas nuclear viscosity is specified by A-type lamins (Wintner et al., 2020). These
functional differences between lamin A and B can be due to the more important presence of
lamin A in the nucleoplasm and the capacity of A-type lamin to form a thicker meshwork (~ 15
nm) than B-type (~ 7 nm) (Goldberg et al., 2008). Moreover, it has been shown that nuclear

lamina can act as a “shock-absorber” when the nucleus is subjected to small deformation and
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tensile forces (Dahl et al., 2004; Friedl et al.,, 2011). Indeed, the intermediate filament
meshwork of lamin regulates nuclear rigidity and respond dynamically to mechanical tension
by changing its molecular composition and conformation (Figure 15) (Swift et al., 2013). Also,
the ratio between A- and B-type lamins varies between cell types and tissues affecting nuclear
mechanical stability and gives insights into the particular constraints that nuclei face in their

microenvironment (Buxboim et al., 2017; Kalukula et al., 2022; Patil and Sengupta, 2021).

These findings are consistent with Dickinson et al, (Dickinson et al., 2022) who demonstrated
that the nuclear shape is dynamic and can be affected by forces from the cytoskeleton during
migration and cell spreading, although nuclei are usually considered as stiff and viscous (Dahl
et al.,, 2005). Indeed, several studies have demonstrated that the nucleus behaves as a
viscoelastic material with an elastic shell, the NE — defined by an instantaneous and reversible
deformation —and a viscous core, the chromatin — exhibiting flow and can undergo irreversible
deformation when subjected to forces (Kalukula et al., 2022; Lomakin et al., 2020; Srivastava
et al., 2021).

Besides these structural proteins, chromatin itself has distinct mechanical properties and
changes in its structure and assembly impact nuclear deformability. It has been shown in
embryonic stem cells that poorly condensed euchromatin is relatively soft but after
differentiation and condensation of chromatin due to a more restrictive transcriptional state,
nuclear stiffness is sixth time increased (Pajerowski et al., 2007). Thus, chromatin also
contributes to the overall nuclear stiffness and could be impacted by external forces (Figure
15) (Nava et al., 2020; Stephens et al., 2017). Of note, the lipid nuclear membranes play a
minor role in nuclear rigidity and offer little resistance to nuclear deformation (Friedl et al.,
2011; Rowat et al., 2008).
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Figure 15: Nuclear response to mechanical cues.
Under high mechanical force, the nuclear membrane stretches altering the conformation of the ER,

the NPC, impacting chromatin organization and actin polymerization and in turn modulation
downstream signaling, from (Kirby and Lammerding, 2018).

5.2.3. Nuclear mechanotransduction
It is now well known that the nucleus plays an important role in the cellular perception of

mechanical stimuli and is capable of orchestrating key cellular functions in response to
mechanical forces or deformations (Figure 16a). Thus, the nucleus can adapt to its physical and
mechanical environment and changes its morphology or the expression of certain genes
accordingly (Figure 16b) (Long and Lammerding, 2021). Similar to the cellular plasma
membrane, the NE is subjected to important tensile or compressive forces either from the
cytoskeleton or directly from the external environment (Aureille et al., 2017; Maniotis et al.,
1997; Wang et al., 2009). To that extent, LINC complexes allow the transmission of forces and
mechanical cues between the two cellular compartments with, on one side, the cytoskeleton
and, on the other side, a network of lamins which in turn regulate chromatin organization and
genes (Figure 15) (Bouzid et al., 2019; Vahabikashi et al.,, 2022; Wong et al.,, 2021). By
mechanically linking the nucleus to the cell membrane through cytoplasmic actomyosin,
microtubule and intermediate filament, the LINC complex plays a significant role in regulating
nuclear shape, positioning and movement. Forces are, then, transmitted to the nuclear interior
and applied to heterochromatin via nuclear lamina and may results in chromatin deformation
and opening (such as H3K9me3 or H3K27me3 demethylation (Sun et al., 2020)), promoting
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transcription of mechanosensitive genes (Figure 16b) (Amar et al., 2021; Lammerding et al.,
2022).

The NE can undergo more or less important deformations, whose extent depends mainly on
the amount of membrane reservoir available and the mechanical properties of the
surrounding cytoskeletal structures (Diz-Mufioz et al., 2013; Lomakin et al., 2020). This will
lead to an increase in nuclear membrane tension triggering a stretch-mediated calcium entry
and the recruitment of the cytosolic phospholipase A2 (cPLA2). Activation of this enzyme will
activate lipid hormone pathways such as the eicosanoid cascade leading to several
downstream responses such as cortical actomyosin contractility and increased cell migratory
capacity by modulating cell morphology to escape from confinement (Lomakin et al., 2020;
Venturini et al., 2020), thus providing a novel nuclear mechanotransduction mechanism (Shen
et al.,, 2022). Besides, NPC are also mechanosensitive and respond to elevated nuclear
membrane tension by increasing their pore diameter (Figure 15), and thus modulating nucleo-
cytoplasmic transport (Elosegui-Artola et al., 2017), permitting nucleo-cytoplasmic trafficking
in a force-dependent manner (Andreu et al., 2022; Matsuda and Mofrad, 2022).

Therefore, nucleo-cytoplasmic transport of important transcription and epigenetic regulators
can be altered upon nuclear deformation. For example, subcellular localization of
mechanosensitive transcription factors, such as MRTF and YAP — that respond to changes in
cellular contractility and actomyosin organization — can be modulated by nuclear deformation
which has essential roles in regulating several biological processes (Bertillot et al., 2022;
Dupont and Wickstrém, 2022).

Importantly, most of the nuclear mechanotransduction changes detailed in this section result
from downstream effects of molecular signaling pathways initiated from the cell surface or

directly in the cytoplasm that were described in sections 4.3 and 5.1.
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Figure 16: Nuclear mechanotransduction.
(a) Types of forces acting on nuclei and their biological examples. (b) Overview of nuclear mechanosignaling and its
impact on gene expression, from (Bertillot et al., 2022).

5.3. Pathological context

5.3.1. Consequences of nuclear deformation: NE blebbing & rupture
The nucleus is constantly subjected to forces, during cell adhesion on different substrate

stiffness, during confined migration for metastatic escape or immune surveillance, during
developmental processes at cell polarization or when a cell is squeezed in a fibrosis event. The
consequences of the previously described nuclei deformations can be of various severity: from
a morphology change to a nuclear instability leading to a rupture of the NE integrity, depending
on the type, the duration and the degree of the deformation. Upon large deformations, a
dissociation between the double lipidic membrane and the lamina meshwork occurs, leading
to a nuclear bleb. These blebs, first described a century ago by Ramon y Cajal in 1918, are
round protrusions of nucleoplasm and inflate due to the increasing intranuclear pressure
(Figure 17). However, at the opposite of plasma membrane blebs, these particular blebs do
not retract. If substantial physical stress resulting from compressive or tensile forces continues
to be applied, a lamina gap is formed at the base of the bleb leading to the extrusion of
chromatin through the hole and forming a chromatin herniation (Hatch, 2018). The mechanical
fragility engendered by nuclear blebs leads inevitably to NE rupture. NE rupture is a transient
phenomenon followed by a rapid nuclear membrane repair (few minutes, (De Vos et al., 2011;
Vargas et al., 2012)) mechanism based on the recruitment of specific proteins at the site of the

rupture including the endosomal sorting complex required for transport ESCRT-IIl machinery
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(Figure 17) (Chen et al., 2018; Denais et al., 2016; Le Berre et al., 2012; Raab et al., 2016). BAF
cytoplasmic proteins accumulate at the rupture site leading the ESCRT-IIl complex to reseal the
gap and recruiting lamin A/C to contribute to the restoration of the envelope integrity
(Halfmann et al., 2019; Young et al., 2020). Nuclear envelope rupture results in loss of nucleus
compartmentalization and mislocalization of nuclear proteins and exposure of chromosomal
DNA to the cytoplasm leading to the activation of the pro-inflammatory cGAS—STiNg DNA-
sensing pathway. cGAS detection of chromosomal DNA serves a crucial role in innate immune
sensing of nuclear membrane rupture (Denais et al., 2016; Maclejowski and Hatch, 2020; Raab
et al., 2016).
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Figure 17: Nuclear envelope rupture and repair mechanism.
Migration through tight spaces or external confinement can lead to nuclear blebbing, rupturing and
repairing, from (Kalukula et al., 2022).

Another consequence of soaring nuclear deformation or NE rupture is compromised genomic
integrity. Indeed, some basic nuclear processes such as DNA transcription or replication or
chromosomal rearrangement could be perturbed and lead to aneuploidy and/or DNA damage
(Hatch, 2018). Recent studies have shown that this DNA damage following NE rupture is
mediated by the ER-associated exonuclease TREX1 (Nader et al., 2021) or by loss of the DNA
repair factors into the cytosol (Irianto et al., 2017; Pfeifer et al., 2018). Nuclear deformation-
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induced DNA damages can also be triggered without NE rupture by an increase in replication

stress mainly in S/G2 phases of the cell cycle (Shah et al., 2020).

These NE ruptures can also occur without mechanical inputs but with loss of lamin A/C or B
(De Vos et al., 2011) or mutated lamins (Goldman et al., 2004; Muchir et al., 2004) or with
peripheral disrupted heterochromatin (Kalukula et al., 2022; Stephens et al., 2019).

However, an increase in nucleus surface tension does not always lead to the formation of
nuclear protrusions and NE ruptures. Indeed, it has been shown that NE has some reservoir in
the form of large lamina invaginations that can unfold under mechanical deformation before
increasing its surface tension or stretching the NE (Le Berre et al., 2012; Lomakin et al., 2020;
Venturini et al., 2020). Thus, the lamin network is tension sensitive and its underlying response
is crucial for NE integrity (Cho et al., 2019). Besides, the NE unfolding should be followed by

the decompaction of the underlying heterochromatin.

Recently, it has been shown, that cytoplasmic vimentin intermediate filaments can
mechanically protect nucleus integrity avoiding NE rupture by forming a protective cage
around it when cells are migrating through tight spaces (Patteson et al., 2019; Stephens et al.,
2017).
5.3.2. Environmental or mutational causes

Several diseases involve alteration of the mechanical environment of the cell or impaired
ability to respond to mechanical stress. This is mainly due to abnormalities in nuclear structure
and chromatin organization which are found in pathological contexts such as premature aging,
cancer and metastatic potential. Mutations and variants of gene encoding for NE components
such as Nesprins, Emerins and SuNs proteins but also Lamins are called envelopathies or
laminopathies when it concerns only lamin genes (Kalukula et al., 2022; Somech et al., 2005).
These mutations impair nuclei” mechanical properties leading to nuclear fragility in stressed
tissues like muscle or cardiac tissue. Mutations of LMNA gene (coding for A-type lamins) are
involved in several rare genetic disorders such as congenital cardiomyopathy (Hershberger et
al., 2013), various types of muscular dystrophy (Bonne et al., 1999) and Hutchinson—Gilford
progeria syndrome (HGPS) (De Sandre-Giovannoli et al., 2003; Goldman et al., 2004). They all
present nuclear instability, a more deformable nuclei and an altered nuclear shape. Patient
with HGPS present highly globulated and irregularly shaped nuclei (Uhler and Shivashankar,
2018). Some dystrophies such as Emery-Dreifuss muscular dystrophies — due to a mutation of
the emerin, EMD coding gene — have also flawed LINC complexes that may perturb
mechanotransduction pathways (Maurer and Lammerding, 2019; Vahabikashi et al., 2022).
Moreover, solid tumors also display a wide range of nuclear aberrant shapes and mechanics.
These abnormalities can be due to dysregulated lamin levels, chromosomal rearrangements

or a stiffer stroma surrounding the tumor (Figure 18). Importantly, nuclear fragility is
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associated with poor patient prognosis and in turn leads to increased frequency of DNA

damage and cell death (Gruenbaum and Foisner, 2015).

Figure 18: Histopathological images of in vivo deformed nuclei.
IHC images of invasive fronts of human melanoma (a), fibrosarcoma (b) and colorectal cancer (c),
showing shaped, elongated and partially deformed nuclei, from (Friedl et al., 2011; Nader et al., 2021)

5.4. In vitro models

Multiple techniques have been developed to reproduce the mechanical constraints that
isolated cancer cells undergo when escaping from the main tumor to induce metastasis.
Among these techniques, two main categories emerge: transient confinement during cell

migration or constant cell squeezing.

5.4.1. Confined migration
Confined cell migration set-ups mimic cancer cells passage through vascular endothelium to

reach blood circulation. For this purpose, microchannels (Holle et al., 2019; Terenna et al.,
2008; Vargas et al., 2016), narrow channels with constrictions (Figure 19b) (Raab et al., 2016),
narrow pillars (Figure 19a) (Davidson et al., 2014; Denais et al., 2016; Shah et al., 2020) and
even transwell plates with pores of defined size (Figure 19c) (Fanfone et al., 2022; Pfeifer et
al., 2018; Xia et al., 2019) have been designed to induce cellular deformations. Those PDMS-
based microfluidic chips are easy to set up and allow high throughput experiments. Although
PDMS is a highly used material in the field of mechanobiology, it does not allow biomimetic
experimental conditions. Indeed, it is impermeable to small molecules which can lead to rapid
conditioning of the culture medium (decrease of available nutrients and increase of secreted
factors) if no perfusion system is added (Le Berre et al., 2014). Moreover, although the
integration of a perfusion system, hydrophobic molecules still massively absorb at its surface,
and thus complicating the drug assays experiments (Toepke and Beebe, 2006; van Meer et al.,

2017). Several studies focus on confined cell migration within 3D matrices allowing a more
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complex and representative environment (Wolf et al., 2013). Noteworthy, with such systems,
the applied mechanical constraint is temporary and spatially localized. Such confinement
affects mainly the cell nucleus due to the lower deformability and the higher stiffness of the

nucleus compared to the rest of the cell.

5.4.2. Cell compression devices
Cell compression experiments have the advantage of allowing the application of a uniaxial

stress or a deformation on the entire cell body in a stable manner in time (from minutes to
days according to the system). First, we can cite the PDMS piston developed by Matthieu Piel’s
team, which allowed a pioneer work in the field of mechanobiology (Figure 19d) (Le Berre et
al., 2012; Liu et al., 2015). This system, compatible with high-resolution microscopy allows the
precise confinement of cells thanks to a network of PDMS pillars but does not offer the
possibility of a medium reservoir allowing a continuous nutrient supply. Other set-ups were
then developed, based on the same PDMS pillars network but offering a perfusable system
(Figure 19e) (Demou, 2010; Kittur et al., 2014). To these systems, an agarose “cushion” has
been added, and the application of constraints is controlled by a piston or a weight (Figure
19g) (Tse et al., 2012). More recently, an agarose-based confiner system was developed by
Audrey Prunet, a former PhD student of the biophysics team at the ILM, allowing the study of
cellular response to confinement up to several days (Prunet et al., 2020). This system, now
transfer to Idylle?, is stable and presents a medium reservoir on top with on an open access to
the tank for medium renewal (Figure 19f). It is also compatible with timelapse microscopy, in
situ immunostaining as well as molecular analysis such as western blot. Cell squeezing can also
be performed using Atomic Force Microscopy (AFM) allowing a fine spatial and force
magnitude control. A flat cantilever allows a uniform uniaxial cell confinement as used in
(Lomakin et al., 2020). However, a medium curved or a high curved cantilever favor a localized

squeezing (e.g. only on the nucleus, Figure 19h) (Xia et al., 2018).

2 https://www.idylle-labs.com/agarsqueezer-by-softconfiner

56



Chapter 1: General Introduction

(a)

. . — Agarose Pad
[ Confined ] [ Cell compression ] E
(d)

., Negative (f)

/7 pressure
/

N
N
N
N
N
N
N
N

() (8) (h)

med curvature

:IZ‘:: :;I\FQEA_‘ cup with weight =
agarose cushion \7 |
E medium .
E \ BRCO0K
S —
cell populated 2 E j
3D gel cells on transwell .

U208 WT Sum diam

; high curvature
Figure 19: Overview of the different cellular confinement set ups in 2D.

(a) Confined migration through narrow pillars, from (Shah et al., 2020). (b) Confined migration through narrow channels
presenting a constriction, from (Raab et al., 2016). (c) Confinement by migration through small pores, from (Fanfone et al.,
2022). (d) Uniaxial confinement thanks to PDMS piston, from (Le Berre et al., 2012). (e) Another type of PDMS piston, from
(Demou, 2010). (f) Soft confiner, from (Prunet et al., 2020). (g) Agarose “cushion”, from (Tse et al., 2012). (h) AFM cantilever
compression, from (Xia et al., 2018).
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6. Colorectal cancer specificity

Colorectal cancer (CRC), or cancer of the large bowel, is a generic term regrouping cancer of
the colon, the rectosigmoid junction and the rectum. CRC is the third most common cancer
worldwide with almost 2 million cases diagnosed in 2020 according to the World Health
Organization and the second most common cause of cancer death, leading to almost 1 million
deaths per year. It is the 3rd most common cancer in men and the 2nd most common cancer
in women. These numbers are expected to continue increasing, as the International Agency
for Research on Cancer (IARC) estimates an increase of incidence by 56% between 2020 and
2040 to more than 3 million new cases per year. The estimated increase in mortality is even
larger, by 69%, intriguingly most of the increase is expected to occur in high Human
Development Index countries. CRC cancer is a diverse disease whose outcome largely depends

on location, histological and molecular subtypes as well as the stage at diagnosis (IARC, 2019).
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6.1. Colorectal cancer subtypes characterization

Classification of CRC is traditionally performed according to the histological subtypes as
defined by WHO (Board, 2019) and specific staging systems such as the Duke’s classification.
The most common subtype is adenocarcinoma which accounts for 85% of CRC cases
worldwide. Molecular characterizations are increasingly important and two major pathways
are known in the development of CRC: the chromosomal instability (CIN) pathway and the
microsatellite instability (MSI) pathway (Bogaert and Prenen, 2014; Fleming et al., 2012). CIN
is characterized by DNA aneuploidy and different mutations in different proto-oncogenes such
as K-RAS or APC and tumor suppressor genes such as p53 (Figure 20a). The MSI pathway
defines the status of genomic instability due to a deficient DNA mismatch repair system (De
Smedt et al., 2015). Moreover, it has been shown that MSI tumors have a better prognosis
than MSS tumors due to the higher level of neoantigens and a more robust immunoediting,
making MSI tumors good candidates for checkpoint blockade immunotherapy (Xiao and
Freeman, 2015). The molecular status of several human CRC cell lines commonly used in
cancerology research is recapitulated in Figure 20b. The HT-29 cell line is a colorectal
adenocarcinoma with an epithelial morphology presenting MSS status with APC, BRAF, and
p53 genes mutations. This cell line was used in my PhD work and is well identified in the
literature (Chang et al., 2015; Durinikova et al., 2018; Fogh et al., 1977; Gheytanchi et al., 2021;
Manhas et al., 2016; Wang et al., 2016; Zhang et al., 2017; Zoetemelk et al., 2019).
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Figure 20: Recapitulations of CRC main mutations.

(a) Simplified diagram of colorectal cancer pathways. From (IARC, 2019). (b) Panel of CRC cell lines used in culture.
MSI: microsatellite instability; MSS: microsatellite stability; CIN: chromosomal instability pathway. From
(Zoetemelk et al., 2019).

6.2. Colorectal cancer stem cells

As described in the section 2.2, CSCs are a subpopulation of tumor cells that presents
characteristics of self-renewal and a potential for multi-directional differentiation. Colorectal
CSC working model was first validated via a group of surface markers after functional
transplantation assays (Dalerba et al., 2007). Surface markers such as EpCAM (a cell adhesion
molecule involved in Wnt Pathway), CD44 (Lee et al., 2017) (a cell surface glycoprotein involved
in malignant progression) and CD133 (Kazama et al., 2018; Mirzaei et al., 2016; Todaro et al.,
2010) (a cell transmembrane glycoprotein involved in the regulation of stemness and
associated with cancer recurrence) have been extensively studied over the past two decades
in colorectal cancer (Dalerba et al., 2007; Pan et al., 2017; Zhou et al., 2017). In addition, other
more universal CSC pluripotent markers including Nanog, Oct4, Sox2, c-Myc, and KLF4 have
been studied in CRC (Angius et al., 2021; Munro et al., 2018; Zhou et al., 2017). We can also
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cite Lgr5 intestinal stemness marker that has been shown to increase in colorectal
malignancies both in human and murine tumors (Beumer and Clevers, 2016; Chen et al., 2014;
He et al., 2014; Shimokawa et al., 2017). Several studies have shown that colorectal cancer
cells with stem-like properties present higher levels of stemness markers Oct4 and Sox2 as well
as tumor sphere forming ability (both in vitro and in vivo), confirming the importance of
phenotypic markers and their biological role in stemness function (Dotse and Bian, 2016; Li et
al., 2012; Shaheen et al., 2016; Wahab et al., 2017; Zhi et al., 2015).

