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Popular science summary of the thesis

The human body is estimated to consist of more than 30 trillion human cells of different
types, organized into a variety of tissues and organs, all with their unique properties and
specific requirements. However, tissues are not only made up of cells, there is also a non-
cellular compartment that gives support and through its composition and organization,
actually guides the behavior of the cells. This non-cellular compartment is called the
extracellular matrix (ECM) and its properties vary substantially between tissues. One
recognizable feature that differs is the stiffness of the matrix. Everyone can appreciate
that our brain is softer than our bones. Cells sense and transduce the properties of the
ECM via cell-matrix interactions and they will respond with changes in behavior if the
property of the ECM is altered, something that is frequently seen in diseases, especially

in cancer.

Cancer is not a single disease, as originally thought, but rather a group of diseases that
can occur in almost any tissue and that are characterized by uncontrolled cell growth. The
disease involves changes in the genome but also concomitant changes in the
microenvironment and the ECM, and these alterations work together to drive normal cells
progressively into malignant derivatives. ECM stiffening is an integral part of solid tumors
like breast cancer; indeed, this is why a tumor in the breast is palpable. Over the last
decade, it has become increasingly clear that this stiffness arises through changes in ECM
organization and contributes to disease progression. However, the molecular

underpinning of this phenomenon is not yet clear.

In this thesis, three out of four studies have elucidated how ECM stiffness regulates breast
cancer cells to drive them into different degrees of malignancy. We observed a shift in
breast cancer cell phenotype, from a pre-invasive ductal carcinoma in situ (DCIS)
phenotype to an invasive ductal carcinoma (IDC) stage, depending on the stiffness of the
matrix that they were cultured on. Quantification of mRNA in these two states revealed
similarities to the DCIS to IDC transition in breast cancer patients, providing validity to our
model and suggesting that ECM stiffness may be involved in driving this transition in the
clinical setting. Further, we investigated the difference in cellular protein composition
between the two stages and found that the mevalonate pathway, the target for the lipid-
lowering agents statins, was important in driving the stiffness-induced transition to an
invasive breast cancer phenotype. The pathway was also found to be upregulated in
human breast tumors compared to normal breast tissue and to correlate with the
stiffness in the tumor. Inhibition of the pathway prevented the invasive phenotype, as did
inhibition of cell-matrix interaction signaling. This suggests that statins may prevent the
transition from pre-invasive to invasive breast cancer, something that is also suggested
by epidemiological studies. However, this needs to be further investigated. We also



performed profiling of specific signaling downstream of ECM stiffness and found yet

another possible target for breast cancer therapy, the IKBKE kinase.

In addition to the specific molecular insights described above, the work presented in this
thesis has also generated several large data sets. These can be further explored, by us or
other scientists, to find novel targets for preventing the pre-invasive to invasive transition

in breast cancer and thereby hopefully improve breast cancer survival.



Abstract

The development and homeostasis of a multicellular organism require fundamental
biological processes like cell proliferation, cell differentiation, cell migration, and controlled
cell death. The extracellular matrix (ECM) guides many of these functions, via cell-matrix
interactions that function as mechanical and biochemical signaling hubs. Changes in the
ECM composition or organization may impact cellular behavior, both in health and

disease.

In this thesis, | have explored the effects of cell-extracellular matrix interactions on cellular
processes, with a special focus on elucidating the molecular underpinnings of how

extracellular matrix stiffening regulates breast cancer cell phenotypes.

In study |, we identified and characterized a new class of integrin-containing adhesion
complex that we named “reticular adhesions” (RAs). They were formed by integrin aVB5
in the absence of classical adhesion components like talin-1, vinculin, and F-actin. Unlike
classical adhesions, they persisted throughout cell division during which they provided
ECM anchoring necessary for efficient division and spatial memory transmission between
cell generations. The characterization of reticular adhesions thus provided a solution to

the long-standing question of mitotic cell-ECM attachment.

Studies Il I, and IV, all investigated the effect of ECM stiffness on breast cancer cells.
The ECM stiffness increases with breast cancer progression and the stiffening is known
to drive breast cancer cell proliferation and invasion. However, the molecular details of
this phenomenon are not yet fully understood. In study Il, we confirmed a stiffness-
induced phenotypic switch in the high-grade breast carcinoma cell line, MCFIOCAT1a, with
a ductal carcinoma in situ (DCIS) phenotype on a stiffness mimicking normal breast tissue
stiffness, and an invasive ductal carcinoma (IDC) phenotype on a slightly higher stiffness,
resembling breast tumor stiffness. Transcriptomic profiling of these two cellular states
revealed only minor differences. Still, the stiffness-driven shift in mRNA resembled the
changes differing IDC lesions from co-occurring DCIS lesions in patients, suggesting that
stiffness may contribute to this transition and that hampering the mechanosignaling
could prevent the progression of pre-invasive to invasive breast cancer. In study lll, we
used the same model as in study I, and quantitative mass spectrometry to compare the
proteome of the two stiffness-dependent cellular states. The differences were much
larger at the protein level, implying a previously underappreciated post-transcriptional
regulation of many genes as a result of mechanical signaling. Among the stiffness-
regulated genes, we found an enrichment of mevalonate pathway enzymes and confirmed
the importance of this metabolic pathway for the stiffness-induced malignant phenotype.
One of these enzymes, Hydroxymethylglutaryl-CoA Synthase (HMGCST1), was upregulated
in human breast tumor tissue compared to normal breast tissue, and the level of
expression was correlated to the collagen organization, suggesting a stiffness-dependent



regulation also in patients. Further, the synthesis rate of HMGCS1 depended on integrin
and Racl signaling and the expression of a constitutively active Racl mutant could mimic
matrix stiffening and promote HMGCSI protein levels as well as a malignant phenotype on
low stiffness. In study IV, we explored yet another level of regulation in our model when
we used peptide chip arrays to profile the kinase activity in the two cellular states. The
combination of the kinome profiling with a small siRNA-based screen allowed us to define
the inhibitor of nuclear factor kappa-B kinase subunit epsilon, IKBKE, as a
mechanosensitive kinase important for the maintenance of the stiffness-induced

phenotype.

Thus, this thesis provides novel molecular insight into the regulation of cell-matrix
interactions in cellular fate, especially on how mechanical properties of the ECM can

induce breast cancer stage switching.
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Preface

All cells sense, transduce, integrate, and respond to cues from their microenvironment.
Cell-matrix interactions, i.e, the interaction between a cell and its non-cellular structural
matrix, is crucial for virtually all biological processes that make up multicellular life.

Moreover, when the balance in this interaction is disrupted, it can contribute to disease.

What you hold in your hand is my small contribution to the ever-growing body of
knowledge on cell-matrix interactions and how they regulate cells in health and disease,
particularly how they regulate breast cancer cell phenotypes. Once you have finished
reading this thesis, the literature review as well as the description of my own work, | hope

you will agree that cell-matrix interactions really are master regulators of cell fate.

If you are a biological scientist yourself, you know that only a small fraction of the
experiments and hard work that we put in reach the form of a publication. If you hold a
different profession, | will tell you that biological research is rarely as straightforward as it
may seem when you read a nicely packaged news flash. Many hypotheses that we explore
turn out to be wrong or too difficult to prove and experiments frequently fail, but we learn
from every mistake and the excitement that we feel when we can add a new piece to the
puzzle is priceless. As Winston Churchill once said, on a completely different and much
more serious matter, “Success is not final, failure is not fatal: It is the courage to continue

that counts”.

I hope you will enjoy reading this thesis!






1 Literature review

1.1 Multicellular organisms

The human body is estimated to consist of more than 30 trillion human cells (1) of different
types, organized into a variety of tissues and organs, all with their unique properties and
specific requirements. As all cells in a multicellular organism originate from a single
fertilized egg cell and therefore have virtually the same DNA, this diversity is achieved
through the regulation of gene expression, i.e., through switching on and off different
genes. The development and homeostasis of a multicellular organism require fundamental
biological processes like cell proliferation, cell differentiation, cell migration, and controlled
cell death, all executed by specific patterns of gene expression, to occur in the correct
space and at the right time (2-4). For this to happen correctly, cells need to integrate
biochemical and biophysical cues from within the cell as well as from the outside
environment (3, 4). Indeed, cells have mechanisms to sense both their neighboring cells
and the extracellular matrix (ECM) in their local environment and alterations in the
adhesion to both of these entities guide the cellular processes needed for proper
morphogenesis and homeostasis of tissues (2, 5). The very important role of cell-cell

interactions will not be further discussed here but has been nicely reviewed (6-8).