A growing body of data suggests that the heterogeneous nature of CRC is related to CSCs
(Angius et al., 2021). The emergence of these neoplastic cells with stemness behaviors might
be due to the transdifferentiation of colorectal cancer epithelial cells. Indeed, APC mutations
— present in 90% of CRC — provoke abnormalities in key mediators of the WNT pathway. Due
to a wrong activation of the WNT signaling that promotes stemness and inappropriate
stabilization of B-catenin, colorectal cells could undergo EMT (Angius et al., 2021; Vermeulen
et al., 2010). Evidence of EMT in CRC has been demonstrated by the increased expression of
stemness factors such as Snail, Lgr5, CD133, CD44, and EpCAM. Besides, it has been shown
that, in CRC, TGF-B induces EMT markers — like Twistl and N-cadherin — and upregulates
pluripotent transcription markers such as Oct4, Sox2, Nanog and KIf4 (Zhou et al., 2017).

6.3. Specificity of the microenvironment

Altered microenvironment and tissue mechanics are a hallmark of cancer and impact tumor
development and progression. Indeed, the dysregulated ECM production in CRC and the
modified physical properties of the TME contributes to patient prognosis. During CRC
tumorigenesis, ECM undergoes a complete change in terms of composition, structure and
amount (Figure 21) compared to healthy colorectal tissues (Karlsson and Nystrém, 2022). The
expression of collagen | is increased with tumor stage (Li et al., 2020) and the architecture of
collagen fibers reorganizes within the ECM, becoming irregular and promoting cancer cell
proliferation both in vitro and in vivo (Li et al., 2020) and cancer cell migration (Brauchle et al.,
2018). Besides, in areas of high collagen deposition, colorectal stroma stiffness can increase
up to four-fold higher than in normal tissue (Brauchle et al., 2018; Zanotelli et al., 2020).
Patients presenting an increase expression of collagen | have significantly lower survival rates
compared to patients with low expression (Brauchle et al., 2018). The collagen network
deposition grandly contributes to tumor stiffening and is thought to be involved in the
malignant transformation of tissue and the migration of colorectal tumors. Moreover, studies
have demonstrated that CRC is seven times stiffer than colon normal tissue (from 0.9kPA to
7.5kPa; (Zanotelli et al., 2020)). According to (Phipps et al., 2005), this change in elastic
modulus seems to correlate with clinical factors such as the size of the tumor, the vascular

invasion, and poorly differentiated clusters. Such aberrations in the colorectal TME perturb
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tissue homeostasis and can provide the perfect conditions to induce cancer stem cells (Kim et
al., 2021; Pan et al., 2017). Moreover, a study demonstrated the role of TAMs-inducing EMT
program to enhance CRC invasion, migration, and metastasis in human CRC samples and in
vitro co-culture (Baghban et al., 2020). Of note, Bejarano et al., (Bejarano et al., 2021)
highlighted the importance of gut microbiome in the context of colorectal TME to influence

CRC. All these findings demonstrate the highly modified colorectal TME during tumorigenesis.
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Figure 21: Simplified diagram of microenvironmental changes during colorectal cancer progression.
THBS: Thrombospondin; ADAM: A disintegrin and metalloproteinase; LOX: Lysyl oxidase. From (Kim
etal., 2021).

6.4. Specificity of the nucleus

The structural composition of CRC nuclei has an impact on tumor invasiveness and patient
prognosis. Especially, it has been shown that A-type lamins increase the risk of death and are
implicated in tumor progression (Willis et al., 2008) as lamin A participates in activating the
expression of E-cadherin, involved in the EMT which in turn increases tumor invasiveness.
Moreover, lamin B2 expression is downregulated in colorectal cancer cell lines presenting CIN
mutations compared to cell lines exhibiting MSI (Figure 22) (Kuga et al., 2014). Kuga et al also
demonstrated that lamin B2 is essential for mitotic spindle formation suggesting that lamin B2

is crucial for maintaining chromosome integrity. Thus, those results highlight that the major
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cause of chromosomal instability pathway is chromosome missegregation caused by the

absence of lamin B2 in forming proper bipolar spindle during cell division. Similarly as the

other CIN colorectal cell lines, the HT-29 cell line presents very poor levels of lamin B2 and only

a low level of lamin B1.
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Figure 22: Nuclear envelope proteomic
analysis of several CRC cell lines.

(a) Western blot analysis of several types of
lamins from different CIN and MIN cell lines.
(b) Immunostaining images of Lamin B2 and
DAPI from different CIN and MIN cell lines
From (Kuga et al., 2014).
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Objectives of the PhD

Throughout this first introductory chapter, we have seen the crucial role of physical changes in
the tumor microenvironment on tumor development and progression at different scales.
Therefore, the biophysics team research topics particularly focus on the coupling between
mechanics and biology for cells or tissues including the mechano-genetic regulation, the
tissue-level rheological properties and even the development of culture and analysis platforms
called organ-on-chips. To disentangle the many factors that influence the structure, mechanics
and function of tumor tissues and cells, our team has developed numerous micro-fluidic
hydrogel systems to reproduce in a standardized way the mechanical environment that the
tumor undergoes in vivo.

It is within this framework that my research project aims at understanding how the tumor
environment, from a mechanical point of view, influences the long-term cancer cell fate. To do
so, my experimental PhD was divided into two complementary approaches and focused on
colorectal cancer.

The first part consists of studying the effect of uniaxial prolonged confinement in 2D, on
isolated cancer cells. Taking advantage of a new hydrogel-based microsystem that has been
developed by a former PhD student on the team, | could perform a precisely controlled cell
confinement for several days while overcoming the barrier of medium turnover. This system
allowed me to perform highly original experiments of real-time microscopy and in situ
immunolabeling to study the cancer cell nucleus adaptation over long term confinement
(several days). The results obtained in this part led to an article, presented in Chapter 2, and
submitted for publication. Additional preliminary data that goes beyond the scope of the paper
are also discussed in the Chapter 4.

The second challenge of my PhD was to understand the impact of isotropic compression on
3D tumor spheroids on cancer cells identity. To this end, | used an agarose-based microwells
technique, developed in the team to standardize and increase tumor spheroid production
while controlling growth conditions and performed isotropic mechanical compressions. This
axis initiated a collaborative project with the team of Cédric Chaveroux from the CRCL in Lyon
and the team of Julie Pannequin from the IGF in Montpellier who have the biological expertise
on the metabolic impact and on colorectal cancer stem cells, respectively. It is in this
multidisciplinary framework that | have studied the impact of mechanical stress/metabolic
stress coupling in 3D on colorectal cancer tumor spheroids with high throughput. By combining
biological and physical quantitative measurement, | have shown that both mechano-osmotic
pressure and nutrient-deficient conditions reduce spheroid growth while promoting a stem
state in a non-nutritive dependent manner. The obtained results are detailed in Chapter 3in a
scientific paper format in preparation for submission.

During my PhD, | obtained very interesting results on both types of approach using
experimental protocols and automated analysis tools that | developed, to gain in efficiency and
to increase the reproducibility.
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Abstract

During their life, mammalian cells are subjected to numerous mechanical constraints,
especially in pathological contexts such as cancer. Most studies on cell confinement focus on
short periods, and little is still known about cell adaptation to prolonged squeezing, over
several cell divisions. Using a hydrogel-based confinement system, we reveal the unsuspected
role of mitosis in long-term adaptation to prolonged uniaxial confinement, in a contractility-
dependent manner. To adapt to the level of confinement and to alleviate the imposed
mechanical stress, nuclei are reaching a new homeostatic state following the first confined cell
division: cells down-regulate their nuclear volume, together with a reset of their nuclear
envelope folding. A simple geometric model suggests that this new nuclear volume is triggered

by the apparent surface of the nuclear envelope.

Our findings have important implications for the fundamental understanding of nuclear
regulation under mechanical constraints and are critical to better comprehend cancer cells

plasticity.
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Introduction

Cancer is a leading cause of death worldwide, despite continual progress in therapeutic
strategies and in our understanding of cancer cell biology. The role of mechanics in cancer cell
response has raised attention over the last decades ™, and alleviating mechanical stress is
now envisioned as an interesting therapeutic strategy >°. Deformed nuclei within tumors has
been reported in vivo 78, though consequences on cell fate remain unknown. Pioneer works
have identified an alteration of cell mitosis under such confined situations %9, with modified
cell cycle progression and division 1, the presence of multi-daughter events, daughter cells of
unequal size, and induction of cell death 2. Conversely, it has been shown that flattening is
required for the G1-S transition 13, as well as the G2-M transition 1. The role of the nucleus as
a mechanosensor is now clearly recognized €, with a mechanism of nuclear repair!’ and
rescue of DNA damage 2. Upon squeezing, the nucleus shortly unfolds its inner lamin
envelope, activating the cytosolic phospholipase A2 (cPLA2)-Arachidonic acid (AA) pathway *°,
as well as myosin Il contractility and switches towards a motile phenotype'®. Nuclear blebs and
chromatin herniation can also occur, leading to transient events of nuclear rupture and repair
1719 However, all these studies analyzed the short-term nuclear adaptation (within minutes to
a few hours), and cancer cells adaptation to a prolonged imposed deformation (over several

days) remains unexplored, specifically how such deformation affects cell cycle progression.

We have recently developed an agarose-based soft-confiner, ideal to analyze the proliferation
of squeezed cells for several days?°. Here, based on the compatibility of this assay with in-situ
immunostaining and time-lapse analysis, we explored how the nucleus responds to an
imposed deformation for several days in a colorectal cancer cell model (HT-29). As expected,
within a short timeframe, an unfolding of the nuclear envelope and the appearance of nuclear
blebs were observed. Under prolonged confinement, we evidenced for the first time a global
nuclear adaptation, with a decrease in nuclear volume within 24 h, and a readjustment of
nuclear shape, namely the disappearance of blebs and refolding of the nuclear envelope.
Surprisingly, all these changes were triggered by mitosis in a contractility-dependent manner

and were conserved by the next daughter’s generation, setting a new state of homeostasis.

Results

Multi-height soft confiner

Cells were confined using the agarose-based confiner previously published ?°. In this system, a
2% agarose pad presenting an array of pillars with a height smaller than that of the cell enabled
precise cell squeezing. All experiments were performed using agarose exhibiting a stiffness of
150 kPa 2°. In this stiffness range, it is not possible for cells to deform the confining agarose

gel. The method originally published by Prunet et al. ?° relied on standard photolithography
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processes to create the wafers needed for agarose molding, and could only confine cells at a
single height per system. We have now upgraded this soft confiner by implementing the
possibility to submit a cell population to multiple confinements simultaneously. For that, we
developed a multi-height micro-milled mold (Figure 1a), allowing us to control the height of
the pillars with a micron resolution. We can confine cells at four different heights within the
same system, with a central control zone included, where no confinement was imposed. Each
pillar with a given shape corresponds to a specific height: 9 um (the highest pillar with the
least confinement), 7 um (intermediate confinement), 5 um (strong confinement) and 3 um
(the strongest confinement) (Figure 1b-c). This multi-height mold was reproducible over time,
as illustrated in Figure 1d, where the heights of stained cells/nuclei measured at 2 h and 24 h
were almost identical. Moreover, cells were properly and homogenously confined within each
zone, and displayed the following average heights: 15 + 0.13 um for control condition, 8.7 +
0.45 um (slight confinement), 6.9 + 0.16 um (intermediate confinement, twice the cell size),
5.1+0.13 um (strong confinement), to 3.7 £ 0.25 um (very strong confinement, below a fourth
of the original cell size) (Figure 1d-e). These cellular heights corresponded to a decrease in
nuclear height from 10 + 0.10 um (control condition) to 5.9 + 0.08 um (slight confinement),
4.9 £ 0.10 um (intermediate confinement), 3.9 + 0.04 um (strong confinement), 2.9 + 0.08 um
(very strong confinement) (Figure 1d-e).

Hence, by modifying the soft confiner we previously designed, we obtained a user-friendly,
robust, and time-saving system to visualize and analyze the long-term effect of four levels of
cell confinement on cancer cell morphology and biology.

Long-term nuclear volume regulation

Having optimized the confinement system, we then investigated how long-term confinement
affects cell nuclei. We first computed the nuclear deformation for each level of confinement
(Figure 1f) and obtained a nuclear deformation along the z-direction (en;) of 41 + 3% for slightly
confined cells, 52 + 0.5% for an intermediate confinement, 60 £ 1% and 70 + 2% for strong and
very strong levels of confinement, respectively (Figure 1f). These deformations are associated
with changes in nuclear projected-area and nuclear volume. At 2 h of confinement, the
nuclear-projected area increased with the level of confinement (Figure 1e-g), while the volume
of each nucleus, computed by approximating the shape of the nucleus to a cylinder (See
schematic representation in Figure 1g), remained constant for all imposed deformations
(Figure 1h, squares). Intriguingly, at 24 h of confinement, the nuclear-projected area of
confined cells decreased towards that of the control condition (Figure 1g, triangles). This
decrease in nuclear-projected area corresponds to a proportional decrease in nuclear volume
after 24 h of confinement (Figure 1 h, triangles), with a nuclear volume loss from 20 £ 6.4 %
(for slight confinement), 25 £ 7.3 % (for intermediate confinement), 39 + 8% (for strong

confinement) to 34 + 15% (for very strong confinement, Supplementary Fig. 1a). Interestingly,

89



Chapter 2: Long-term impact of uniaxial confinement

this loss in nuclear volume was inversely proportional to nuclear deformation en; (Figure 1h,
dotted line).

In addition, the distance between the cell membrane and the nuclear envelope was
significantly reduced with confinement (Figure 1d, Supplementary Fig. 1c) and accompanied
by the re-localization of the contractility machinery (Phosphorylated Myosin Light Chain (p-
MLC) staining) from above the nucleus to the lateral plane indicating a cortex rearrangement

(Supplementary Fig. 1d).

Moreover, at 2 h of cell confinement, DNA damages appeared as evidenced by an increase in
the number of yH2AX foci (marker of double-strand breaks, Supplementary Fig. 1e-f) per cells.
This confinement-induced DNA damages was repaired at 24 h, as the number of foci per cells

in confined conditions was identical to that of unconfined ones (Supplementary Fig. 1e-f).

Long-term regulation of nuclear tension

Under the strongest levels of confinement (60% and 70% nuclear deformation), we observed
nuclear protrusions at 2 h (Figure le, strong-very strong confinement panel and Figure 2a),
which participated in the increase in nuclear-projected area, though not entirely as the
increase remained significantly different even if protrusions were dismissed to compute the
projected area (Supplementary Fig. 1b). As observed, the nuclear volume remains constant for
short timescales (2 h), but due to the applied confinement and geometrical considerations,

the nuclear envelope (NE) unfolds, its tension increases 2!

, which can lead to nuclear
protrusions 2274, Nuclear protrusions are dynamic structures whose membrane can rupture —
visualized by leakage of NLS-RFP dye to the cytoplasm (Supplementary Fig 2a, arrows) — and

repairl’.

The proportion of nuclei displaying protrusions (indiscriminately called blebs in the rest of the
manuscript for simplicity), as well as dividing, apoptotic and normal nuclei was quantified
according to their morphology (Figure 2a, insets). Under slight confinement (41 % nuclear
deformation), blebbing nuclei represented only 4.2 + 4.7 % of all nuclei (Figure 2b). However,
the proportion of these nuclei gradually increased with the degree of confinement and
represented 37.7 + 6.7 % and 63.4 + 11.8 % of all nuclei for 60% and 70% of nuclear
deformation, respectively (Figure 2b). Strikingly, at 24 h of confinement, those proportions
dropped to less than 10 %, which was reflected by an increase in normal nuclei proportions
(Figure 2c-d). The number of blebs per cell and the size of those blebs were also drastically
reduced at 24 h under strong confinement (Supplementary Fig. 2b-e). This change in nuclear
phenotype at 24 h is in accordance with the reduction in nuclear volume and the refolding of
the nuclear envelope. Nuclear envelope folding was quantified from lamin A/Cimmunostained
images with the positive area defined as the excess area of the lamina envelope compared to

the nuclear area (See methods and schematic representation in Figure 2f). In control
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conditions, the nuclear envelope was folded, reaching similar levels at 2h (56 + 1.5%) and 24h
(57 £ 2%) (Figure 2e-f). Under a strong level of confinement (60% nuclear deformation), a
complete unfolding of the nuclear envelope was observed at 2 h, evidenced by a radical
decrease of the positive area (Figure 2e-f, down to 20 £ 1 %). Strikingly, at 24 h, a refolding of
lamin A/C was observed (Figure 2e), with an increase in the positive area (34 + 1 %) (Figure 2e-
f).

Thus, not only was nuclear volume regulated at 24 h of confinement but also nuclear blebbing,
and nuclear envelope folding, suggesting either a relaxation of the nuclear envelope tension,
either an inability of cells with blebs to divide. All these changes (volume decrease, blebs
disappearance, nuclear envelope refolding) are referred as global “nuclear adaptation” in the

rest of the manuscript.

In addition, we noticed a constant proportion of dividing cells at 24 h of confinement below
60% of nuclear deformation, albeit a slight increase at 70% nuclear deformation (Figure 2c-d).
This increase in dividing nuclei was most likely due to an increase in the duration of mitosis

(Supplementary Fig. 3a), already described by Lancaster et al. *°.

Cell cycle progression does not explain long-term nuclear adaptation

We next performed experiments to narrow the range of potential mechanisms involved in this
long-term nuclear adaptation. To this end, we conducted time-lapse experiments on live cells
by confining HT-29 expressing the FUCCI fluorescent cell cycle reporter system over 3 to 4 days
(Figure 3a). We first, hypothesized that an alteration of cell cycle progression could explain the
loss of nuclear volume observed under prolonged confinement. It was reported that
mechanically confined cell, without having the possibility to round up for division, results in
stressed cell division with delayed mitosis, multi-daughter mitosis events, unevenly sized
daughter cells and induction of cell death®!°, We confirmed this experimentally and saw a
gradual increase in abnormal divisions with the level of confinement, from none for control
conditions to 40 + 4% for very strong confinement (Supplementary Fig. 3b, Supplementary
Movie 1). In addition, for mother cells, while the duration of the first mitosis was similar for
control and slight confinement (Supplementary Fig. 3a, respectively 1,8 + 0,1 hand 1,6 + 0,1
h), it doubled for cells under strong confinement (3,5 + 0,4 h), and considerably increased up
to 9,2 + 0,8 h for very strong confinement, reaching up to 20h in some cases (Supplementary
Fig. 3a). The time spent in G2 for mother cells also increased for cells under very strong
confinement (Supplementary Fig. 3c) and led to a larger increase in volume during this S-G2-
phase (Supplementary Fig. 3d), with no significant increase in volume detected before the G2-

phase (Supplementary Fig. 3e).

We then focused on the cell cycle taking place after a first confined division. Surprisingly, for

the daughter cells, we found that confinement did not significantly change the duration of the
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whole cell cycle (Figure 3b) and neither that of its subpart (G1, S-G2 Supplementary Fig. 3f).
Indeed, the entire cell cycle for daughter cells lasted 27 + 7 h under slight confinement, 23 h +
4 under strong confinement compared to 22 + 5 h under no confinement (Figure 3b). Similarly,
relative nuclear growth (change in volume normalized by their initial volume) remained
unchanged under confinement during the entire cell cycle (Figure 3c), and during its subpart
(Supplementary Fig. 3g). Likewise, nuclear growth rates of confined cells were similar
regardless of the level of confinement (Figure 3d), with no significant difference in its subpart
(Supplementary Fig. 3h). These results suggest that long-term nuclear volume regulation of

daughter cells cannot be explained by changes during cell cycle progression nor growth rate.