1.2 The extracellular matrix

The discovery of the extracellular matrix (ECM) preceded the discovery of cells and in the
early days, before 1850, the fibers of the connective tissue were actually thought to
generate spontaneously and to be the basis of life (9). When this hypothesis was
disproven, the matrix was instead considered unreactive, passive, and purely structural
for many years (9). However, in the last decades, numerous discoveries have overturned
this view and shown how the interaction between cells and this non-cellular structure is
vital for cell fate determination, differentiation, proliferation, survival, polarity, and

migration of cells, i.e., for multicellular life (10).

The ECM is composed of water, proteins, and polysaccharides and is present in all tissues.
The polysaccharides, i.e., glycosaminoglycans and proteoglycans, form a hydrated and
porous structure in which the fibrous and adhesive proteins are embedded (11).
Components of the ECM are produced and re-modeled by cells residing in the matrix and
the physical, topological, and biochemical composition of the ECM varies between tissues
and is even heterogenous within the same tissue (12). Further, the dynamic synthesis,
modification, and degradation of ECM components alters the properties of the same
tissue over time (13). There are nearly 30 different collagen types and almost as many

proteoglycans that reside in the ECM, and matrix glycoproteins, like laminins and



fibronectin, also show large isoform diversity (14). The ECM components are structurally
very different, and their strict organization determines the bioactivity of the ECM. Hence,
even a single amino acid substitution in just one of the ECM components can result in
alterations in the biochemical and physical properties of a tissue, which in turn result in
changed cellular phenotypes and tissue malfunction (14). This is exemplified by congenital
diseases like osteogenesis imperfecta, caused by a mutation in the collagen type | gene,
or Alport syndrome, caused by mutations in the collagen type IV gene, which are
associated with low bone density (15) and kidney malfunction (16), respectively. An
imbalance in ECM production, degradation, and remodeling also results in disease, such
as fibrosis (17), and contributes to cancer progression (18-20), as discussed in more detail

below.

There are two basic forms of ECM, the interstitial ECM and basement membrane (BM) (21).
The interstitial ECM is the three-dimensional lattice that surrounds the cells, as described
above. BMs are specialized ECMs that line the basal side of endothelial and epithelial cells
and separate them from and connect them to the interstitial ECM (22). The core structural
constituents of BMs are laminins, collagen type IV, nidogens, perlecan, and agrin, and
normal tissue development and function are dependent on the formation of this
basement membrane (22, 23). The BM is connected to the endothelial or epithelial cell

layer mainly via laminin binding to cell adhesion receptors (24).

In addition to the large and highly abundant structural components, the ECM also contains
smaller secreted factors present in much lower abundance (25). For example, the ECM
act as a storage site for growth factors and cytokines (26) and binding to ECM
components protects these factors from degradation and helps to form gradients that
direct cell migration (27). In some cases, the ECM is involved in the direct presentation of
growth factors to their receptors in a way that affects activation (28, 29). Moreover, the
relationship between ECM and growth factors is reciprocal and growth factors can alter
ECM composition. TGF-B1 for instance, can regulate the production of multiple ECM
components and further influence ECM structure by inhibiting the production of
proteases (30). ECM-modifying enzymes, like lysyl oxidases (LOXs), matrix
metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs), are also
localized to the ECM. These enzymes have counteracting functions and changing the
balance between their respective activities can profoundly alter the properties of the
ECM (13).

121 ECM elasticity

The very large structural proteins of the ECM undergo extensive post-translational
modifications and assemble into higher-order molecular structures via different bonds

and covalent crosslinks (25). The degree of higher-order structures results in different



physical properties, for example different elasticity (or rigidity). Rigidity, measured in
pascal (Pa), is defined as a material's ability to undergo non-permanent deformation and
different tissues of our body show a wide range of rigidities [Figure 1] (31). A soft material,
like neuronal tissue, requires low stresses to deform whereas stiffer material, like bone,
needs greater stress to deform. The mechanical properties of the tissue have profound
effects on cellular fate and naive mesenchymal stem cells even specify lineage depending
on the stiffness of their substrate (32). How mechanical signaling regulates cell fate will be

discussed in more detail in later sections.

Fluid, blood Endothelial Smooth Skeletal Plastic/
or mucus Lung Breast tissue Stromal tissue muscle muscle glass
: D \ N \\‘

Neural Cartilage Bone

50 200 400 800 1200 2000 3000 5000 12,000 20,000 2-4 GPa
Elastic modulus (Pa)

Increasing stiffness

Figure 1. Stiffness variation in human tissues. The different tissues in the human body span a wide
range of rigidities, from very soft neuronal tissues to stiff bone tissue.

From Cox and Erler, 2011 (31)

1.3 Cell-extracellular matrix interactions

A cell-matrix interaction is mediated via cell surface receptors, each interacting with
specific ligands of the ECM. Adhesion receptors, divided into different families, are integral
membrane proteins with an extracellular, a transmembrane, and a cytosolic region. In
humans, integrins are the major class of ECM receptors and the family consists of 24
heterodimers formed from combinations of 18 o and 8 B subunits, each with a specific but
somewhat overlapping ligand binding specificity [Figure 2] (33). The integrin diversity also
includes a differential capacity to recruit cytoplasmic molecular interactors and to

connect with the cytoskeleton (34).
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Figure 2. Representation of the integrin family of adhesion receptors. The integrin family

consists of 24 heterodimers capable of binding different ECM ligands.

From Barczyk et al., 2010 (33)

The binding of a ligand to the extracellular portion of integrins results in a structural
rearrangement which leads to a rapid assembly of many proteins to the intracellular part
of the receptor, which then dynamically, through force generated molecular unfolding,
connect the receptor to the cell's cytoskeleton and downstream signaling [Figure 3] (35,
36). This outside-in signaling allows the cell to sense and transmit signals from the
environment to the cell interior. Conversely, the affinity and clustering of integrins can be
regulated by signals from within the cell, in a process referred to as inside-out signaling
(87). This activation involves the binding of talin to the cytoplasmic tail of the integrin B-
subunit that induces a conformation change in the extracellular domain which results in
activation [Figure 3]. The integrin signaling is therefore bidirectional and reciprocal in
nature and the multimolecular complex, formed upon ligand binding and connected to
the actin cytoskeleton, functions as a biochemical and mechanical signaling hub that
detect, coordinate, transmit, adapt to, and generate signals that regulate a multitude of
cellular functions (38). This is because the maturation of the multimolecular complex
involves the recruitment of proteins that physically link the integrin to actin, like talin and
vinculin, but also signaling molecules, like focal adhesion kinase (FAK), extracellular signal-
regulated kinase (ERK), proto-oncogene tyrosine kinase Src (c-Src) and Rho family
GTPases (39).



Outside-in signals

Inactive/bent — Active/extended Clustered, ECM-engaged
conformation e conformation integrins
—— e

Mechanical
force

<+ <+» a B
~ Inactivators ﬁ\ R \%\
 talin =
Inactive @ i

talin h
recruitment

= . .
oy Inside-out signals

Figure 3. The steps of integrin activation. Activation of integrins involves a progressive and force-
dependent conformational change that leads to the clustering and assembly of an intracellular
multicomponent complex connected to the actin cytoskeleton and promoting downstream

signaling.
From Chastney et al, 2021(36). Reprinted with permission from Elsevier.

Moreover, the reciprocal nature of the cell-matrix interaction allows cells to re-organize
the ECM. The tension that is exerted by cells, frequently by fibroblasts, leads to the
organization of collagen fibrils into sheets and cables, which influence the alignment and
tensile strength of the matrix (12). Also, binding of the fibrous ECM protein, fibronectin, to
specific adhesion receptors induces polymerization into fibrillar networks (40) and
cellular traction forces can stretch fibronectin many times over its resting length, leading

to exposure of cryptic binding sites (41).

1.3.1 Integrin adhesion complex subtypes

Integrin adhesion complexes (IACs) can be divided into different subtypes depending on
morphology and composition and their special function (36). It should be noted that most
of our understanding of IACs, and hence the subtype classification, come from in vitro
studies on rigid two-dimensional (2D) substrates. Strong evidence is emerging for the
existence and importance of integrin adhesions both in 3D and in vivo, however, they are
frequently small, heterogenous, and short-lived making them difficult to visualize and
characterize (42-45). The value of bringing studies on IACs into a more physiologically
relevant context was recently emphasized in a study of focal adhesions during single cell
migration in a zebrafish model (46). Xue et al. showed that reduced in vivo
phosphorylation of one core adhesion protein, paxillin, resulted in increased focal
adhesion disassembly rate and increased cell migration, the opposite of what has been

reported in vitro (47).