Long-term nuclear adaptation occurs during confined mitosis

We then focused on changes of nuclear volume during confined mitosis. A reasonable
assumption is that the nuclear volume is conserved throughout mitosis, so that the volume of
the sum of the two daughter cells after division is equal to the volume of their mother cell.
Intriguingly, nuclei were smaller after the first division under confinement (Figure 3e-f), with a
volume ratio decreasing gradually with increasing nuclear deformation, similarly to the one
observed at 24 h on fixed samples (Figure 1h, 3f and Supplementary Figure 3i for the fit). The
loss of volume during mitosis reached up to 60 + 15% for the strongest confinement (Figure
3f). The fact that we obtain the same proportionality on both fixed (Figure 1h) and live (Figure
3f) experiments confirm the robustness of our results concerning such nuclear size regulation.
On the contrary, during the second division under confinement, we observed no volume loss
(Figure 3f, generation 2). Hence, the nuclear volume seems to have reached homeostasis after
the first confined division and does not shrink further during a second confined division.
Therefore, mitosis appears to be the main checkpoint in the observed long-term adaptation of

nuclear volume.

This prompted us to investigate whether mitosis could also play a role in the loss of nuclear
blebs. Using time-lapse experiments, we quantified the nuclear blebs before and after
confined divisions (Figure 3g-h). Before mitosis, the mean number of blebs per cell was 1 £ 0.3
for cells under strong confinement (Figure 3h, 60% nuclear deformation), and reached 3 + 2.2
for very strong confinement (Figure 3h, 70% nuclear deformation). However, immediately after
mitosis, the mean number of blebs per cell was close to 0 for both strong and very strong
confinement (Figure 3g-h, Supplementary Movie 2). In addition, we observed no blebs before
the second mitosis (Figure 3h). We can thus conclude that the loss of nuclear blebs is
essentially due to cells undergoing mitosis, suggesting that nuclear volume and nuclear
envelope tension are tightly coupled, and supporting the hypothesis that mitosis is a key

regulator of nuclear envelope tension.
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Adaptation of nucleus phenotype and volume is contractility-dependent

Acto-myosin contractility is a well-known transducer of stress to the nucleus, inducing
deformation and blebbing 22. Conversely, it has been shown recently that nuclear tension and
blebbing increase cell contractility *>'6. Therefore, to gain further insights into the mechanisms
involved in this global nuclear adaptation, we inhibited cell contractility using Blebbistatin, a
pharmacological inhibitor of myosin Il. The addition of Blebbistatin immediately after confining
cells, imped nuclear volume regulation, as evidenced at 24 h under very strong confinement
(Figure 4a-b). Of note, while at 2 h under very strong confinement (70% nuclear deformation)
the number of nuclear blebs drastically increased with or without the addition of Blebbistatin
(Figure 4c, 2 h), very few blebs had disappeared at 24h with Blebbistatin (Figure 4c, 24 h and
Supplementary Fig. 4d). Similarly, inhibiting contractility before applying the confinement
(Blebbistatin added 1h before confinement) also prevented the regulation of nuclear volume

and blebs (Supplementary Fig. 4 a-c).

Cells regulate their apparent nuclear surface during mitosis

From our data, we calculated the apparent surface of confined nuclei S,,,,, (See Supp. Mat 1),
which corresponds to the surface of a cylinder. As expected, the apparent surface passively
increases after 2 h under confinement, while it seemed to remain constant at 24h (Figure 5a).
Moreover, this constant apparent surface was similar for non-confined cells. This strongly
suggests that the apparent surface is the key parameter regulated during prolonged

confinement.

To test whether it is the total surface of nuclear envelope that determines the nuclear volume,
we estimated the surface for unfolded nuclear envelope conditions after 2 h under
confinement S, (See Supp. Mat. 1). From S, (apparent surface) and S, (total surface,
obtained in the unfolded nuclear envelope condition) we computed the expected nuclear
volumes in confined conditions (Figure 5b) and found that the volumes calculated using Sy,
were in good agreement with the experimental volumes measured after 24 h under
confinement (Figure 5c). Collectively, these geometrical arguments strongly suggest that the
nuclear volume is not limited by the total surface of the nuclear envelope available, but rather
actively set by the apparent surface that remains constant under different geometrical

constraints.
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Figure 23: Nuclear volume is regulated according to the level of confinement.

(a) 3D representation of confinement principle showing the molded agarose pad. (b) Schematic
diagram of the multi-height pad with the theoretical heights of each pillar. (c) Confocal images of cells
and the shaped pillar of each confined zone. Scale bar = 250 um. (d) Quantification of cells and nuclear
height by z-stack confocal imaging, under each confined zone. N = 3 experiments with n = 30 cells;
Mann-Whitney test. (e) Representative confocal images of nuclei stained with NucGreen in XY (Scale
bar = 10um) and its orthogonal view (Scale bar = 5um) at 2 h and 24 h under each level of confinement.

L . . hgtr.—h
(f) Nuclear deformation in percent for each degree of confinement defined as gy, = (%) x100.

nuc
(g) SuperPlot quantifying the projected nuclear area. In each condition, the 3 colors represent 3 distinct

experiments with their respective individuals and average value represented by small and large dots
respectively. N = 3 experiments with n > 5,000cells/experiments; Welch’s test. Welch’s ANOVA test was
also performed between each confined condition at 24 h and was not significant. (h) Nuclear volume
quantification. N = 3 experiments with n>5,000cells/experiments; Welch’s test. Ordinary one-way
ANOVA was carried out between each confinement condition at 2 h and was not significant.
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Figure 2
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Figure 24: Regulation of nuclear tension.

(a, ¢) Max projection confocal images of stained nuclei and pMLC at 2 h and 24 h, respectively, scale
bar = 50 um. Cropped nuclei correspond to nuclei with blebs, dividing and apoptotic cells and normal
nuclei, at 2 h (a) and 24 h (c), scale bar = 10 um. (b, d) Percentage of HT-29 cells presenting nuclear
blebs, dividing, apoptotic cells, or normal nuclei in control condition or under confinement, at 2 h (b)
and 24 h (d). N = 3 experiments with n > 5,000cells/experiments. (e) Representative confocal images
(max intensity projection) of stained nuclei and lamin A/C without confinement (control) or under 60%
nuclear deformation (strong confinement) at 2 h and 24 h. Scale bar = 10 um. (f) Quantification of the
positive area of the nuclear envelope (lamin A/C) which represents the folded nuclear envelope. N = 3
experiments with n > 30cells/experiments; mean + SEM; Mann-Whitney test.
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Chapter 2: Long-term impact of uniaxial confinement

Figure 25: Global phenotypic regulation of the nucleus occurs through mitosis.

(a) Time-lapse images of HT-29 nuclei expressing the FUCCI fluorescent cell cycle reporter, without
confinement (control) or under strong confinement (60% nuclear deformation). Scale bar = 10 um. (b,
¢, d) Quantification of the duration (b), the relative nuclear growth (c) and the nuclear growth rate (d)
of HT-29-Fucci cells under several levels of confinement during an entire cell cycle after the first cell
division. N = 2 experiments with n > 200 cells, Mann-Whitney test for (b, c), and unpaired t-test for (d).
(e) Representative images of nuclei at the end of the G2 phase (just before mitosis) and its respective
daughter nuclei just after mitosis (beginning of G1 phase), following two consecutive divisions, for
control and strong confinement conditions. Scale bar = 10 um. (f) Quantification of the size of daughter
nuclei over their respective mother following two consecutive divisions, under several levels of
confinement. N = 2 experiments with n = 130 cells, unpaired t-test. (g) Sequential images of a blebbing
nucleus under strong or very strong confinement before and after mitosis, NEB is set here as a reference
time t =0 h. Scale bar = 10 um. (h) Quantification of the number of blebs before and after mitosis under
strong and very strong confinement. N = 3 experiments with n = 167 cells, Mann-Whitney test.
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Figure 26: Contractility is essential for nuclear regulation.

(a) Representative images of stained nuclei and phospho-Myosin Light Chain either with or without
Blebbistatin at 2 h and 24 h, without confinement or under very strong confinement. Scale bar = 20
um. (b) Quantification of nuclear volume at 2 h and 24 h with or without Blebbistatin, without
confinement or under very strong confinement. N = 3 experiments with n=9,818 cells, mean + SEM,
unpaired t-test (for no drug conditions) or Mann-Whitney test (for Blebbistatin conditions). (c)
Quantification of nuclei with blebs, dividing, apoptotic, or normal without confinement or under very
strong confinement at 2 h and 24 h, with no drug or with Blebbistatin. N = 3 experiments with n = 9,818
cells.
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Figure 27: Nuclear total surface determines the final nuclear volume.

(a) Nuclear apparent surface as a function of the deformation exz at 2 h and 24 h under confinement.
The dashed line shows the apparent surface measured for unconfined cells. (b) Schematic
representation of the geometric model, showing the apparent nuclear envelope surface Sapp and the
unfolded nuclear envelope surface So. (c) Calculations of nuclear volume using the apparent surface
(green) and the total surface (pink). The total surface is obtained from the tensed nuclear envelope
measured under intermediate confinement at 2 h. Experimental values are shown in black. (d) Diagram
summarizing the results showing that under confinement before mitosis, the nuclear envelope is
tensed and tension increases as evidenced by the nuclear blebs. Tension is then released during the
first mitosis as the nuclear volume is lower at mitosis exit. Low initial tension is restored, nuclear-

envelope folds appear again but not blebs.
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Discussion

Deciphering how the nucleus reacts to long-term confinement is of primary importance in the
context of cancer progression and response to treatment 2>2°. Using an imposed deformation,
we show that the nucleus is regulating both its volume and its structure (blebs, lamin A/C
folding) within 24 h. We evidenced that this regulation is mediated by mitosis: nuclei then
reach a new state of homeostasis, with no further adaptation observed in the next
generations. This regulation is an active process requiring the contractility machinery. In
addition, a simple model supports the idea that the total nuclear surface is key in setting the
nucleus size and consequently alleviating nuclear envelope tension (see Figure 5d for a

schematic representation).

Strong confinement increases nuclear envelope tension and growth

Taking advantage of the compatibility of our soft-confiner system with time-lapse microscopy,
we were able to follow the same cells for several cell divisions and observed different steps of
adaptation to various levels of confinement. The first step takes place before the first division
of confined cells. Within the first hours of confinement, only highly confined cells display an
increase in nuclear growth rate (Supplementary Fig. 3c-d), in accordance with the nuclear
envelope tension threshold observed for Hela cells>. This increase in growth rate might be
due to an increase in nuclear import following a rise in nuclear envelope tension and
uncoupled nuclear and cytoplasmic volumes as proposed by Pennacchio et al.?’~2, This bias in
nuclear shuttling can generate an increase in nuclear osmotic pressure and account for the
blebbing observed during the first hours under confinement (Figure 2a-b)®°. This increase in
growth rate is also accompanied by a lengthening of the G2 phase (Supplementary Fig. 3c).
Conversely, slighter levels of confinement did not impact cell cycle progression
(Supplementary Fig. 3c-e), suggesting that the flattening required for the G1 to S transition
observed for Hela cells®3 should be sufficient to fully extend the nuclear envelope or might be

cell type dependent.

Mitosis plays a key role in nuclear adaptation to confinement and alleviation of nuclear
envelope tension

The key step in nuclear adaptation to confinement is clearly cell mitosis. We clearly show that
the regulation of nuclear volume observed at 24 h of confinement largely originated from
volumetric changes at division exit (Figures 1h and 3f). Confined mitosis can be prolonged due
to defects in spindle assembly? or leads to asymmetric or multi-daughter division®, but so far
such shrinking of the nucleus during division has never been observed to our knowledge. More

strikingly, no more shrinking was observed for the second division under confinement (Figure
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3f). This important observation points out toward a true adaptation to confinement: once

adapted, there is no further volume decrease.

So far, however, the mechanisms involved remain elusive. Using a mechanistic approach, we
showed that the apparent nuclear surface is the parameter conserved over a long time and
therefore during cell division (Figure 5). By regulating the apparent surface of their nucleus,
cells can adjust their nuclear envelope tension to a homeostatic level. Indeed, mitosis also
plays a pivotal role in relaxing the nuclear envelope tension generated by confinement as
nuclear blebs disappeared completely after the first mitosis (Figure 3h), while nuclear

envelope folds reappeared in confined conditions at 24 h (Figure 2e-f).

Of note, we also observed a population of abnormal divisions (multi-daughter cells, cells
blocked in mitosis), as already reported for Hela cells *°. In the future, it could also be of

interest to analyze how this abnormal subpopulation regulates (or not) its nuclei.

The critical role of actomyosin contractility in the regulation of lamina tension and
nuclear volume

The nuclear adaptation we evidenced was lost by blocking contractility via Blebbistatin
treatment. This result is in accordance with the fact that abnormal actomyosin contractility is
associated with changes in cell division, such as defects in spindle positioning'®3!, failed
mitosis, and the appearance of polynucleated cells 9. During cell division, actomyosin
contractility participates in cleavage furrow formation32. Here, our results suggest that
contractility is required to set nuclear volume and nuclear envelope folding, mostly during

nuclear envelope reformation at the end of mitosis.

Regulation of nuclear repair mechanism associated with lamina folding and nuclear
volume loss

Consistent with previous studies333*, we also evidenced an increase in DNA-damage at 2 h of
confinement (Supplementary Fig. le-f). Such an increase in DNA-damage could lead to
chromosomal instability and mutations3>3¢, However, very interestingly, in addition to lamina
refolding and nuclear volume loss, we also observed a decrease in DNA damage at 24 h of
confinement (disappearance of most y-H2AX foci, Supplementary Fig. le-f). This is in
accordance with the reported role of lamin in the DNA damage repair pathway 3’ and a lower
nuclear envelope tension associated with bleb disappearance. Such repair mechanisms have
also been reported in other confinement situations '8, as well as in response to other stresses
like radiotherapy 3. As such repair mechanism is highly correlated with cell-cycle re-entry 18,
this is again consistent with a key role for mitosis in such DNA-damage regulation in response

to nuclear deformation.
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Growing evidence also indicates a role for lamins in the regulation of transcription 3,
replication, and genome stability %°. It will be very interesting to further investigate the effect

on transcription activity, protein synthesis, as well as chromatin condensation.

Conclusion and outlooks

Here, under prolonged cancer cell squeezing, we experimentally highlighted the critical role of
mitosis in the regulation of nuclear envelope lamina folding, nuclear blebs, and nuclear
volume. Using simple geometric assumptions, we show that homeostasis of nuclear volume is

set by the apparent surface of the nuclear envelope.

This study calls for in-depth analysis of the molecular pathways at play, as well as for
deciphering the consequences that such regulation could have in the context of cancer and
resistance to therapies. We anticipate the role of calcium as well as cPLA2, both of which were
recently reported to be involved in nuclear deformation sensing *°. The nuclear to cytoplasmic
ratio, which is constant within a given population, is most likely to be impacted by the
confinement and changes in nuclear envelope tension 274442 and might be at play in the
regulation we describe herein. The import/export regulated by the nuclear pore complex is
also a putative important player 28. Lastly, we identified a clear change in lamin
unfolding/refolding during this nuclear adaptation: lamins and lamin-associated proteins are
known regulators of nuclear size 4? and should therefore be further investigated, especially in
the context of cancer.

Noteworty, as already mentioned, the agarose gel used herein exhibit a stiffness of 150 kPa?°,
which is too rigid for the cell to deform the gel. It would be interesting in the future to analyze
cell response using softer gels (in the kPa range). Indeed, if the cells are able to deform the gel,
the nuclear regulation highlighted in this study could be completely different. In Lancaster et

al. 1%, when the mitotic cells were able to deform the gel, they divide normally.

Outlook in the context of cancer

Abnormal nuclei shape %3, together with alterations in the expression of lamin A and lamin B
is a hallmark for the prognosis of many tumors 2°, including colorectal cancer **. Low lamin A/C
is associated with a decrease in stiffness, irregular shape, and larger nuclei deformation # as
well as increased metastatic capacities 6. Noteworthy, the HT-29 cell line used in this study
presents the p53 mutation #/, has no lamin B2, and low lamin B1 level “8. Loss of lamin B1 leads
to nuclear blebs, while it has been reported that nuclear envelope rupture is dependent on
p53 4. To gain further insight into the role of lamins and p53 mutations in nuclear regulation
we evidenced in this study, it would be interesting to analyze nuclear adaption in response to
prolonged confinement in other cancer cell lines of different origins, as well as in colorectal
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cancer cell lines of higher grades, with no p53 mutation and/or exhibiting different levels of

lamins expression.

Potential implications for drug resistance of cancer cells

The regulation of nuclear size identified in this study could have important consequences on
resistance to classical chemotherapeutic treatment targeting proliferation. In addition,
emerging pharmaceutical compounds specifically targeting nuclei size are currently under
investigation (Nuclear Size Rectifiers®®). Deciphering the molecular pathways involved in such
nuclear regulation and more specifically the inner nuclear membrane re-assembly post-mitosis
5152 could pave the way towards novel therapeutic strategies. Finally, our soft confiner is an
ideal tool for identifying cancer drug targets as it allows users to test several conditions

simultaneously.

Material and methods

Cell culture

HT-29 wild type colorectal adenocarcinoma cells were purchased from the ATCC (HT29 HTB-
38). A stable cell line expressing NLS-mKate2 was established using the lentiviral vector
IncuCyte® nuclight orange (Aex=555nm, Aem=584nm): the cells were selected using
puromycin according to the manufacturer protocol. The stable HT29 expressing Fucci (Cdt1-

RFP and hGeminin-GFP) cell line was a gift from Dr. Toufic Renno’s team (CRCL, Lyon, France).

All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM - Glutamax, Gibco™)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; PanBiotech™), 100
units/100ug penicillin/streptomycin (Gibco™). Routinely, all HT-29 cell lines were grown in T-
25 cell culture flasks and kept at 37°C and under 5% CO;. Culture medium was changed
regularly, and cell passage was carried out at 70% confluency. Cell lines were tested for

Mycoplasma every 6 months and the tests were negative.

Drug treatments

The following pharmacological inhibitors and chemical compounds were used: Blebbistatin

(Tocris™) at a final 100 uM concentration.

To inhibit cell contractility before confinement, we added 500uL of medium with 100uM

blebbistatin 1h prior confinement.

To inhibit cell’s contractility after confinement, 500 uL of medium solution with 200 uM of
Blebbistatin was added following the confinement (to reach a final concentration within the
confiner of 100 uM). Initial rinsing after confinement was also made with medium containing
Blebbistatin at 100 uM.
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Multi-height micro-milled mold fabrication

The height of the micropillars (from 9 um to 3 um) determines the level of spatial confinement
of cells. The array presents regularly distributed pillars (distance between each pillar of

“awon

800um) with specific shapes according to their height: the “0” shape for 9 um; the shape
for 7um; the “L” shape for 5 um; the “+” shape for 3um. The field of pillars is surrounded by a
solid band of 3.5 mm to stabilize the structure, and two external notches to enable the proper
positioning during molding. The pillars were drawn using Autodesk software and the mold was

created using the CNC Mini-Mill/GX on brass.

Microfabrication-based confinement of cell populations

Cell confinement was performed using the agarose-based soft cell confiner methods
previously described?®® and now available as Agarsqueezer (https://www.idylle-
labs.com/agarsqueezer-by-softconfiner). All cell lines were seeded in the systems overnight
before confinement on glass coverslips previously coated with fibronectin 50 pg/mL (Sigma-
Aldrich™) (1h incubation in the system at room temperature and washed 3 times with PBS).
All the cell lines were seeded at the same intermediate cell density level: 500uL of a cell
solution at 180,000cells/mL.