1.3.11  Canonical integrin adhesion complexes

Some of the canonical IACs subtypes represent different maturation states and include
focal points or nascent adhesions, focal complexes, focal adhesions, and fibrillar
adhesions (34). The maturation of these canonical IACs can be observed in cells adhering
and spreading on substrates and in migratory cells where adhesion complexes constantly
assemble, mature, and disassemble to allow movement of the cell body (38). Both
nascent and more mature |IACs are actin-linked structures, and the componentry is
relatively similar. A “core integrin adhesome” of around 60 proteins has been defined
through the comparison of multiple proteomic studies of IACs in various cell types (48).
The recruitment of components and maturation of canonical IACs is dependent on

actomyosin contractility (48, 49).

Some cells exhibit more specialized integrin adhesion structures, like podosomes or
invadopodia (50). These structures localize matrix-degrading activity to cell-matrix
contact points to allow for the proteolytic invasion of cells (51). These IACs are also linked

to the actin cytoskeleton, but they don't share the same core adhesome (48).

13.12  Atypical integrin adhesion complexes

Unlike actin and talin-dependent canonical IACs, integrins also function in a number of
atypical adhesion types. These include integrin avB5 containing clathrin plaques or
reticular adhesions (RAs) (52, 53). In a study included in this thesis (study I), we identified
and characterized this class of avp5 mediated adhesions, formed independently of talin
and actin and lacking almost all core adhesome components (52). The structure was
shown to provide necessary ECM anchoring for efficient cell division and was present in
a variety of normal cells and cancer cells in 2D cultures. An equivalent structure was
characterized in a contemporaneous study in the clathrin plaque field (53). These
structures formed as a result of increased substrate rigidity but independent of cell

contractility, as their formation was insensitive to the Myosin Il inhibitor Blebbistatin.

Hemidesmosomes is another specialized adhesion structure that facilitates the adhesion
of basal epithelial cells to the basement membrane. They form specifically through a6p4
integrin binding to laminin, are linked to the intermediate filament system, and provide

mechanical strength to epithelial monolayers (54).

1.4 Mechanotransduction

Through cell-matrix interactions, like IACs, cells are able to sense, integrate, and transmit

stimuli from the extracellular environment into the cell, as discussed in previous sections.



One feature that is sensed and transmitted and subsequently elicits diverse effects on
cellular processes, is the mechanical properties, e.g., the stiffness, of the matrix. This
process, in which mechanical cues are converted to a biological response via the
activation of signaling pathways and transcriptional regulation, is referred to as
mechanotransduction (55, 56). Mechanical forces act on different scales, ranging from
subcellular, to cellular and up to whole tissue level. For example, during embryogenesis,
changes in membrane tension direct the transition from naive to primed pluripotency at
the cellular level but forces are also driving the larger-scale cellular rearrangements
required for proper development of the embryo (57). Integrin-mediated adhesions are
critical in mechanotransduction as they are intrinsically mechanosensitive and positioned
to transduce forces both through the connection with the actin cytoskeleton and
conversion into chemical signals via force-dependent interaction and modulation of
enzymatic activity (58-60).

Other mechanochemical transducing molecules include stress-sensitive ion channels in
the plasma membrane that either increase or decrease ion flux as a result of mechanical
stress (61), and force-dependent receptors for biochemical ligands, like notch (62) and
plexin (63). These molecules play crucial roles in the physiology of mechanotransduction

but will not be further discussed here.

1.4.1 Integrin-mediated mechanotransduction

The initial interaction between integrins and ECM is independent of force (64) but from
then onwards the formation of IACs and the resulting signaling is force dependent. The
mechanical properties of the matrix affect integrins in multiple ways. It affects integrin
ligand binding kinetics; conformation and activation; clustering and diffusion; and
trafficking and subcellular localization (65). The maturation of nascent adhesions into
larger focal adhesions is force-dependent (64, 66) and the necessary process of talin
unfolding and subsequent vinculin binding to both talin and actin requires a rigid ECM,
above a few kilopascals (67). How much force reaches talin is dependent on the integrin-
ECM bond kinetics and interestingly, different integrin heterodimers are differentially
regulated by force (68-71). This means that integrin-mediated mechanotransduction is
influenced by integrin expression patterns as well as by the ECM composition. For
example, the adaptation of breast myoepithelial cells to matrix rigidity is determined by
a differential expression of 051 and avB6 where different binding kinetics of the two
isoforms to fibronectin explain differences in force generation and actin flow (72).
Switching between the two heterodimers allows the cells to optimize the traction force

to the stiffness of healthy or malignant tissue, respectively.