Agarose molding

Based on the procedure described in Prunet et al.2%, molding was adapted to obtain accurate
agarose-replicates from the newly developed multi-height brass mold. First, a solution of
agarose diluted in distilled water (2% (w/v)) was prepared by autoclaving at 120 °C for 10 min,
or 30s microwave (1000 W). All the following steps were performed under a sterile culture
hood, and the polycarbonate (PC) holder was UV sterilized before use (20 min on each side
under 24W, 365 nm). 400 uL of the prepared agarose solution was deposited in the prewarmed
PC holder (placed on a hot plate at 75°C) and was left at room temperature for 5 min to let it
gel. Then, 500 pL of the prepared agarose solution was deposited on the prewarmed micro-
milled brass mold (on the same hot plate temperature) with the PC holder and placed under
the press (Supplementary Fig. 5). The press generates a uniform pressure and ensures the
contact between the PC holder and the mold, to ensure proper molding and resolute pillars.
After 30 min under press at room temperature, the PC holder was gently removed from the
brass mold. Evenly distributed holes were drilled into the gel using a 20G and 16G puncher and
through holes present on the PC holder. In total, five 16G holes and four 20G holes were done.
The molded agarose gel was then placed in sterile PBS and sterilized under UV light (20 min on
each side). The molded agarose can be stored in its PC holder at 4°C in PBS until further use. It
was replaced either by culture medium or by drug treatment and incubated at 37 °C at least
12h before the confinement experiment.
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Immunostaining

During confinement, cells were fixed in situ with paraformaldehyde (PFA): cell culture medium
was removed, and cells were washed twice with PBS. 4% PFA (Electron Microscopy Sciences™)
was added and incubated for 40 min at RT. After incubation, samples were rinsed with PBS -
3% BSA (Sigma-Aldrich™) (3x20min). The agarose gel is then removed and cells were
permeabilized using 0.5% Triton X-100 (Acros Organics™) for 10 min at RT. After blocking with
PBS - 3% BSA (3*5min) to inhibit non-specific binding of antibodies, cells were incubated
overnight at 4°C with primary antibodies diluted in PBS - 2% BSA - 0.1% Triton X-100. After
3x5min washes with PBS, samples were incubated with secondary antibodies for 2 h at RT. The
primary antibodies used were: p-MLC (Cell signaling™ at 1/50); LaminA/C (Santa Cruz
Biotechnology™ at 1/100), yH2Ax (Santa Cruz Biotechnology™ at 1/200). NucGreen™ Dead
488 (Invitrogen™, 1 drop per 3 ml in PBS); Alexa 647 Phalloidin (Invitrogen™ at 1/500); Alexa
555 Phalloidin (Invitrogen™ at 1/500) were also used. The secondary antibodies used were:
Anti-Mouse 647 (Invitrogen™ at 1/500); anti-rabbit 647 (Invitrogen™ at 1/500), anti-mouse
555 (Invitrogen™ at 1/500). Coverslips were then mounted using 2 drops of Fluoroshield™

(Sigma-Aldrich™) and varnish-sealed after overnight hardening at room temperature.

Confocal fluorescence microscopy

Fixed samples were visualized using a Leica SP5 confocal microscope with a 20x Dry objective
(NA =0.65), a 40x oil immersion (NA = 1.25), a 40x Dry (NA = 0.95) or a 63x oil immersion (NA
= 1.25) objectives. Images were collected in sequential mode using averaging at a resolution
of 1024x1024. Z-stacks of cells were acquired to precisely measure the height of confinement

and nuclear volumes (dz = 0.2 um or 0.5 um for each stack).

Epifluorescence imaging

Fixed samples were also visualized using an inverted microscope Leica DMI8 using

epifluorescence microscopy with a 40x dry objective (NA = 0.55).

Live-cell imaging

Cells were observed with an inverted microscope Leica DMI8 using epifluorescence imaging.
Timelapse imaging was performed for 2 to 5 days in a controlled environment (CO,,
temperature, and humidity), using a 20x dry objective (NA = 0.65). A motorized x-y stage

enabled the concomitant recording of up to 20 regions for each system every 10 min.

Quantitative image analysis

Cell height, nuclear area, and volume were assessed with a homemade routine workflow
using both Imagel/Fiji and MATLAB® software. First, after applying a gaussian blur on nuclei-

stained images, nuclei were automatically detected either using the stardist Fiji plugin >3 or
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using the Otsu’s threshold detection directly in Matlab®. Mask and labeled images obtained
were exported in Matlab® to perform automated morphological analyses on individual pre-
labeled nuclei. The Z-plot profile of Imagel/Fiji was used on orthogonal views of both nuclei
and phalloidin staining to obtain nuclear and cell heights, respectively. Codes are available

upon request.
For the nuclear area, at least four different areas were imaged and analysed per conditions.

DNA compaction was determined by measuring the fluorescence intensity levels of NucGreen
—a DNA intercalant — on an inverted epifluorescence microscope (Leica DMI8), and normalized

by the height of nuclei.

Proportion analysis of nuclear blebs both in live and fixed experiments was conducted using
the cell counter plugin of Imagel/Fiji. To further characterize the nuclear blebbing phenotype,
labeled images of nuclei and their blebs were obtained using the stardist Fiji plugin 3 (blebs
are automatically extracted from the main nuclei using stardist) We filtered the core nucleus
and their blebs based on their respective area. If the area of an object was below 100 um? for

confined conditions, it was considered to be a bleb.

DNA damage analysis was automatically performed using the Find Maxima tool within each

nucleus in Imagel/Fiji.

The percentage of positive nuclear envelope area corresponds to the excess area of the
lamina envelope compared to the nuclear area. This parameter was derived from methods
used in 4 The nuclear envelope-positive area was assessed by thresholding the maximum
intensity projection images of lamin A/C staining obtained by confocal microscopy (x63
objective NA 1.25, Leica SP5) and merging them with nuclei masks. This allowed us to study
the laminas within the nucleus and provided information on the proportion of area with

laminas within the nucleus (positive area).

Live movies were analyzed manually by using either MTrack), or manual tracking and ROI
manager tool in Imagel/Fiji plugin. Thus, we could measure nuclear areas over time in each

phase of the cell cycle and the corresponding duration of those phases.

For each experiment, at least three different areas within each confined zone of the confiner

were analyzed.

Statistics and reproducibility of experiments

Statistical data were expressed as mean * standard deviation unless mentioned otherwise.
Sample size (n) and the number of repetitions (N) are specified in the text of the paper or
figure legends. The statistical significance between experimental conditions was determined
using a two-tailed unpaired t-test, Welch’s test, Mann-Whitney test, or ANOVA after
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confirming that the data met appropriate assumptions (normality distribution, homogeneous
variance, and independent sampling). All data were analyzed with GraphPad Prism 8.0. (San
Diego, CA, USA). **** p < (0.0001, *** P <0.001, ** P <0.01, * P <0.05.

Supplementary Material 1 — Geometrical model

Confined nuclei can be modeled as a cylinder. Thus, their surfaces were calculated using the

following equations.
2R h + 2mR,% = Sapp (Equation 1)
With Ry, the diameter of the nucleus, h, its height, and Sapp, its apparent surface.

R1, the radius of this cylinder can then be extracted:

R2 + Rih — 222 = o (2)

21
With a positive solution:

—h+VA
2

Ry = (4)

To compute the nuclear-envelope surface to add during division, we first calculated the surface
of the mother cell using equation 1 and then its volume. Using the obtained volume and
equation 1 for two cells, we finally computed the surface of the two daughter cells. For non-

confined cells, we used a similar approach with spheres rather than cylinders.
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Figure 28: Supplementary Fig. 1

(a) Variation of nuclear volume between 2 h and 24 h according to the nuclear deformation (which
correspond to the height of the confinement). N = 3 experiments with n > 5,000cells/experiment,
unpaired t-test. (b) Scatter plot of nuclear area without the blebs at 2 h and 24 h without confinement
or under strong confinement. N = 3 experiments with n = 31 cells, unpaired t-test. (c) The difference in
height between the nucleus and its cell membrane under increasing nuclear deformation. N = 3
experiments with n > 5,000 cells/experiment. (d) Representative images of stained nuclei and p-MLC in
XY (scale bar = 10 um) and its orthogonal view under increasing confinement (scale bar = 5 um). (e)
Representative images of nuclei and DNA damage, shown by stained yH2AX foci. Phleomycin is a drug
that induces DNA damage used here as a positive control. Scale bar = 10 um. (f) Quantification of the
number of foci/cell, representative of the DNA damages according to an increase in nuclear
deformation. N = 2 experiments with n > 2000; mean *+ SEM; unpaired t-test. Ordinary one-way ANOVA
was also performed on all 24 h confinement conditions and was no significant.
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Supplementary Figure 2
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Figure 29: Supplementary Fig. 2

(a) Sequential images of HT-29 cell expressing NLS-mKAte2 under strong confinement. Arrows show
NLS-mKAte2 dye leakage within the cytoplasm indicating nuclear membrane rupture. Scale bar = 10
um. (b) Bar chart of the number of blebs per cell according to the nuclear deformation (0% or 60%) at
2 h or 24 h of confinement. N = 3 experiments with n = 1,376 cells, unpaired t-test. (c) Quantification of
the total area of blebs without confinement or under strong confinement (60% nuclear deformation)
between 2 h and 24 h. N = 3 experiments with n = 36, Mann-Whitney test. (d) Quantification of the
average area of blebs without confinement or under high confinement (60% nuclear deformation)
between 2 hand 24 h. N = 3 experiments with n = 36, Mann-Whitney test. (e) Proportion (in percentage)
of bleb area per nucleus without confinement or under high confinement (60% nuclear deformation)
between 2 h and 24 h. N = 3 experiments with n = 1,376 cells, Kolmogorov-Smirnov test.
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Figure 30: Supplementary Fig. 3

(a) Scatter plot of mitosis duration under confinement. N = 3 experiments with n = 398 cells; mean +
SEM, Mann-Whitney test. (b) Percentage of normal or abnormal (multi-daughter cells and unevenly
sized daughter cells) cell division under increasing confinement. N = 2 experiments with n = 477 cells.
(c) Time of the mother cell spent in the G2-phase under confinement. N = 2 experiments with n = 50
cells, unpaired t-test. (d) Growth of mother cell nuclear volume in the G2-phase under different levels
of confinement. N = 2 experiments with n = 39 cells, Mann-Whitney test. (e) Scatter plot of the initial
nuclear volume of mother cells at the entrance of the G2 phase, N = 2 experiments with n = 41 cells,
unpaired t-test. (f, g, h) Quantification of the duration (f), the relative nuclear growth (g) and the
nuclear growth rate (h) of HT-29 cell expressing Fucci under confinement during the G1-phase and the
S-G2-phase after the first cell division. N = 2 experiments with n > 200 cells, unpaired t-test for (f, h) and
Mann-Whitney test for (g). (i) Normalized nuclear volume decrease at 24 h of confinement and nuclear
volume decrease after mitosis as a function of nuclear deformation and their respective linear fit.
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Supplementary Figure 4
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Figure 31: Supplementary Fig. 4

(a) Representative images of stained nuclei and phospho-Myosin Light Chain (p-MLC) with Blebbistatin
—added before confinement —at 2 h and 24 h without confinement or under very strong confinement.
Scale bar =20 um. (b) Quantification of nuclear volume at 2 h and 24 h without drug or with Blebbistatin
—added before confinement — without confinement or under very high confinement. N = 3 experiments
with n = 7,526 cells, mean + SEM, unpaired t-test (for no drug conditions) or Mann-Whitney test (for
Blebbistatin conditions). (c) Quantification of nuclei with blebs, dividing, apoptotic or normal without
confinement or under very strong confinement at 2 h and 24 h, with Blebbistatin — added before
confinement —. N = 3 experiments with n = 7,526 cells. (d) Difference in proportion of normal nuclei
and nuclei with blebs between 2 h and 24 h under several conditions: without drug, with Blebbistatin
added pre-confinement and with Blebbistatin added post-confinement. N = 3 experiments with n >
10,000 cells.
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Supplementary Figure 5
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Figure 32: Supplementary Fig. 5

(a) Picture of the principal components of the confiner system and their name next to the brass mold.
(b) Picture of the press used to generate a uniform pressure during agarose molding. (c) Picture of the
assembly process of agarose molding under press.

Supplementary Movies

Movie 1 - Example of abnormal divisions under very strong confinement

Movie 2 - Example of blebs disappearance after mitosis
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Abstract

During tumor progression, the tumor microenvironment evolves in response to pathological
changes in the tissue and sustains tumor growth. Among these changes, increased stiffness of
the extracellular matrix and the surrounding tissue alters cellular proliferation and
metabolism, both of which have crucial consequences on therapy resistance. However, little is
still known about this mechano-metabolic interplay in tumor progression and especially in the
determination of cancer cell identity, at the origin of many treatments relapse. Here, we
explore the influence of both glutamine starvation and compressive stress on HT-29 colorectal
cancer spheroids. We find that nutritive culture conditions are crucial for cellular identity and
that long-term glutamine starvation induces metabolic stress and dedifferentiation. We also
observe that a compressive stress does not lead to metabolic stress but increases stemness
marker in a glutamine-independent manner. Our results highlight the crucial role of
mechanical constraints in inducing dedifferentiation of colorectal cancer cells in a 3D tumoral
context. We anticipate our work to be a starting point to better understand the impact of

mechanical environment on cancer cell identity and drug resistance.
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide according to the World
Health Organization. In CRC, the crosstalk between malignant cells and the stromal part of the
tumor plays a crucial role in the prognosis and the development of metastasis (Karlsson and
Nystrom, 2022). The stromal part of the tumor represents the tumor microenvironment and
includes the non-malignant cells and an acellular part, called the extracellular matrix (ECM).
The evolution of this microenvironment associated with tumor development induces changes
in biochemical signals perceived by the cells but also changes in mechanical properties that
influence the behavior of cancer cells, participating in tumor progression and therapy
resistance (Madl and Heilshorn, 2018). Indeed, tumors are, in general, more rigid and generate
and withstand mechanical stresses that can reach up to several kPa (Jain et al., 2014). These
cancer cells are thus, subjected to different types of mechanical stresses that all have different
implications and impacts depending on the tumor stage. These may include ECM remodeling,
compressive stresses on the solid tumor, proliferation of cells in a confined environment (Nia
et al., 2017), or shear stresses during metastatic cell escape (Butcher et al., 2009). Alleviating
mechanical stress is now envisioned as an interesting therapeutic strategy (Sheridan, 2019).
Mechanical stimuli could particularly affect a subpopulation of cancer cells sharing numerous
properties with embryonic stem cells that are highly tumorigenic and thought to be
responsible for tumor progression, resistance to therapies, and relapse (Paul et al., 2021).
Indeed, these hierarchically organized cells called Cancer Stem Cells (CSC) have the ability to
self-renew, differentiate into multiple lineages, and share common stem markers (Visvader and
Lindeman, 2012). This subpopulation is highly plastic, as it has the capacity to change identity
by undergoing a dedifferentiation process to adopt a new phenotype and new functions, and
the tumor microenvironment can trigger the transition from CSC to non-CSC (ND et al., 2013).
However, the contribution of the mechanical environment to the long-term fate of colorectal
cancer cells remains poorly understood and the field is lacking in-vitro assays to assess the
interplay between mechanobiology and CSCs in 3D in a more systematic manner (Roy
Choudhury et al., 2019). On the other hand, there are also increasing evidence on the role of
metabolic stresses on cancer cells phenotype, including their shift towards stem-like cells. Such
metabolic stresses play a key role in cancer maintenance, metastasis formation, and resistance
to therapy (Rinaldi et al., 2018).

To characterize the consequences of mechanical constraints on the tumor fate in an integrated
manner, the challenge of this work was to mimic in vitro, on a 3D model tissue (HT-29
colorectal tumor spheroids), both the metabolic and physical constraints to which tumors are
subjected in vivo. To this end, we combine metabolic and mechanical stresses using a recently
published agarose-based microwell technique (Goodarzi et al., 2021; Riviere et al., 2018), to

standardize and increase the production of tumor spheroids while controlling growth
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conditions. As a proof-of-concept, metabolic stress was tuned by changing the concentration
of glutamine, while the effect of mechanical stress was assessed using a dextran, a large
polymer enabling the application of a mechano-osmotic stress on spheroids (Delarue et al.,
2014; Montel et al., 2011). By combining quantitative measurements and real-time microscopy
(timelapse), we show that the tumoral nutritive environment is of importance in the CSCs
plasticity and fate with an increase of the Nanog stemness marker with a decrease in glutamine
availability. Moreover, isotropic compression not only reduces spheroids growth over time but
also triggers dedifferentiation of colorectal cancer cells, independently of glutamine
starvation. The key interplay between the prolonged effect of nutrient and mechanical
environment both influencing cancer cell identity has never been shown before. These
changes are not without consequences and open new questions on the failure of current

therapies to bring a complete cure to the largest number of colorectal cancer patients.

Results

Nutritive culture conditions are crucial for cell identity and highlight cancer cells
plasticity

In order to characterize HT-29 cell line plasticity and the effect of culture medium, we cultured
spheroids with either a classical rich medium or with a serum-free medium called “M11”
(Relier et al., 2021, 2016), whose composition is detailed in Table 1. Spheroids were generated
by self-aggregation of cells three days after cell seeding in agarose-based microwells (Figure
33a). First, spheroids growth was assessed using timelapse microscopy with the modified HT-
29 cell line expressing Nanog-GFP. A similar growth curve was observed between spheroids
grown in M11 and those grown in classical rich medium for the first 35 - 40 hours (Figure 34a,
b). However, after 40h, spheroids grown in classical medium tend toward a plateau as opposed
to M11 spheroids. Moreover, the density of fluorescence of Nanog is much higher for M11
cultured spheroids compared to classical rich medium (1.45 + 0.07 compared to 1.2 + 0.1
respectively, after 3 days, Figure 34b,c). In order to gain insights into the implications of such an
increase of Nanog expression under M11 medium, we performed in situ immunostaining of
spheroids grown for 3 days either in classical rich medium or in M11 medium. These
experiments revealed a complete change in spheroids phenotype under M11. Indeed,
phalloidin staining showed rounder cells, in a very loose tissue — probably due to the decrease
of cell-cell adhesions —and the apparition of lumens within spheroids, similar to organoid-like
structures (Figure 34d). These results corroborate live experiments as a diminution of spheroids
circularity is observed approximatively at 35 - 40 h (Figure 34e). Intriguingly, this time matches
the time where M11 spheroids start getting bigger than classical rich medium spheroids. That
could be explained by the reduced tissue cohesion observed in Figure 34d. This increase in

Nanog expression is also confirmed in 2D — using both RTqPCR and timelapse microscopy —
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when a monolayer of HT-29 is cultured for 72h with M11 medium (Figure 35). Taken together,
these results are in accordance with the fact that a serum-free medium enriched with growth

factors favors the appearance and maintenance of a stem cell subpopulation during culturing

and highlight the fact that nutritive culture conditions can set cellular identity.
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Figure 33: Experimental outlook and timeline.
(a) Description of the experimental procedure to generate in high-throughput 3D multicellular tumor spheroids
(adapted from Goodarzi et al., 2021), and the following experimental steps to alter both metabolic (through

changes in culture medium) and mechanical (via Dextran compression) environments. (b) Detailed experimental
timeline from cell seeding to collecting samples.

132

— o - — -



Chapter 3: Long-term impact of 3D isotropic compression

a 2 b
Classical Rich medium 1 Nanog Fluorescence
M11 medium 3
£ 184 3
g 1 £
o 1.6 : el Low
= ; Q
5 14 | 5
@ ¥
2 12 | L
5] : ]
T :
¥ 1] - : E
! 2
‘ ki
0.8 - : i T T
c 15 3 & High
| =
1.44 i

Classical Rich medium ‘ | M11 medium

Relative density of

0.981 \/\_._____

0.96 4

Phalloidin / Nucleus

Depth 20pm Depth 50pm Depth 110um Depth 20pm Depth 50pm Depth 110pm

0.94 4

0.924

Relative spheroid circularity

0.90

0 10 20 30 40 50 60
Time (hrs)

Figure 34: M11 medium modulates HT29 colorectal spheroids by resetting a new cellular identity.

(a) Quantification of spheroids growth over time under classical rich medium or M11, N=2 experiments. (b)
Representative images of HT29-NanogGFP spheroids grown under classical rich medium or under M11, at
different time. Scale bar = 100um. (c) Quantification of the density of fluorescence of Nanog (intensity of
fluorescence normalized by the size of the spheroid), under classical rich or M11 medium, N=2. (d) Confocal
images of a spheroids grown under classical rich or M11 medium stained with NucGreen and Phalloidin. Scale
bar = 100um. (e) Evolution of spheroids circularity over time under classical rich or M11 medium, N=2.
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(a) Representative images of HT29 expressing Nanog-GFP monolayer grown under classical rich or M11 medium

at 1 day and 5 days after seeding. Scale bar = 100um. (b) Relative growth of HT29 monolayer grown under classical

rich or M11 medium, N=2 experiments. (c) Relative Nanog fluorescence intensity of HT29 monolayer grown under

classical rich or M11, N=2 experiments. (d) Level of mRNA expression of stemness makers genes (Nanog and LgR5)

of HT29 monolayer grown either under classical rich medium or under M11, N=1 for now.
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This prompted us to wonder if cancer cells keep the memory of their initial identity and if
cellular plasticity can be controlled. For that, HT-29 cells have been cultured for several
passages either in 2D, in classical adherent condition or in suspension (low attachment flask)
with M11 medium. Then, when seeding, cells medium has been switched from classical rich
medium to M11 or from M11 to classical rich medium. In parallel, single cells were seeded in
agarose microwells as described in (Chambost et al., 2022, Figure 36 c) to assess cells ability to
resist anoikis, a hallmark of CSC cells. Cell division, cell death and percentage of single cells
that were able to make spheroids were assessed thanks to time-lapse imaging and machine
learning automatic detection. Cells cultured in M11 and cells that passed from classical rich
medium to M11 displayed a higher ability to make more spheroids (30%) compared to cells
cultured in classical rich medium and cells that switched from M11 to classical rich medium
(less than 10%, Figure 36a). These results confirm that serum-free condition promotes cells self-
renewal capacities (Arab-Bafrani et al., 2016; Jager et al., 2020), but especially their capacity
to adapt quickly to their nutritive condition. It suggests that HT-29 cells are very plastic, and
that they do not keep any memory of their previous state. Switching from classical rich medium
to M11 medium seems to stimulate proliferation, as 60% of division happens 60 h after cell
seeding (Figure 36b). Even if M11 and classical rich medium have the same amount of division,
their dynamic over time is different and switching from M11 to classical rich medium seems
to slow down cell division (only 10% division after 60 h, Figure 36b). Thus, taken together these
results highlight the crucial role of nutritive culture condition in cell fate determination and

plasticity.

P
904 Rich Single cell detection

80 — M11 to Rich Multiple cells
704 ~— Rich to M11

60
50+

@
% of cell division

30

) ST
10 \_.14 AS /

: e * : 01_; . ' . . . : Single cell Cell death
. M11 to Rich 0O 10 20 30 40 50 60
L Rig Rich to M11 Time (hrs)

Figure 36: M11 medium favors spheroids formation in single cell assay.
(a) Percentage of formed spheroids after single cell assay under several medium conditions, (N=1). (b) Percentage

of cell divisions over time for the same growing conditions (N=1). (c) Visual abstract of the single cell assay and
its image analysis, from (Chambost et al., 2022).
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Glutamine starvation induces metabolic stress

To reproduce the metabolic stress induced by the microenvironment that tumors undergo
during their growth, tumor spheroids were cultivated under three conditions of medium with
a decreasing concentration of the L-Glutamine amino acid. Glutamine is the most abundant
amino acid in the blood and is a well-known nutrient involved in multiple aspects of cancer
metabolism (Hensley et al., 2013). Glutamine intracellular signaling is essential for energy
generation, redox homeostasis, and provides an important source of carbon, therefore
promoting growth and cancer cell proliferation (Choi and Park, 2018; Windmueller and Spaeth,
1974). The gold standard concentration of this amino-acid is 2 mM for both laboratory-made
or commercially available medium (Baer et al., 2010; Jager et al., 2020; Liu et al., 2006). In this
study, we called those medium “Rich”, “Intermediate” and “Low” because of their respective
concentration of L-glutamine varying from [4mM] to [2mM] and [0.1mM] respectively (Table
1). Spheroids were formed for three days in classical rich culture medium, then, conditioned
by each medium for 10 days with daily medium renewal (Figure 33) to ensure a constant level
of nutrients. First, using RTqPCR, we studied the mRNA expression levels of several metabolic
stress genes after 3 and 10 days of medium conditioning. Preliminary results demonstrated
that 3 days of medium conditioning was not sufficient to change the metabolic response of
HT-29 spheroids: mRNA expression of the three metabolic stress genes (BIP, TRB3, and
Sestrin2) as well as the hypoxia gene EGLN3 remains unchanged (Figure 37a). However, after 10
days, we observed a gradual increase in metabolic stress due to L-Glutamine starvation.
Indeed, mRNA expression of TRB3 gene (involved in ER-stress induced response) is multiplied
by a factor of 4 for spheroids under low medium compared to rich (Figure 37b). Similarly, mRNA
levels of Sestrin2 gene are also significantly increased for intermediate and low medium
compared to rich (1.42 + 0.2 for intermediate and 3.62 + 1.4 for low, Figure 37b). It has been
shown that Sestrin2 gene expression is involved in cancer cell glutamine intracellular signaling.
Glutamine-deprived condition increases Sestrin2 expression to facilitate suppression of
mMTORC1 activity which regulates cell growth and proliferation (Byun et al., 2017). Hypoxia
seems also impacted by glutamine starvation, highlighted by the significant decrease of EGLN3
expression in low condition compared to rich condition (Figure 37b). The dynamic of this
changes was then assessed with timelapse microscopy, indicating that glutamine starvation
impairs HT-29 spheroids growth in a gradually manner with the concentration of L-Glutamine
(Figure 37c,d) since the third day for low medium and the fifth day for intermediate and rich

medium.

Interestingly, these data also reveal a gradual increase of the stem transcription factor Nanog
expression along with the glutamine starvation (Figure 37b) after 10 days of medium
conditioning only. Indeed, Nanog mRNA expression is increased by a factor of 2.5 for
intermediate and a factor of 4.2 for low glutamine medium while it remains unchanged after
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three days. Moreover, this is corroborated in the timelapse experiments using the modified
HT-29 cell line expressing Nanog-GFP. It seems that after 10 days of nutritive conditioning, the
density of Nanog fluorescence is higher for spheroids grown in low medium rather than
intermediate or rich (Figure 37d,e). These preliminary experiments suggest that at least 5 days
of L-glutamine-starved medium would be necessary to generate substantial stress metabolic
within HT-29 tumor spheroids and subsequently to induce the dedifferentiation of those
colorectal cancer cells. Due to the heterogeneity of RTqPCR results, this assumption needs to

be confirmed by additional experiments.
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Figure 37: Short- and long-term impact of glutamine starvation on 3D spheroids.
(a-b) Fold change mRNA expression of metabolic stress gene (BIP, Sestrin2, TRB3), hypoxia gene (EGLN3) and

stemness gene (Nanog) of HT29 spheroids cultured for 3 (a) or 10 days (b) under rich, intermediate and low
glutamine concentrations normalized by rich glutamine medium condition. N=1 for now (a) and N=4 experiments
(b); Mann-Whitney test, *** P<0.001, ** P<0.01, * P<0.05. (c) Quantification of spheroids growth over time under
different glutamine concentrated medium. N=2 experiments. (d) Representative images of HT29-NanogGFP
spheroids grown under low, intermediate or rich concentration of glutamine, at different times. Scale bar =
100um. (e) Quantification of the density of fluorescence of Nanog (intensity of fluorescence normalized by the

size of the spheroid), under low, intermediate or rich concentration of glutamine. N=2 experiments.
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Mechanical stress does not induce metabolic stress

Tumors are not only subjected to metabolic stress but also to an increased mechanical
constraint during their growth. Therefore, we studied the effect of an applied mechanical
stress of 10 kPa on the plasticity and dynamic of HT-29 spheroids. For that, in the same line of
experiment that before (Figure 33), once spheroids are formed, a solution of dextran is added
to the corresponding medium (rich, intermediate or low) to exert an isotropic mechanical
compression, on HT-29 spheroids, from 1 to 10 kPa according to the dextran concentration. It
has been shown that dextran compression impairs multicellular spheroids volume through the
compression of ECM, the reduction of cell volume and the inhibition of cell proliferation
(Delarue et al., 2014; Dolega et al., 2021; Monnier et al., 2016; Montel et al., 2012, 2011;
Rizzuti et al., 2020). This previously published inhibition of cell proliferation could be explain
by an increase in metabolic stress under compression and made us wonder about the
mechano-metabolic interplay in tumor spheroids. We first hypothesized that an applied
mechanical stress might promote cancer cell plasticity by increasing tumoral metabolic stress.
Therefore, we assessed spheroids growth dynamic and genes expression changes after both
medium conditioning and pressure application. Preliminary data showed that a 10kPa
mechanical compression does not induce any metabolic stress after 3 days of glutamine
starvation as mRNA expression levels of BIP, Sestrin 2 and TRB3 are not increased (Figure 38a).
These results are for the moment preliminary (N=1 at day 3) and should be confirmed
(experiments to reproduce these results are scheduled before my PhD defense). Interestingly,
even after 10 days of 10 kPa pressure on HT-29 spheroids, we do not observe any cumulative
effect of glutamine starvation and 10 kPa applied stress on the expression of metabolic stress
genes (Figure 38b). Interestingly for spheroids grown under low glutamine medium, hypoxia
gene EGLN3 mRNA levels are recovering basal levels when pressure is applied (Figure 38b),
cancelling the initial effect of glutamine starvation on this hypoxia marker. More importantly,
a 10 kPa mechanical stress impacts spheroids growth the same way whatever the medium
condition, as there is no statistical difference of spheroids sizes between rich, intermediate
and low medium under 10kPa after 10 days (Figure 38c), while medium alone were generating

important differences of spheroids growth (Figure 37c).
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Isotropic compression triggers dedifferentiation of colorectal cancer cells

Having shown that mechanical pressure does not induce metabolic stress neither after 3 nor
10 days of compression, we further examined the impact of such compression on cancer cells’
identity. Preliminary data showed that 3 days of mechanical compression are sufficient to
increase MRNA expression level of Nanog regardless of the glutamine starvation (Figure 39a).
However, these results are for the moment preliminary (N=1 at day 3 for RTqPCR) and should
be confirmed (experiments to reproduce these results are scheduled before my PhD defense).
Spheroids growth and live Nanog expression were examined using HT-29 expressing Nanog-
GFP and time-lapse imaging. While spheroids growth was increasingly impaired by the
increase of the level of applied stress (1, 5, and 10 kPa), Nanog density of fluorescence
gradually increased upon compression (Figure 39c). Subsequently, we wondered about the
longer-term impact of mechanical compression on colorectal cancer cells stemness and looked
at Nanog expression after 10 days, under a 10 kPa compression, and also observed a strong
increase of MRNA level (increased by 1.9 for rich, by 4.4 for intermediate and by 2.5 for low,
Figure 39b), independently of glutamine starvation since there is no cumulative effect between

mechanical stress and glutamine starvation (Figure 41).

We further validated those results by looking at the live dynamic of Nanog-GFP for 10 days by
time-lapse microscopy. Nanog fluorescence density abruptly increases under 10 kPa pressure
over the first 3 days; regardless of the medium conditioning (Figure 40a,b). However, the curve
dynamic under dextran is different according to the medium used: it considerably decreases
after 3 days for rich medium, remains steady for intermediate medium, and slightly decreases
for low medium. Therefore, these results show the important contribution of mechanical
stress on the dedifferentiation of colorectal cancer cells, independently of glutamine

starvation even if the mechanisms behind it remain elusive.
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Figure 39: Mechanical compression increases stemness marker independently of glutamine starvation.

(a-b) Relative mRNA expression of the stem marker Nanog after 3 days (a) or 10 days (b) without pressure
or under 10 kPa compression, cultured under rich, intermediate and low glutamine medium. Normalized by
the value obtained without pressure in high glutamine medium. N=1 for now (a) and N=3 experiments (b).
(c) Evolution of spheroids growth and Nanog density of fluorescence over 3 days without any pressure (ctr)
or under increasing pressure (1, 5, 10 kPa) for spheroids grown in rich glutamine medium, N=2 experiments.
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Figure 40: Isotropic compression dedifferentiate HT29 tumor spheroids.

(a) Representative images of HT29 expressing Nanog-GFP under rich, medium and low glutamine without pressure
or under 10 kPa compression. Scale bar = 100um. (b) Evolution of spheroids growth and Nanog density of
fluorescence over 10 days without any pressure (ctr) or under 10 kPa pressure, cultured with rich, intermediate and
low glutamine concentrated medium, N=2 experiments.
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Supplementary Figures
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Figure 41: No cumulative effect of metabolic stress and mechanics on Nanog expression.
Fold change difference of Nanog mRNA expression between 10kPa pressure and no pressure

after 10 days, normalized either by rich glutamine medium or low glutamine medium, N=3
experiments.

144



Mean Intensity (%)

Phalloidin

100

Chapter 3: Long-term impact of 3D isotropic compression

Control

| | 10 kPa Dextran

90 |-

80 |-

70

60 |-

50

30

20

0 L L L

I control

1kPa
5kPa

I 10kPa

L L
0.2 03 0.4 0.6

05
Distance from the periphery (um)

0.7

Mean Intensity (%)

100

90

L s L L

I control

1kPa

F W 5kPa

. 10kPa

.
0.4 05 0.6 0.7 0.8
Distance from the periphery (um)

0.1 0.2 03

Figure 42: 3D spatial localization of Nanog protein within tumor spheroids.
(a) Representative images of HT29 spheroids slices stained with Nanog protein and phalloidin. Scale bar = 100um.
(b-c) Phalloidin (b) and Nanog (c) mean intensity quantified radially from the surface to the center of spheroids
under control or increasing mechanical compression (1, 5 or 10 kPa), N=1 for now.
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Figure 43: M11 effect on hypoxia and stress metabolic genes.
Level of MRNA expression of EGLN3 hypoxia gene and metabolic stress genes (TRB3, Sestrin2, BIP) of HT29
monolayer grown either under classical rich medium or under M11, N=1 for now.
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Discussion and perspectives

Understanding how the biochemical and mechanical tumor microenvironment affect the
plasticity driven CSC is of importance for understanding current cancer therapy failure and
developing more effective treatment, that would eliminate cancer aggressiveness and relapse
to therapy perpetuated by CSC. Using HT-29 spheroids grown in a standardized manner, we
showed that the dynamic equilibrium between CSC and cancer cell is altered by both metabolic
and mechanical cues. Indeed, serum-free medium and glutamine depleted medium increase
Nanog expression, while glutamine starvation effectively reproduces intra-tumoral metabolic
stress. We demonstrated that isotropic mechanical pressure induces a dedifferentiation of
cancer cells towards a stem-like phenotype, independently of glutamine starvation and

without generating additional metabolic stress.

Microenvironment affects cellular plasticity

Changes in cancer cell identity often occur in specific microenvironment niches. Such tumoral
microenvironments have specific characteristics and are regulated by several factors: immune
cells, cancer-associated fibroblast, ECM components, hypoxia, and pH (Lee et al., 2016). In
particular, hypoxia affects the cancer cells stem state (Heddleston et al., 2010; Rainho et al.,
2021). It has been shown for example, for brain cancer, that hypoxia dedifferentiates
glioblastoma cells (Heddleston et al., 2009; Pistollato et al., 2010). The increase in hypoxia
gene expression under mechanical compression observed in our low glutamine experiments
restored the initial hypoxia phenotype before glutamine starvation. Therefore, we can wonder
if the subsequent increase of Nanog expression in this condition is a combined effect of
mechanics and hypoxia. Complementary experiments are necessary to be able to fully address

this important point.

Further characterization is required to confirm the change in cell identity and the
dedifferentiation of HT-29 spheroids. Indeed, it is necessary to analyze the expression of other
stemness genes that have been described in colorectal cancer stem cells and called the core
pluripotent transcription factors: Oct4, Sox2, C-myc, and KIf4 (Dotse and Bian, 2016;
Gheytanchi et al., 2021). Moreover, a complete change of cellular identity should be
accompanied by a decrease in differentiation markers, and an epithelial-to-mesenchymal
transition (EMT). Indeed, EMT corresponds to the cellular process happening when an
epithelial cell loses its adhesion with its neighboring cells and adopts a mesenchymal
phenotype with an increased migration capacity (Mani et al., 2008). Thus, epithelial markers
expression such as the intermediate filament Ck20 and cell-cell adhesion E-cadherin should
decrease, to the benefit of mesenchymal markers such as vimentin, and N-cadherin (Dongre
and Weinberg, 2019; Lytle et al., 2018). Herein, we evidenced an increase in Nanog

transcription factor. Nanog expression upon this cellular reprogramming targeting genes of
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Nanog transcriptional factor should also be impacted (Bak, Bax and Bcl-2). However, these
findings may be somewhat limited by the only study of the transcription response. A
reasonable question is the potential impact of both glutamine starvation and isotropic
compression on translation and on the effective change on the resulting proteins. Therefore,
the increase of Nanog protein, and in the same way all the genes studied here, must be verified
by western blot and immunostaining. IF experiments have the advantages to be semi-
guantitative and offer us information about subcellular localization of the protein and the
preferred localization of the CSCs in 3D within the spheroids. Preliminary results obtained
using confocal microscopy and in-situ clarification showed very few differences of Nanog
protein staining as a function of distance from the periphery (Figure 42). Nevertheless, at that
time, the clarification technique was not optimized, resulting in non-specific photons
attenuation as a function of the distance from the periphery (exemplified in Figure 10b, with
Phalloidin staining Intensity analysis). Besides, Nanog is a poorly expressed protein and could
therefore generate more artefacts in IF in thick tissues. Optimizations of clarification protocols
are required to obtain less photon attenuation and more interpretable data. For that, other
clearing protocols as well as OCT inclusion together with physical slicing of the spheroids are

currently developed in our team.

Moreover, CSC are dynamic and heterogeneous, thus cannot only be characterized with known
stem/pluripotent markers. The gold standard method to characterize a CSC is an in vivo
xenograft (Nassar and Blanpain, 2016) or a dynamic functional test in vitro (Chambost et al.,
2022; Dotse and Bian, 2016). Hence, it would be interesting to evaluate the ability of a
supposed single CSC to reform a complete spheroid (single cell assay) after 10 days of medium
conditioning or after mechanical stress. Especially knowing the very fast plasticity following
the change of environment showed in Figure 36. In parallel, the possible change in metastatic

potential can be assessed with a spheroid migration assay on a collagen bed for example.

Putative molecular signaling pathways involved in this CSC-driven plasticity

We showed that adding dextran compression triggers HT-29 colorectal spheroids
dedifferentiation by a purely mechanical effect. Thus, we can wonder through which
mechanosensitive pathways this happens. It has been shown that Wnt/B-catenin pathway is a
pluripotency stemness signaling pathway as it’s the main signaling pathway regulating self-
renewal and proliferation of healthy intestinal epithelial (Chen et al., 2022), and their
derivative colorectal carcinoma stem cells (Chen et al., 2020; Clevers, 2006). Moreover, most
of the colorectal cancers carry the APC (tumor suppressor gene) mutation (among them, the
HT-29 cell line used in this work (Zoetemelk et al., 2019)) that leads to an overactivation of the
Whnt signaling pathway (Zanconato et al., 2016). Besides, several studies have highlighted the
mechanosensitivity of this signaling pathway, as B-catenin itself can be regulated by

mechanical cues (Totaro et al., 2018), or as the mechanosensitive transcription factors YAP/TAZ
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are biochemical and transcriptional mediators of Wnt signaling. YAP/TAZ mediate the effects
of Wnt pathway to promote proliferation and tumorigenesis of CSC (Diamantopoulou et al.,
2017; Llado et al., 2015; Oudhoff et al., 2016). When Wnt pathway is “inactivated” YAP/TAZ
and B-catenin are incorporated into the destruction complex for them to be sequestrated in
the cytoplasm and/or degraded. However, when Wnt signaling is “activated”, disassembly of
this complex abolishes both B-catenin and YAP/TAZ cytosolic inhibition, triggering their nuclear
accumulation and subsequent activation of targeted genes (Azzolin et al., 2014, 2012; Totaro
et al., 2018). Loss of cell polarity, happening under inactivation of Hippo signaling and YAP/TAZ
nuclear translocation, is a hallmark of cancer and an important feature of EMT associated with
stemness characteristics. Consequently, YAP/TAZ are both inducers of EMT and downstream
regulators of cancer stem cells attributes (Diepenbruck et al., 2014; Shao et al., 2014).
Therefore, these mechanisms raise the possibility that mechanical regulation of YAP/TAZ and
B-catenin are linked to other pluripotent transcription factors with B-catenin activation as final
target (Lien and Fuchs, 2014). In this context, we performed preliminary immunostainings to
identify the subcellular localization — thus, the potential activation — of YAP within compressed
spheroids. The results are complicated to interpret due to the important photon attenuation

with depth and other experiments are required and are planned before the PhD defense.

Mechanical stress may increase cancer cell drug resistance and tumor relapse

Increased mechanical compression during tumor growth is correlated with chemotherapy
resistance. Using a pancreatic 3D spheroid model, Rizzuti et al (Rizzuti et al., 2020) have shown
that this chemoresistance can be simply explained by the fact that compressive stress
decreases cell proliferation, which in turn decreases the effect of chemotherapeutics targeting
proliferating cells, such as gemcitabine. Such decrease in cell proliferation is consistent with
the emergence of a CSC population that were revealed in our findings and could contribute to
the drug resistance and therapy failure of colorectal spheroids upon mechanical stimulation.
Therefore, targeting the CSC population is insufficient to cure cancer and we need a better
understanding and precise identification of the mechanisms involved in this dedifferentiation

that may occur after the elimination of the CSCs (Nassar and Blanpain, 2016).

In accordance with the present results, other studies have demonstrated the acquisition of
stemness and chemoresistance properties after metabolic stress induced by conventional
therapy (Kim, 2015). As glutamine metabolism contributes to cancer cell proliferation and
adaptation to metabolic stress, several studies underline the idea of glutamine metabolism

inhibition as a new therapeutic strategy (Baenke et al., 2016; Choi and Park, 2018).

Tumors are affected by several types of mechanical constraints

Despite these interesting results, the question of the type of applied mechanical constraint

might be asked. Indeed, the physical properties of the tumor microenvironment are strongly
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modified during tumor progression, with an increase in the stiffness of the ECM, changes in
interstitial fluid pressure, and confinement stresses that are gradually increased when cells are
proliferating in a spatially limited environment. Therefore, different experimental tools have
been developed to apply in vitro such mechanical stresses on tumor spheroids. In our study,
we decided to use a long-chain polymer called dextran (Montel et al., 2012) — too large to
enter into the spheroids — integrated in the culture medium. It has already been shown that
dextran induces a global pressure reproducing those experienced in vivo by compressing
mainly the intercellular space (Dolega et al., 2021). However, as tumors are composed of cells
embedded within ECM, the impact of mechanical stress can be direct on cells, or indirect by
compressing the ECM and thus limiting cells access to nutrients. We demonstrated that the
promotion of this stem state is a pure mechanical effect as mechano-osmotic pressure does
not generate more metabolic stress. Moreover, the spheroids slowdown growth and cell
proliferation inhibition under dextran compression might be at the origin of a dormant cell
state within tumor spheroids. This hypothesis is supported by the induction of the cell cycle
inhibitor p27 upon mechanical compression (Delarue et al., 2014) since Cyclin-Dependent
Kinases such as p27 are known to be upregulated in non-proliferative cancer cells (Bragado et
al., 2013; Sherr and Roberts, 1999). Such cancer dormancy could explain the absence of

metabolic stress under mechanical compression.

In several other tools mechanical constraint of spheroids is built upon growth as tumor is
proliferating in a confined environment. It is the case of alginate capsules (Alessandri et al.,
2013), elastic matrix such as agarose (Rizzuti et al., 2020) or using PDMS groove (Desmaison
et al., 2013). In future investigations, low-melting agarose matrix will most likely be used to
determine whether the effect of growth-induced stress on spheroids growth and CSC

population are similar to those demonstrated in this work with dextran.

Conclusion

To conclude, we have demonstrated in this chapter the plasticity of colorectal tumor spheroids,
induced by the nutritive, metabolic, and physical microenvironment and promoting a stem-
like state. This study calls for in-depth analysis of the signaling pathways involved in such
dedifferentiation and the implication of this highly tumorigenic colorectal CSC-driven plasticity

in therapy resistance and relapse.
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Material and methods

Cell culture

HT-29 wild type colorectal adenocarcinoma cells were purchased from the ATCC (HT-29 HTB-
38). The stable HT-29 cell line expressing GFP under Nanog promoter was a gift from

Pannequin’s team (IGF, Montpellier).

All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM - Glutamax, Gibco™)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; PanBiotech™), 100
units/100ug penicillin/streptomycin (Gibco™), called in this paper “classical rich medium”. A
second batch of HT-29-NanogGFP cell line was also cultivated in non-adherent conditions with

the M11 medium, whose composition is described in Table 1 below.

Routinely, all HT-29 cell lines were grown in T-25 cell culture flasks and kept at 37°C and under
5% CO3 environment. The culture medium was changed regularly, and cell passage was carried

out at 70% confluency. Cell lines were tested for Mycoplasma and the tests were negative.

During the experiments, spheroids were incubated with different medium composition called
“Rich”, “Intermediate” and “Low” according to their respective concentration of L-Glutamine.
A serum-free medium was also used and called “M11” medium. All medium compositions are

presented in Table 1:

Table 1: Detailed medium composition

RICH INTERMEDIATE LOW M11
Commercially available Laboratory-made Laboratory-made Commercially available
DMEM - Glutamax | DMEM w/o phenol | DMEM w/o phenol | DMEM F12 - Glutamax
Gibco™ red red Gibco™

0, -
0% FBS - heat| o svF dialyzed 10% SVF dialyzed
inactivated
Pen/Strep 1% Pen/Strep 1% Pen/Strep 1% Pen/Strep 1%
Glucose 3.15g/L (initial)

. L 2. L 2. L
Glucose 4.5g/ Glucose 2.88g/! Glucose 2.88g/! +0.6g/L (supplemented)
L-Glutamine 4mM L-Glutamine 2mM L-Glutamine 0.2mM | L-Glutamine 2.5mM

Insuline 0.2%
(0,02mg/mL)

L-Proline 0.15mM L-Proline 0.15mM N2 1%

L-Alanine 0.15mM L-Alanine 0.15mM H-EGF 20ng/mL
L-Asparagine

Na Pyruvate 65uM Na Pyruvate 65uM

L-Asparagine 0.2mM | FGF-2 10ng/mL

0.34mM

L-Aspartic acid | L-Aspartic acid
0.15mM 0.15mM

L-Glutamic acid | L-Glutamic acid
0.15mM 0.15mM
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Multicellular tumor spheroids

HT-29 spheroids were formed in either 12 or 24-well plates containing in each well 202 agarose
microwells of 300 um in diameter (and 450 um in depth), described below. After trypsinization
and centrifugation, either 50 000 or 30 000 cells in 1.5 mL medium were seeded — in each well
— respectively in a 12 or 24-well plate. Spheroids are formed after sedimentation in agarose
microwells by cell self-aggregation. After 1 h, the plate was rinsed with fresh medium to
remove cells that did not reach the bottom of the microwells. After 3 days, spheroids are ready

for medium conditioning and/or isotropic compression.

Agarose microwells microfabrication

The microwell chip was designed using Autodesk® software and the master mold was created
using the CNC Mini-Mill/GX on brass. The design chosen and used in this project is a chip
containing 202 “U” shaped microwells of 300 um diameter each surrounded by a wall (Figure
44) to prevent spheroids removal when the medium is renewed. A PDMS counter-mold is
created and will be used for the final agarose molding. The PDMS (base and crosslinker mixed
at 10:1 ratio) is cast on this brass chip and put under vacuum to eliminate bubbles and baked
in an oven at 70° for 4 h. After rigidification, the PDMS mold is gently detached from the brass
with isopropanol. With this method, several PDMS replica molds can be produced and each of

them can be used multiple times.

Molding of free-standing microwells

At first, agarose molding needs a clean environment, thus it is necessary to clean with 70%
ethanol the hot plate, tweezers, and glass coverslips. A solution of agarose diluted in distilled
water (2% (w/v)) was prepared through autoclaving at 120 °C for 10 min, or 30s microwave
(1000 W). The following steps, described hereby, are based on the protocol described in
Goodarzi and al. (Goodarzi et al., 2021).

Protocol:

e Prewarm PDMS and tips on the hot plate at 90°C
e Put 130 pL of agarose on the PDMS mold
e Put a coverslip on top to spread the agarose drop with a uniform thickness
e Wait 5 min for gelling, then unmold the gel
e Putthe gelina 12- or 24-well plate
e Add PBS to keep the gel hydrated
e UV sterilization (24W lamp, 365 nm)
o 30 min minimum without the plate lid
o Change the PBS with sterile one under the hood
o 30 min with the plate lid
e Parafilm and store at 4°C
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Culture medium needs to be added one day before seeding, and the plate incubated at 37°C
to allow nutrient diffusion within each microwells.

Molding on APTS-functionalized coverslips

If microwells need to be fixed to the coverslips for time-lapse microscopy, coverslips

functionalization is necessary. First, the 12- or 24-well plates need to be drilled (16mm hole

and 12mm hole for 12- and 24- well plate respectively), to allow gluing of coverslips and gels.

Drilled plates need to be cleaned with ethanol and sterilized 20 min under UV.

APTS treatment on glass coverslips protocol:

Wash coverslips with ethanol and water
Prepare a solution of :
o 43.5 mL of distilled water
o 12.5 pl of acetic acid 5mM
o 435 plL of 3-APTS (Amino propultriethosilane 99 % Acros™)1%
Incubation 20 minutes under stirring at room temperature
Rinse with water (3 times) + drying
15 minutes at 100 °C on a hot plate

APTS treatment on coverslips must be done the same day for better fixation of the agarose

gels.

Coverslips of 20 mm of diameter are used for a 12-well plate or 14 mm for a 24-well plate.
Use those treated coverslips on the top of the PDMS mold during agarose molding.
Glue the coverslips on the well plate (previously drilled) using the NOA glue (Norland Optical
Adhesive NOA 81)
UV sterilization (24W lamp, 365 nm)

o 2 minon aclosed plated (for the glue to polymerize)

o Add sterile PBS under the hood

o 40 min UV

Figure 44: 300um diameter “U” shaped microwells mold.

(a) 3D design of the 300 um diameter microwells mold with a zoom of one chip containing 202 “U” shaped microwells.

(b) Photo of the original brass mold micro-milled.
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Dextran osmotic compression

Three days after seeding, when the MCTS are formed, Dextran (molecular mass 500 kDa;
Sigma-Aldrich™) is added to the culture medium to exert mechanical stress at a concentration
of 20 g/L to exert 1 kPa, 55 g/L to exert 5 kPa, and 80 g/L to exert 10 kPa. To facilitate
solubilization of Dextran polymer in the medium, the solutions were placed at 37°C (Montel
etal, 2012, 2011).

Immunostaining

Spheroids are fixed within the agarose microwells. For that, 4% PFA (Electron Microscopy
Sciences™) was added and incubated for 20 min at RT. After incubation, samples were rinsed
with PBS (2x20 min). The cells were permeabilized using 0.1% Triton X-100 (Acros Organics™)
for 10 min at RT. After blocking for 1 h at RT with PBS - 5% BSA — 0.1% Tween20 (Sigma-
Aldrich™) to inhibit non-specific binding of antibodies, cells were incubated overnight at 4°C
with primary antibodies diluted in blocking solution. After 3x5min washes with PBS — 0.1%
Tween20, samples were incubated with secondary antibodies for 2h at RT. The primary
antibodies used are: Nanog (Sigma-Aldrich™ at 1/500); YAP (Cell signaling™ at 1/100).
NucGreen™ Dead 488 (Invitrogen™, 1 drop per 3 ml in PBS); Alexa 546 Phalloidin (Invitrogen™
at 1/500); Alexa 555 Phalloidin (Invitrogen™ at 1/500) were also used. The secondary
antibodies used are: Anti-Mouse 647 (Invitrogen™ at 1/500); anti-rabbit 647 (Invitrogen™ at
1/500), anti-rabbit 555 (Invitrogen™ at 1/500).

Clarification

After immunostaining, the spheroids are incubated overnight with a homemade clarification
solution composed of PBS — 80% glycerol. Then, the agarose microwells containing the
spheroids are punched with a 6 mm biopsy puncher, and inserted on top of a coverslip in
adhesive spacers (Sunjinlab i-Spacer 4-0.5: 4 wells, 0.5mm of height and 7mm of diameter)
with fresh clearing solution as mounting medium. Samples were, then, sealed with a

microscope slide and nail varnish.

Confocal fluorescence microscopy

Fixed samples were visualized using a Leica SP5 confocal microscope with a 20x Dry objective
(NA = 0.65) and a 25x Water (NA = 0.95) objective. Images were collected in sequential mode
using averaging at a resolution of 1024x1024. Z-stacks of cells were acquired to image the

whole spheroid (dz = 2 um for each stack).

Live-cell imaging

HT-29 cell line expressing Nanog-GFP were observed with an inverted microscope Leica DMI8
using epifluorescence imaging. A time-lapse imaging was performed for 3 to 10 days in a
controlled (CO2, temperature and humidity) environment, using a 20x dry objective (NA =
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0.65). A motorized x-y stage enabled the concomitant recording of up to 25 spheroids for each

condition every 4 h.

RTqPCR

RNA extraction and cDNA synthesis
Spheroids for each condition were collected by turning upside-down the agarose microwells,

enabling all spheroids to go out and be subsequently collected. Total RNAs were then extracted
from spheroids using RNeasy Mini Kit (Qiagen®) according to the manufacturer’s instructions.
After measurement of RNA quantity and quality by a Spectrophotometer Micro-Volume
EzDrop 1000 (BLUE-RAY BIOTECH®), cDNAs were synthesized with 500ng of total RNA using
dNTP, DTT and random primers, RT-MMLV from Life Technologie™.

gPCR analysis

Real-time polymerase chain reaction (RT-qPCR) was performed using the SYBR Green Supermix
from Biorad® with specific primers at a final concentration of [0.5uM] and 5uL of cDNA
template on the LineGene 9600 Series from BIOER® real time PCR detection system with the
following cycle conditions: 1 min at 95°c and 10 sec at 95°c, 30 sec at 60°c for 40 cycles. The
relative expression values of target genes were quantified relative to HPRT, as the internal

reference gene, by using the 224¢T method. Real-time PCR primers are listed in Table 2.

Table 2: qPCR primers

Genes group | Genes Sequence 5’ 2> 3’
HPRT Forward | TGACCTTGATTTATTTTGCATACC
Housekeeping Reverse | CGAGCAAGACGTTCAGTCCT
RPS11 Forward | AGCAGCCGACCATCTTTC
Reverse | ATAGCCTCCTTGGGTGTCTTG
Lars Forward | CCTGCTTGACTTTGAGGAAGACC
Stemness Reverse | CCAGCCATCAAGCAGGTGTTCA
Nanog Forward | CTCCAACATCCTGAACCTCAGC
Reverse | CGTCACACCATTGCTATTCTTCG
BIP Forward | CTGTCCAGGCTGGTGTGCTCT
Reverse | CTTGGTAGGCACCACTGTGTTC
Metabolic TRB3 Forward | TGGTACCCAGCTCCTCTACG
stress Reverse | GACAAAGCGACACAGCTTGA
SESND Forward | AGATGGAGAGCCGCTTTGAGCT
Reverse | CCGATGAAGTCCTCATATCCG
Hypoxia EGLN3 Forward | GAACAGGTTATGTTCGCCACGTG
Reverse | CCCTCTGGAAATATCCGCAGGA

Quantitative image analysis

Immunostained images were automatically analyzed using a homemade routine workflow

using MATLAB® software, as described in (Goodarzi et al., 2021). Nuclei were segmented
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directly in Matlab and the mask were used to determine subcellular localization of different

protein from the periphery to the center of the spheroid.

Live movies were automatically analyzed using a homemade routine workflow using MATLAB®
software. After spheroids segmentation, the area and mean intensity of fluorescence was
measured directly in Maltab®. Density of fluorescence was calculated as the mean intensity of
fluorescence normalized by the background intensity lo and by the size of the spheroids as

follow:

(I —1o)
D= 0/10

Volume
Where volume is assimilated to a sphere and calculated as follow:

4 Area
Volume = = * ( )
3 T

3/2

Statistics and reproducibility of experiments

Statistical data were expressed as mean * standard deviation unless mentioned otherwise.
Sample size (n) and the number of repetitions (N) are specified in the text of the paper or
figure legends. The statistical significance between experimental conditions was determined
by a two-tailed unpaired t-test, Welch'’s test, or Mann-Whitney test after confirming that the
data met appropriate assumptions (normality distribution, homogeneous variance, and
independent sampling). All data were analyzed with GraphPad Prism 8.0. (San Diego, CA, USA).
**** P<0.0001, *** P<0.001, ** P<0.01, * P<0.05.
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Long-term cancer cell nuclear adaptation to imposed deformation

The design and development of the soft confiner allowed filling the gap of in vitro assays to
evaluate the long-term impact of applied strain. This device enables to impose a precise
uniaxial confinement on cells for several days using agarose hydrogel to passively renew the
medium in which cells grow during such a long period. In this work, we have demonstrated
that cells nuclei can adapt to strong deformation as they go through division. The regulation
of nuclear volume and tension is an active process requiring the contractility machinery and
mediated by mitosis to reach a new homeostasis state. We have shown that this global
regulation is defined by the apparent total surface of the nuclear envelope. These interesting
results raise new questions about such fundamental regulation that would be interesting to
analyze deeper. The results obtained in this part of my PhD now calls for (1) an in-depth
knowledge of the molecular pathway(s) involved in such volume adaptation, and (2) an
understanding of the implications of such adaptation for cancer relapse and treatment

resistance.

In depth-understanding of the mechanisms and molecular pathway(s) involved in such
nuclear adaptation

What are the underlying mechanosensitive pathways involved?
Many different mechanosensitive pathways could be implied in such volume adaptation. We

could think of the stretched-activated Piezo channels at the cell membrane, or the role of focal
adhesions and integrins in mediating mechanical signals to the nucleus through the
cytoskeleton and LINC complex. This can lead to the activation of several signaling pathways
such as Wnt, MAPK/ERK, PI3K/AKT and other mechanosensitive transcription factors like
YAP/TAZ. B-catenin/Wnt signaling can also be activated by changes in cell-cell adhesion. It is
possible to modulate cell adhesion and therefore the nuclear prestress by changing coating of
the coverslip to impair integrins to nucleus mechanotransduction and study its impact on

nuclear adaptation to confinement.

Staining of the YAP transcription factor under several levels of confinement was performed
and testifies of the complexity of the mechanisms involved in long time scale range. Indeed,
preliminary data show an important heterogeneity of YAP subcellular localization both in time
and according to the level of imposed deformation (Figure 45a). Although it has not been
qguantified yet, it seems that after 2 h, YAP nuclear localization is increased with an increase in
confinement. Interestingly, this nuclear localisation seems lost after 24h which corresponds to
the release of the NE tension.

Intriguingly, after 2 h and under very strong confinement, YAP is preferentially localized within
nuclear blebs (Figure 45b) although no nuclear pores nor LINC complexes are found at this
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portion of the nuclear membrane (Davidson et al., 2014; Denais et al., 2016; Raab et al., 2016;
Srivastava et al., 2021). A reasonable explanation of this intriguing YAP localization could be a
consequence of the heterochromatin decondensation following the unfolding of the nuclear
envelope. Subsequently, activated genes might be regulated by YAP transcription factor.
Moreover, it has been shown that mechanical forces imposed on the nucleus facilitate the
nuclear accumulation of diverse transcription factors (Dantas et al., 2022; Lombardi and
Lammerding, 2011).
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Figure 45: Representative images of stained YAP in HT-29 cells under confinement.

(a) Representative images of stained YAP under several levels of confinement at 2 h and 24 h. Scale bar = 50um. (b)
Representative images of stained nuclei, p-MLC and YAP with zoomed blebbing nuclei under very strong confinement
at 2 h. Scale bar = 50um.
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Are other cellular signaling activated under this prolonged imposed deformation?

We have shown the absence of long-term nuclear volume and tension adaptation with
blebbistatin and therefore the necessity of the contractility machinery for this global nuclear
adaptation. Moreover, as shown in Lomakin et al.,, 2020, confinement increases nuclear
tension which triggers cPLA2 activation, and calcium release. To test if this long-term nuclear
adaptation is calcium-dependent, the release of calcium ions from internal stores was blocked
using BAPTA-AM combined with 2APB. We evidenced an absence of nuclear area regulation
under strong confinement at 24 h (Figure 46b). The dependency on cPLA2 activity was also
tested by interfering with cPLA2 activity with AACOCF3 drug. No long-term nuclear volume
adaptation was observed under strong confinement (Figure 46c), confirming the essential role
of both intracellular calcium and cPLA2 activation in long-term nuclear volume adaptation.
These very interesting results were obtained by Morgane Roinard, a current intern in the team.
However, the impact of these drugs on nuclear envelope folding and tension is still under
investigation. We can also wonder about the role of other cytoskeleton proteins on nuclear
volume and tension adaptation. Vimentin intermediate filaments in particular raised our
attention as it has been shown to form a protective cage around the nucleus under
confinement (Patteson et al., 2019). Therefore, preliminary experiments of stained vimentin
under several levels of confinement were performed, indicating a potential regulation of
vimentin as well after 24 h of confinement (Figure 47).
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Figure 46: Nuclear Area adaptation is altered under contractility linked drugs.

(a) Nuclear projected area adaptation at 24h under strong confinement. N=3 experiments with n=3484
cells, mean + SEM, Welch’s t test. (b) Nuclear projected area quantification under calcium inhibition drugs
BAPTA-AM and 2APB at 2 h and 24 h without confinement or under strong confinement. N=3 experiments
with n=2597 cells, mean + SEM, Welch’s t test. (c) Nuclear projected area quantification under cPLA2 drug
AACOCF3 at 2 h and 24 h without confinement or under strong confinement. N=3 experiments with
n=4177 cells, mean *+ SEM, Welch’s t test. **** P<0.0001. Results were obtained by Morgane Roinard,
current M2 intern.
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Figure 47: Representative images of stained vimentin in HT-29 cells under different levels of confinement.
Stained nuclei and vimentin after 2 h and 24 h of confinement. Scale bar = 20um.

What about the whole cell?
An important question to raise is if the whole cell follows the same nuclear volume regulation

in order to keep a nuclear to cell volume ratio constant as cytoplasmic and nuclear volume are
normally tightly coupled. However, it has recently been shown that substantial increase of
nuclear envelope tension leads to uncoupling of nucleo-cytoplasmic volume coupling due to a
higher nuclear import (Andreu et al.,, 2022; Pennacchio et al., 2022). Several methods
compatible with our soft confiner system could be used to obtain precisely the cell volume like

Fluorescence Exclusion Microscopy, or membrane markers staining.

How confinement influences migratory properties and invasion capacities of cancer cells?
Confinement-triggered cPLA2 activation and calcium release provoke downstream actomyosin

contractility that results in increased cell migratory capacity (Lomakin et al., 2020; Venturini et

al., 2020). This increased migratory behavior was also observed with our HT-29 epithelial cell
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line under strong deformation which corresponds to the same confinement threshold showed
in Lomakin et al., (5 um confinement). Moreover, this behavior is even more striking during
mitosis, triggered by the nuclear envelope breakdown, as polar plot tracks are more spread
under strong confinement compared to control (Figure 48). One hypothesis is the release of
intranuclear pressure within the cytoplasm triggering a burst of pressure and the rapid actin
cortical flow in the front of plasma membrane leader bleb-based migration (Bergert et al.,
2015; Garcia-Arcos et al., 2022; Logue et al., 2015).

No confinement Strong confinement

Normal division

Abnormal division

Figure 48: Nuclei displacement during mitosis.

Polar plot of nuclei displacement during mitosis (from nuclear envelope breakdown to cytokinesis) without
confinement (a) or under strong confinement (b). (c) Timelapse images NLS-RFP and histone-stained nuclei under
strong confinement. Red arrows show the displacement of a nuclei during mitosis under strong confinement.
Scale bar =50 um.

What is the influence of agarose stiffness on long-term nuclear adaptation?
We can hypothesize that a reduced stiffness will allow the cells to deform the above agarose

gel, therefore being less sensitive to the imposed deformation. A reduced stiffness could also
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lead to classical round mitosis (Lancaster et al., 2013) preventing the long-term nuclear
adaptation that we evidenced. To change agarose gel stiffness, two possibilities are available:

either a change in standard agarose concentration or using low melting point agarose.

How will a release of confinement affect nucleus size after is has reached a new volume and
tension homeostasis?

The removal of the imposed deformation should not have the same effect if it is done before
or after the first mitosis. Before mitosis, confinement removal should release nuclear tension,

and the nuclear state should return as before the applied deformation.

However, if the confinement is removed after the first mitosis, nuclear regulation would have
already happened resulting in a smaller nucleus with an untensed nuclear envelope. We can
thus wonder if the nucleus will then swell to its original size pre-confinement or keep its
smaller post-regulated one. Driven by the fact that the nuclear apparent surface sets the
nuclear volume, one major hypothesis that could explain our geometrical model is that nuclear
envelope reforms at the “metaphasic plaque” which is not spherical. Following that
hypothesis, if the confinement is removed after the first mitosis, nuclei would keep their
smaller size until the second division where they should go back to their original (pre-
confinement) size instead of reaching a homeostasis. Therefore, testing this hypothesis would
provide revealing information on the mechanisms involved in nuclear volume regulation

arising during mitosis.

Is prolonged confinement affecting other colorectal cancer cell lines in the same way?
We can wonder if this global long-term nuclear adaptation is a ubiquitous cancerous

phenomenon and if the stage of invasiveness, as well as nuclear structure composition could
modify this regulation. Preliminary experiments were performed by Alexis Saffon, a previous
intern in the team, on HCT-116 colorectal cell line. HCT-116 is a more invasive cell line, but with
no p53 mutation, is MSI, and has a different nuclear structure composition (with larger amount
of lamin B2). Preliminary results shown in Figure 49 are difficult to interpret but seem to indicate
no nuclear regulation at 24 h under strong confinement for HCT-116 cells. Despite higher levels
of B-type lamins in HCT-116 nuclear envelope — which increases nuclear envelope elasticity
(Wintner et al., 2020) —, nuclei with blebs are still observed under strong confinement (Figure
49c). Moreover, the presence of both lamin B2, essential for mitotic spindle formation (Kuga
et al., 2014), and unmutated p53 could alter confined mitosis explaining this absence of long-
term global nuclear regulation. To test whether the structural composition of the nuclear
envelope or the genetical status of cancer cells explains the mitosis-mediated nuclear
adaptation to confinement is the use of HCT-116 p537 cell line, that can be provided by our
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collaborators (Cédric Chaveroux from the CRCL). In addition, the MSI status of HCT-116 cell line

will more likely not regulate confinement induced DNA-damages at 24 h of confinement.
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Figure 49: HCT-116 cell lines nuclear readouts under strong confinement.

(a) Quantification of nuclear projected area of HCT-116 under strong confinement at 2 h or 24 h (N=1). (b)
Quantification of the positive area of the nuclear envelope (lamin A/C) which represents the folded
nuclear envelope (N=1). (c) Representative images of HCT-116 nuclei at 2 h and 24 h under strong
confinement. Scale bar = 20 um. Results were obtained by Alexis Saffon, a former intern.

In depth-analysis of the consequences of such nuclear adaptation for cancer relapse and

resistance to treatment

How this regulation affects transcription activity and protein expression?
Evidence have shown that lamins have a role in the regulation of transcription, replication, and

genome stability (Mattout-Drubezki and Gruenbaum, 2003; Patil and Sengupta, 2021) and are
also implicated in DNA repair pathways. Moreover, chromatin organization and condensation
are linked to gene expression. Thus, the long-term adaptation of the nuclear envelope that we
evidenced might be linked to downstream changes in cell transcriptome and proteome,

helping the cell to reach a new homeostatic state under confinement.

What are the consequences of such long-term adaptation to mechanical constraints on therapy
resistance? How can we play on that to favor drug response?
Long-term nuclear global adaptation to confinement, together with repair of DNA damage,

both correlated with cell-cycle re-entry could prevent the efficacy of anti-cancerous drugs as
most of them affect cell proliferation and cell cycle. Therefore, long term confinement
experiments under 5-FU chemotherapy (which is the reference treatment for colorectal
cancer) are planned to investigate the therapeutic impact of such nuclear adaptation to

imposed deformation.
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Cancer cell identity change under long-term mechanical constraints

In the third chapter, we have demonstrated in a standardized and controlled manner the
importance of both nutritive and mechanical environments on cancer cells identity in a 3D
model tissue (tumor spheroids). Indeed, culture medium conditions highly influence cancer
cells’ fate, modifying their compactness and differentiation state, hence strengthening tumor
heterogeneity. Moreover, tumor dynamics analysis highlights the formation of cancer stem-
like cells under mechanical stress, through the dedifferentiation of committed cells. These
results open new questions on the impact of nutrients and mechanical environment, both

influencing the phenotype and gene expression of colorectal spheroids.

What are the effects of isotropic compression on the ECM/non-cellular structure?
Mechanical compression not only impacts cancer cells but has an overall impact on the

surrounding ECM structure. Therefore, the impact of mechanical stress can be direct on cells,
or indirect by compressing the ECM and thus limiting cell’s access to nutrients or diverse
molecules such as cytokines. Studying the diffusion properties within the 3D tumor spheroids
under mechanical constraint is of importance for better understanding the impact of physico-
chemical gradient in cancer development or drug accessibility. Moreover, the spatial
distribution of stress could be heterogenous as well, with a tension at the surface of the tumor
spheroid different from the inner cell compression. Assessing this spatial distribution of
effective mechanical stress on cancer cells’ fate might give us information on the heterogeneity
of cell identity within a tumor and might be linked to cellular volume and crowding spatially
distributed shown by Han et al., 2019 in breast cancer. This is notably the topic of the thesis of
G. Jardiné.

What are the consequences at the unicellular level of such functional and phenotypic
regulation?

It could be interesting to investigate the target genes impacted by these functional and
phenotypic regulations. Indeed, cell size, cell crowding as well as cell cycle progression could
be altered by both metabolic and mechanical stress. In the team, these parameters are

currently under investigation by the current PhD work of G. Jardiné.

How tumor heterogeneity impacts cancer treatment and contributes to therapy resistance?
Tumor heterogeneity is a hallmark of cancer and, as described in this manuscript, highly

contributes to therapy resistance. Therefore, understanding to which extent environment-
driven plasticity affects cancer cell identity is crucial for patient prognosis and personalized
therapy. For that, quantification of both the spatial distribution of cancer stem cells within a
tumor spheroid and the proportion of dedifferentiated cells is needed. Spheroids
immunostainings experiments for CSC makers are planned before my PhD defense. Moreover,

it could be interesting to treat colorectal tumor spheroids with 5-FU (colorectal reference
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chemotherapy) under metabolic or mechanical stress or both to test whether tumor

microenvironmental changes affect drug response.

Is this new tumoral identity under glutamine starvation and/or mechanical compression
changing the invasiveness of cancer cells?
The stem-like phenotype observed in colorectal cancer cells under both glutamine starvation

and mechanical compression could also affect cancer cells’ tumorigenicity. To study the change
in cancer cell invasiveness properties, an invasion assay can be performed. For that, spheroids
can be seeded on a collagen bed and the speed of their spreading can be analyzed as well as
the branching size. These experiments could be performed after the application of metabolic
or mechanical stress on spheroids. It could be an interesting functional experiment to assess

the effective changes of cancer cells’ identity.

Will a more complex model of tumor spheroid also regulate its phenotype and identity under
mechanical stress?
As we have shown in this work, it is crucial to take into account the tumor microenvironment

when studying cancer development and progression, however our system remains simple as
none of the stromal cellular environment was considered in our experiments. Indeed,
parameters such as cell cohesion or ECM composition could be altered by CAFs. Immune cells
could also alter tumor progression by secreting numerous factors, while vascular components
could toggle the tumoral chemical gradient. Our tumor spheroid model is avascular and
relatively small which has the advantage to generate no necrotic core. It would be interesting
now to complexify the model to better recapitulate the complexity of in vivo tumors, by doing

experiments with larger spheroids, including co-culture of CAFs, or including ECM for example.

What about other tumorigenicity colorectal cancer cell lines?
As in the 2D experiments, it could be interesting to reproduce those experiments with HCT-

116 cell line which has a higher metastatic potential than HT-29, a different genomic instability,
but no p53 mutation and a structural difference in terms of cell-cell cohesion and matrix
production. Especially as 2D preliminary data shows differences between HT-29 and HCT-116
cell lines (Figure 49).
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General Conclusion

Mechanical constraints that cancer cells undergo during tumor progression are various and
depend on their development stage. In addition, mechanical stimulation of cells depends on
their position within the tumor. This variation influences both their proliferation and migration
but also their phenotype and tumorigenicity. Thus, it is important to be able to characterize
their biophysical properties under different mechanical stress conditions, in a reproductive and

standardized environment mimicking in vivo growth conditions.

The work presented in this manuscript focused on the uniaxial confinement that cells are
subjected during metastatic cell escape and on the 3D isotropic stress that the main core of
the tumor withstands during tumor expansion. We have demonstrated the key role of division
in the adaptation of cancer cells to prolonged mechanical stress and the mechanically-driven
dedifferentiation of cancer cells in tumor spheroids that have never been shown before. These
changes are not without consequences and could explain the failure of current therapies to

bring a complete cure to the greatest number of cancer patients.

These studies, at the interface between the fields of physics and cancer biology, required the
use of various techniques ranging from cell culture to molecular biology techniques, including
imaging and microfabrication techniques as well as the development of several analysis tools
for complex and heavy data. It allowed to enrich the scientific knowledge of the two developed

approaches, which benefits both the biophysical and cancer biology communities.

To conclude, the results of my PhD brought innovations from a technological, scientific and
medical point of view. Indeed, these results allow us to validate new types of reliable in vitro
assays to analyze in a robust and systematic way the effect of mechanics on the response of
cancer cells. Indeed, the high statistics obtained give access to essential information at both
the population and single-cell levels. My thesis work will thus help to better understand the
interactions between mechanical and metabolic stress, cellular plasticity and adaptation as
well as cell resistance to treatments. These results represent a key step to further evaluate
guantitatively the predictive value of our approach, by analyzing cells from patients before and

after treatment, with and without relapse.
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Glossary

Force is a push or pull on an object. It has a magnitude and a direction, making it a vectoral
guantity. It is measured in newtons (N) and represented by the symbol F.

Mechanical stress is a force applied per unit area (N.m™). There are two types: normal stress
(tension and compression), and shear stress.

Tensile stress or tension is a stress applied perpendicular to the object. Tensile is related to
stretching in contrasts with compressive.

Compressive stress or compression is also a stress applied perpendicular to the object, but
results in compaction.

Shear stress occurs when two forces act parallel to the area of the object.

Strain is the extent of deformation of an object under a force, usually the change in length
divided by the original length.

Stiffness is the extent of resistance of an object to deformation by applied forces and is
measured as various moduli including Young’s, shear and bulk, which apply to different types
of deformation and measured in Pascal (Pa). The stiffer an object, the more difficult it is to
deform it when subjected to a given force.

Tumor solid stress are the forces that results from and contained in the solid state of the
tumor, including ECM, cancer and stroma cells.

Tumor fluid pressure is the pressure that results from the liquid phase of the tumor, mainly
the interstitial fluid that surrounds cells. Fluid pressure has both hydrostatic and osmotic
components.

Osmotic pressure is the pressure difference needed to stop the flow of solvent across a
semipermeable membrane.

Elasticity is the ability of a deformed object to return to its original shape after removal of the
force. The modulus of elasticity is defined as the ratio of stress to strain. Young’s modulus (E)
describes the elasticity of an object subjected to tensile and compression stress. Shear
modulus (G) describes the elasticity of an object subjected to shear stress.

Viscoelasticity is the property of materials that possess both elastic and viscous properties
when deformed. The strain of viscous materials is time-dependent, while strain of elastic
materials is time-independent.
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' Appendices

«Dans la vie rien n'est d craindre, tout est a
comprendre »
Marie Curie



Appendices
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Appendices

Appendix 1: Table summarizing the different types of experimental
methods to apply mechanical constraints on cells

Adapted from (Kalli and Stylianopoulos, 2018)
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Volume regulation is key in maintaining important tissue func-
tions, such as growth or healing. This is achieved by modulation of
active contractility as well as water efflux that changes molecular
crowding within individual cells. Local sensors have been devel-
oped to monitor stresses or forces in model tissues, but these
approaches do not capture the contribution of liquid flows to
volume regulation. Here, we use a tool based on Brillouin light
scattering (BLS) that uses the interaction of a laser light with
inherent picosecond timescale density fluctuations in the sample.
To investigate volume variations, we induced osmotic perturba-
tions with a polysaccharide osmolyte, Dextran (Dx), and compress
cells locally within multicellular spheroids (MCSs). During osmotic
compressions, we observe an increase in the BLS frequency shift
that reflects local variations in the compressibility. To elucidate
these data, we propose a model based on a mixing law that de-
scribes the increase of molecular crowding upon reduction of the
intracellular fluids. Comparison with the data suggests a nonlinear
increase of the compressibility due to the dense crowding that
induces hydrodynamic interactions between the cellular polymers.

Brillouin light scattering | cellular crowding | spheroid

olume regulation is key in maintaining important tissue

functions, such as embryogenesis or wound healing (1). Per-
turbation of volume homeostasis, by external forces applied to
the tissue or abnormal regulation, has also been associated with
the development of degenerative diseases, such as cancer (2). Co-
ordinated modulation of active contractility, membrane tension,
and cell-cell and cell-extracellular matrix junctions are known
to drive cell shape and volume. For this reason, a large body
of research has been devoted to the implementation oflocal
sensors to monitor stresses or forces in model tissues during
hyperosmotic shocks (3, 4). Such approaches focus on stiffness
regulation, but they cannot capture the role of water efflux
that changes molecular crowding within individual cells and can
impact cell fate (5) and induce cytoplasm phase separation (6) or
colloidal glass-like transition (7).

In recent years, a new quantitative microscopy based on Bril-
louin light scattering (BLS) has been proposed that uses the
interaction of a laser light with picosecond timescale density
fluctuations in the sample (8). BLS has been successfully used
for mechanical phenotyping and imaging with a contrast based
on the stiffness (9), but its relevance from a physiological stand-
point remains debated due to the ultrashort timescales involved.
Since the probing mechanism involves coupling of photons to
longitudinal phonons, variations in the scattering spectra can be
interpreted as the response of the sample to an infinitesimal
uniaxial compression and formally described by the longitudinal
modulus M. In an idealized two-phase biological sample, varia-
tions of M would be driven in part by the polymer meshwork but
also—and this feature separates BLS from classical microrheol-
ogy approaches—by the compressibility and the dynamics of the
liquid phase (10).

Usually discarded, this unique feature was used to interrogate
the liquid-to-solid transition in stress granules related to amy-
otrophic lateral sclerosis diseases (11). However, an investigation

PNAS 2022 Vol. 119 No. 4 €2113614119

of hydrogels also recently suggested that water content should
play an important role in the response in biological materials
(12). In tissues, the respective contributions of the stiffness of
the elastic network and of the liquid phase remain unclear. To
elucidate this question and investigate its implication in volume
control, we induced osmotic perturbations in order to compress
isotropically multicellular tissues. We demonstrate that volume
changes due to water efflux at the cellular level dominate the
BLS response. Comparison of the data with a model based on a
mixing law suggests that the increase of molecular crowding upon
reduction of the intracellular fluids leads to a nonlinear acoustic
behavior due to hydrodynamic interactions within the cells.

Results

Volume Control in Multicellular Spheroids with Osmotic Shocks. To
investigate volume regulation in three-dimensional (3D) clusters,
we engineered multicellular spheroids (MCSs) from the sponta-
neous aggregation of the colorectal carcinoma cell line HCT116.
In contrast to single-cell experiments, such a model allows for
the analysis of the volume regulation by both intracellular spaces
and intercellular spaces (ICSs). One of the difficulties of ana-
lyzing volume changes in mammalian cells is that compression
can be followed by a regulatory volume increase driven by ion
channels and pumps (13). To circumvent this difficulty, we im-
posed isotropic osmotic compressions using solutions containing
Dextran (Dx) molecules that do not lead to regulatory volume
increase (SI Appendix, Fig. 52 (14).

Dx is a type of biocompatible glucose polymer that gener-
ates osmotic pressures depending on its molecular weight and
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concentration. We take advantage of the selective compression
method described in ref. 15. Briefly, 6-kDa Dx molecules can

diffuse throughout the ICS and thus, only apply a local osmotic
pressure to the cell within the MCS. This mechanism of compres-

sion is sketched in Fig. 1 A.

As an illustration of the impact of osmotic compression by Dx
on the structure of MCS, we placed MCSs in between two plates
separated by B 70 um and labeled the ICS with a fluorescent
dye (tissue confiner is discussed in Materials and Methods); the
reduced thickness of the sample allows two-photon microscopy
in a two-dimensional (2D)-like configuration. Fig. 1 B shows the
images obtained before and after the shock with 6 kDa Dx. The
two-photon images clearly show a reduction of both the MCS and
cell volumes, consistent with the literature (15). To quantify this
observation, we plot the MCS volume determined from the white
light images recorded on the BLS microscope during the shocks
inFig. 1C (n =40, N =2) (S| Appendix, Note 1). We observe a
linear dependence of the normalized MCS volume change with
increasing Dx concentration cq,

BN IV & (V] —M /e Siegiyy (1

with V 2 the initial volume and y =0.77 obtained from the best
fit to the data.

To quantify the contribution of cell compression to this volume
reduction, we measured the volume variation in single cells dur-
ing shocks for different Dx concentrations using the fluorescence
exclusion microscopy (FXm) ( Materials and Methods). Briefly,
HCT116 cells were suspended in a medium supplemented with
a fluorescent dye that does not cross the cell membrane, and
they were inserted in a microfluidic chamber with a fixed height.
Fluorescence is excluded from the cells, leading to a decrease
in total fluorescence, proportional to cell volume (16). Images
obtained in epifluorescence microscopy with a large depth of field
allow for integrating intensity over the whole chamber height
(® 20 um). This signal is integrated over the cell-projected area
to calculate cell volume (17). Here, we also observe a linear
dependence of the normalized increment in cell volume with
increasing Dx concentration. Using Eq. 1 to fit these data yields
y =0.68. This y value is close to that found from the MCS
volume, demonstrating that cell compression is the main source
of volume variation during osmotic compressions with small Dx
molecules.

Brillouin Spectroscopy Reveals Cell Compression.  To implement
Brillouin spectroscopy with a high throughput, we engineered
patterns of hundreds of agarose-based microwells ( Materials and

osingle cell (y=0.68)
oMCS (y=0.77)

o

15

d 5 10
CTR Compressed c, (wt %)

Fig. 1. (A) Schematic representation of the isotropic osmotic compression

by Dx. ( B) Two-photon images of MCS captured before and after shocks

with 6 kDa Dx. (Scale bar: 100 pm.) (C) Variation of single-cell volume vs.
Dx concentration measured by FXm on single cells (blue markers and line

fit) and determined from MCS volume variations (red markers and line fit)
(Sl Appendix , Note 1 ).
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Fig. 2. (A) Schematic of microstructured wells for MCS; the virtually imaged
phase array (VIPA)-based Brillouin spectrometer is coupled with a micro-
scope. ( B) Typical spectrum obtained at the center of an MCS before and
after the shock. ( Inset) Zoomed-in view of the anti-Stokes shift. SM, single
mode. NA, numerical aperture; ND, neutral density; CW, continuous wave.

Methods, each of them containing one MCS, as is sketched
in Fig. 2A. Such a custom-made plate is placed in an inverted
microscope equipped with an environmental chamber. We
focus a laser beam at the center of the MCS and collect the
backscattered light with a 20x objective lens that gives a
scattering volume of @ 5 x 17 pum.We analyze the spectrum of the
backscattered light using a virtually imaged phase array (VIPA)-
based spectrometer (18). We show in Fig. 2 B the typical spectra
obtained before and after shocks. We plot the BLS frequency
shift v as a function of time in Fig. 3 A (n =40, N =2) during
shocks with Dx molecules at 160 g/L. We observe a significant
increase of the BLS shift v after the shock that stabilizes after
[ 30 min.
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Fig. 3. (A) BLS frequency shift during osmotic compressions vs. time after
shock for Dx solutions at 160 g/L. (  B) Brillouin shift before (dark blue; raw
data) and after subtraction (light blue) of the contribution of the penetra-

tion of small Dx molecules vs. Dx concentration. The solid line indicates the

sole contribution of Dx penetration. (  C) Velocity increment measured for
different solutions (results for NaCl are from ref. 18). ( D) Sound velocity
in cells u. vs. cell concentration (blue markers; corrected to remove the
contribution of Dx penetration as in B). Black lines show the predictions by
the linear (solid) and nonlinear (dashed) models. BSA, bovine serum albumin.
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Although a similar increase in v has been observed on single
cells (8), its origin remains debated. Assuming that the refractive
index and mass density are not significantly affected by the
osmotic conditions, it was initially proposed that such an increase
was due to structural changes (8). Recent studies, however,
suggested that water content—or volume—should also play an
important role (12). In order to clarify this possible contribution
in MCS, we imposed osmotic compressions at increasing pres-
sures p using solutions containing increasing concentrations of
Dx. We first plot in Fig. 3 B the BLS shift vgna vs. osmolyte
concentration c4. We observe a largely linear increase in Vsmai ,
but this variation also includes an artifactual increase due to the
replacement of the intercellular fluids by Dx solutions with a
higher refractive index, sound velocity, and mass density. In order
to isolate the contribution of cell compression, we correct for this
effect using a mixing law model.

We describe the MCS as the spatial average of cellular and
intercellular compartments with a volume fraction of cells ¢ =
0.9 (15). The ICS is initially considered to behave as an isotonic
solution (1% sodium chloride) but is replaced by the small Dx
molecules that can penetrate into the ICS. Since the Brillouin
shift v depends on the refractive index n, mass density p, and
longitudinal modulus M (or equivalently, sound velocity u =

/M /p), it is necessary to define these quantities for the ICS.
We consider the variations in refractive index An; = al ¢q and
mass density A p; = A ¢4, with classical values a =0.0019 and
E=i375 I(g/m3 found in the literature (19, 20). We determined
the velocity increment, A u; = B; A ¢4, from the frequency shift
measured in Dx solutions of relevant concentrations and found
B =2.5 m/s at 37%C. To validate this result, we compared it with
several reference solutions (sucrose, NaCl, and bovine serum
albumin) (Fig. 3 C). As expected, the value for Dx is close to
that of sucrose. From these values, we evaluate the average u, p,
and n values for the MCS using standard mixing laws ( Materials
and Methods and determine the artifactual frequency increase,
vt due to the penetration of the Dx molecules. We plot the
corrected frequency, v = v — vt in Fig. 3 B aswell as the
prediction for v¥™™%  (Fig. 3 B, solid line). We observe a smaller
corrected frequency shift that represents the sole contribution of
the compressed cells.

Modeling a Crowding-Induced Nonlinear Acoustic Behavior. One
may postulate that the increase in v arises from the increased
solute concentration within the compressed cells. To integrate
cell volume in a predictive model for tissue compression, we
refine our previous description and model the cells as a dilute
suspension of proteins and ions with an initial concentration
c? =10 wt %, as measured on a similar cell line (17, 21).
During the osmotic shock, we assume a constant dry mass, so
the decrease in cell volume A V. is accompanied by an increase
in the concentration A cc = AV /(V . — A V) within the cells.
Since we have measured the normalized increment in cell volume
AV /V. (Eq. 1and Fig. 1C), we can simply write

Cd

. [2]
Y- G

0
Ace=c.

Since a and § are largely independent of the type of molecule
(19, 20), we can express the increase in refractive index Anc =
al c. and mass density p. = £A ¢, as we did for the ICS.
However, because there is a greater dependence of the velocity
increment, as exemplified by the values measured in several
biorelevant fluids (Fig. 3 C), we need to determine the velocity
increment in cells, A uc.

As observed in Fig. 3 C, the velocity increment in dilute poly-
mer solutions is near linear as can be approximated by Wood's
formula based on the additivity of compressibilities (22). As a
first approach, we thus use

Yan et al.
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Auc/Ace =B, [3]

and we determine B2 by fitting the frequency shift before the
shock (A c. =0). We find a velocity increment, B2 =6.9 m/s, that
lies in between solutions of proteins (e.g., bovine serum albumin
[BSA]) and ions (e.g., NaCl), providing a plausible value for
cells within a tissue (the red line in Fig. 3 C). Implementing this
modeling of the cells in the model based on the spatial average of
cellular and intercellular compartments we described previously,
we predict the frequency shift resulting from cell compression.
For ease of comparison of the modeling with the data, we convert
Dx concentration to cell concentration using Eq. 2. We then
convert v to a cell velocity using the mixing laws for the refractive
index and velocity (SI Appendix, Note 2). We plot uc vs. cc in
Fig. 3D (markers) and compare with the prediction (Fig. 3 D,
solid line). We observe a cell velocity of ® 1,594 m/s before the
shock, in good agreement with values obtained for single cells by
acoustic microscopy at similar frequencies (23-25). Interestingly,
we see that we cannot describe the full frequency shift, clarifying
that a phenomenon additional to the variation in cell volume is
at work.

To investigate a possible contribution of a structural change
due to cytoskeleton remodeling, we inhibit actin polymerization
with cytochalasin D (cytoD) ( Materials and Methods). We plot
the BLS frequency shift v mock treated with dimethyl sulfoxide
(DMSO) and treated with cytoD in Fig. 4 A (n =40, N =2).
We observe a significant decrease of the BLS shift v after actin
depolymerization (P < 0.0001), as has been observed at the
single-cell scale (8). We also determined the MCS volume from
the projected area in bright-field imaging. We observed a sig-
nificant increase in volume (& 25 %, leading to negative AV
values) upon actin depolymerization (n =8, P < 0.0001) (Fig.
4B). This volume increase most probably arises from an increase
of the ICS since actin depolymerization with cytoD does not
affect cellular volume, as is sketched in Fig. 4 C (26). We plot
in Fig. 4D the prediction from the model we presented earlier
(Fig. 4 D, plain line) and the cytoD/DMSO data points. We see
that such an increase in MCS volume can entirely explain the
observed decrease in v. This result indicates that a possible cy-
toskeleton remodeling has negligible influence on the frequency
shift.

A 8.05 B 0 D8.05
[
_ 800 10 800
s N
795 <20 >795 / — linear model
o DMSO
7.90 0 7.90 s
i) 09 ) § O'Q ’ -30 -20 -10 0
I F & & AVIV (%)
C  DMSO CytoD

Fig. 4. (A) Frequency shift and ( B) normalized volume measured in the
agarose microwells measured on MCS treated with DMSO or cytoD.
W p o 0.0001, unpaired two-tailed t test. ( C) Schematic representation of
the compression by cytoD. (D) Frequency shift predicted by the linear model
(solid line) vs. volume change of MCS treated with DMSQ (square) and cytoD
(triangle).
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Increase of sound velocity with increasing solute concentration
can be well described by the volume average of the compressibil-
ities in colloidal suspensions (27) or emulsions (28). In biological
solutions containing polymers and ions, however, intermolecular
interactions (e.g., hydrogen bonds or dipole interactions) can
lead to correlation of volume fluctuation of adjacent molecules,
often resulting in a deviation from such classical description (29).
For this reason, a power law is usually preferred:

Auc/bce= Bl + B (Ace - <), [4)

where B! =9.1 m/s is determined by the best fit to the data
and T =0.5 as is used in electrolytic solutions (30). We observe
excellent agreement in Fig. 3D (dashed line). This comparison
strongly suggests that the observed increase inv arises from a
nonlinear acoustic behavior due to the increased crowding within
the cells inside the MCS.

Discussion

In conclusion, we have shown that BLS can monitor locally—
without any label—the impact of tissue compression. This
methodology is a powerful noncontact, label-free, and high-
throughput alternative to microinjected stress sensors (3, 4)
and opens up possibilities to investigate the role of cell volume
during various cellular events (17) at the tissue scale and
down to the single-cell scale. It should also find applications
for the investigation oflocal pressure in small animals during
development (31). Constant improving of spectrometers, both
in terms of sensitivity and speed, and implementation of BLS-
compatible endoscopes and adaptive optics should also allow
medical translation in the near future.

The velocity increment in cells, B. =6.9 m/s, is three orders
of magnitude larger than the refractive index increment, a =
0.0019. BLS is therefore exquisitely sensitive to changes in the
sound velocity with changes in cell volume (or solute concentra-
tion within them). We have observed a clear deviation of the data
from the classical mixing law model based on the volume average
of the compressibilities. We have proposed a model that accounts
for a nonlinear increase of the sound velocity with decreasing cell
volume.

This simple empirical approach captures the main features of
our data and suggests that the dense crowding in the cells induces
correlated fluctuations of the cellular polymers. Similar observa-
tions have been made in hydrogels, where the emergence of such
nonlinear acoustic behavior has been attributed to a stiffening of
the elastic frame composed by the intercellular components (32).
The exact nature of such interactions requires more in-depth
exploration of the complexity of multicellular systems and the
development of more refined theoretical acoustic descriptions.
In particular, it seems important to investigate the possible effect
of active volume regulations that might occur at short timescales
with different osmolytes and for an extended range of volumes.

Such sensitivity of the sound velocity has been used to probe
protein transitions (33), binding events (34), or hydration (35) at
the macroscale using ultrasonic frequencies. The ability of BLS
to produce such data at hypersonic frequencies at the single-cell
scale should allow for investigating structural arrests or phase
separations during protein condensation. We also anticipate that
our results should stimulate the emergence of models for cell me-
chanics at short timescales and expand the range of application
of BLS to the life sciences.

Materials and Methods

Cell Culture and Reagents. HCT116 colorectal carcinoma (CCL-247) adeno-
carcinoma cell lines were purchased from the American Type Culture Col-
lection. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; PAN Biotech), 1 X peni-
cillin/streptomycin (P/S), and glutamax (Life Technologies) at 37 “C under a
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5% CO » atmosphere. All cells were used at low passage numbers, subconflu-
ently cultured, and plated at 10 * cells per cm *. MCSs for BLS imaging were
obtained by seeding the cells onto the homemade agarose microwells and
grown for 4 to 5 d in culture medium.

FXm for Single-Cell Volume Measurements.  Cell volumes were obtained using
FXm as detailed in refs. 16 and 17. Briefly, cells were incubated in poly-
dimethylsiloxane (PDMS) with medium supplemented with a fluorescent dye
coupled to small (10-kDa) Dx molecules to prevent entry into cells. Fluores-

cence is thus excluded by the cells, and volume is obtained by integrating

the fluorescence intensity over the cell. Chips for volume measurements of
single cells were made by pouring a mixture (1:10) of PDMS elastomer and

curing agent (Sylgard 184) onto a brass master and cured at 80 B¢ for at least
of 2 h. Inlets and outlets were created with a 3-mm biopsy puncher. Chips

were prepared a few days ahead of the experiment, bonded with oxygen
plasma for 30 s, warmed up at 80 C for 3 min, incubated with Poly-I-lysine
(Sigma) for 30 min to 1 h, washed first with phosphate-buffered saline (PBS)
then washed with dH 5 O, dried, and stored sealed with a paraffin film. The
chips can be stored up to 10 d. The chambers were washed with PBS before

cell injection.

Imaging started within 10 min after cell injection in order to prevent
adhesion and thus, cells response to the shear stress generated by medium
exchange. Acquisition was performed at 37 Cin CO ; independent medium
(Life Technologies) supplemented with 1 g/L Alexa647 Dx (10 kDa; Thermo
Fischer Scientific) on an epifluorescence microscope (Leica DMi8) with a
10x objective (numerical aperture (NA) 0.3).

Tissue Confiner Experiments.  Spheroids were harvested 4 or 5 d after cell
seeding and injected in the 2D confiner microsystem using an MFCS pres-
sure controller (Fluigent). Spheroids rested from 2 to 5 h to relax in the
microsystem at 37 ¥C in CO; independent medium. Before two-photon
imaging, medium supplemented with 2 g/L fluorescein isothiocyanate-Dx
(10 kDa; Sigma Aldrich) was injected to label the ICS. Medium exchange was
performed manually using large inlets (> 1 mm) during two-photon acquisi-
tion. Images were recorded at 37 ¥ C on a Nikon C1 two-photon microscope
coupled with a femtosecond laser at 780 nm with a 40 X water-immersion
objective (NA 1.10).

The chip was made by pouring PDMS elastomere and curing agent (1:10)
on a mold and cured for at least 2 h. Molds were made using the classical
photolithography technigue. Chips were bonded to glass coverslips with 30 s
oxygen plasma. Immediately after bonding, a solution of PLL-g-PEG (SuSoS)
at 1 g/L was injected and incubated for 30 min in humid atmosphere to
prevent cell surface adhesion during the experiment. The chips were washed
with dH 0, dried, and sealed with a paraffin film. They can be stored up to
1 wk and washed with PBS prior to spheroid injection.

Agarose Microwells Molding. A solution of 4% (wt/vol) agarose (Sigma
Aldrich) in distilled water was prepared by autoclaving at 120 B for 15 min.
The agarose solution was deposited on the prewarmed PDMS molds (placed

on a hot plate at 78 ¥ C for standard agarose) and covered with silanized
coverslips. Then, the mold and coverslip were removed from the hot plate

and left to jellify at reach room temperature for 10 min. PDMS molds were
removed, and the coverslips with the agarose microwells were glued to
homemade bottomless six-well plates using biocompatible Norland optical
adhesives (NOA81; Norland Products).

Molds Fabrication.  For the agarose microwells and FXm experiments, master
molds were fabricated on brass substrate with a micromilling machine
(MiniMill/3; Minitech) using a flat or ball-nose milling cutter (Dixi Poly-
tool). Height profiles and surface roughness were measured with a vertical
scanning interferometric profilometer (Brucker). The 3D mold design and
tool paths were generated using Autodesk Inventor Professional software
(Autodesk).

Molds for spheroid confinement were made with classical soft lithog-
raphy techniques. PDMS molds for agarose molding are countermolds ob-
tained from brass master molds.

Osmotic Compressions. We induced osmotic perturbations with a polysac-
charide osmolyte, Dx (6 kDa), at different concentrations (40, 80, 120,

and 160 g/L). The solutions were prepared by diluting Dx powder from
Leuconostoc mesenteroides (Sigma Aldrich) into CO > independent imag-
ing medium (DMEM supplemented with glutamax, 10% FBS, 1 x P/S, and
20 mM hydroxyethyl| piperazineethanesulfonic acid; Life Technologies). Cul-

ture medium was replaced by imaging medium for at least 10 min to
equilibrate before adding the compression solutions. For easier comparison,

the concentrations are expressed in units of solute concentrations ta [weight
percentage]. For BLS imaging, we changed the culture medium by fresh
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culture 30 min before the shock and verified that the BLS frequency shift
was not changing upon renewing culture medium.

Brillouin Spectroscopy.  BLS is an inelastic process (36) arising with creation
(Stokes process) or annihilation (anti-Stokes process) of acoustic phonons in

the medium. The resulting spectra consist of peaks shifted by frequencies tv
(the + and - signs correspond to the anti-Stokes and Stokes contributions,
respectively) relative to the frequency of the incident laser light (Fig. 2
shows a typical spectrum). The Brillouin frequency shift, v, is defined by the
following relations (37):

v = 2nu/A, [5]

where n is the refractive index, u= 1/M/p is the acoustic velocity (with M
the elastic modulus and  p the density), and A the laser wavelength (18). We
used a 532-nm single-mode continuous wave laser with a spectral line width

< 0.01 pm (Spectra-Physics Excelsior-532; 15 mW measured at the sample).

The laser is coupled to an inverted life science microscope (Nikon Eclipse
Ti2-U) to focus and collect the backscattered light with the same objective

lens (20 x , NA 0.35). We chose a lens with a low numerical aperture to avoid
broadening of the Brillouin spectrum (38). The direction of the output beam

is collected by an objective lens (4 %, NA 0.10) into a single-mode fiber (1 m,
400 to 680 nm, core diameter 3 pm) connected to a Brillouin spectrometer as
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shown in Fig. 2. The VIPA-based spectrometer (Light Machinery; Hyperfine
HF-8999-532) is based on a 3.37-mm-thick VIPA etalon (30 GHz, 500 to

600 nm) and is equipped with two double-pass air-spaced etalons to increase

the contrast to about 120 dB. The fiber is directly connected to the built-
in connector of the spectrometer. The free spectral range of the VIPA used

in our work is 30 GHz, corresponding to a sampling interval of 0.11 GHz.

To ensure perfect control of the sample, the microscope is enclosed in an
environmental chamber to maintain a constant temperature (37 ®¢) and
5% CO , level. For the BLS measurements of MCS under osmotic shocks,

we changed the culture medium at time = 0 min and then added the Dx
solutions after measurements of time = 30 min. For each condition, we
probed 20 MCS.
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