The cellular shape and mechanical stability are governed by the cytoskeleton which is
built up of three major filamentous components: actin microfilaments, microtubules, and

intermediate filaments (73), and both extracellular and cell-generated forces are



propagated through regulation of the cytoskeletal tension (74). Alongside the force-
dependent strengthening of ECM-integrin bonds and adhesion complex maturation, the
cytoskeleton is also stiffening in proportion to the applied force (75, 76). The actin
filament system contributes the most to cell tension, but the initial force transmission
from IACs to actin is transduced among all three filament systems as they are
interconnected, and all filament types can undergo remodeling as individual monomers
are added or removed (75). This intricate lattice of filaments responds to applied force as
a single integrated unit and in a dynamic fashion. In this integrated system, a tensile
prestress is generated and maintained by actomyosin filaments and balanced by
microtubules and the ECM-connected IACs (73). The cellular response to mechanical
stress depends on the global structural alterations in the cell's cytoskeleton. In fact, many
enzymes and substrates involved in metabolism, signal transduction, and protein
synthesis are immobilized within the cytoskeleton and the physical state of this network
facilitates the integration of mechanical and biochemical signals at the whole cell level
(77). Further, all three filament systems converge on the nucleus where they connect to
proteins in the linker of nucleoskeleton and cytoskeleton (LINC) complex (78, 79) and
cytoskeletal forces determine nuclear geometry, chromatin organization, and gene
expression (80, 81).

We will now take a closer look at how mechanical signaling affects the process of cell fate

determination.

1.5 Cell fate determination

The generation of cellular diversity during development involves step-wise transitions to
generate diverging cellular states ultimately leading to specific functional cell types (82).
The specification of cell fate is determined through the interplay between extracellular
signals from the local environment and intracellular, cell-autonomous signals (82, 83). The
importance of mechanical forces in large-scale tissue patterning during development is
well recognized and the understanding of how these forces control specific cell fate

decisions during development is increasing (84, 85).

In 1957, the developmental biologist Conrad Waddington pictured the process of
development and cell specification in his famous landscape metaphor, as a ball rolling
down from the mountain through a landscape of watersheds and branching valleys
[Figure 4] (86). At each watershed, the ball (the cell) must decide between two paths,

leading to two different valleys (cell states).
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Figure 4. Waddington’s landscape of cell fate determination.

From Waddington, 1957 (86)

In this view, the regulation of cell fate is based on the selection between pre-existing and
more stable states. The formation of these attractor states depends on the constraints
imposed by the regulatory interactions in the signaling network and to switch a
phenotype would require alterations of multiple network elements at the same time, a
capability inherent in the cytoskeletal structure (77). The existence of attractor states in
cellular gene regulatory networks has been suggested by strongly convergent patterns of
gene expression following genetic mutations and diverse chemical perturbations (87-89)
Interestingly, even though the theoretical points of interaction within the actin
cytoskeleton are nearly infinite, the available states of actin organization are limited,

supporting phenotypic attractor states also for the cytoskeleton (90).

Force and mechanical signaling are vital for stem cell fate both in vivo and in vitro. Indeed,
knockout of force-generating non-muscle myosin IIA blocks the first stages of cell
differentiation in embryogenesis (91) and naive mesenchymal stem cell differentiate into
different lineages depending on the stiffness of their culture substrate (32). Mouse
embryonic stem cells are very soft and when cultured on soft substrates, mimicking the
intrinsic stiffness, they do not differentiate even in the absence of self-renewal promoting
factor LIF (92). Interestingly, unlike mesenchymal stem cells and differentiated cells,
mouse embryonic stem cells do not stiffen with increased substrate stiffness even
though they increase their basal traction force, suggesting decoupling between the apical
stiffness and the basal traction in these cells (93). The lower amounts of filamentous actin
(F-actin) detected in these cells compared to more differentiated cells, may prevent the
propagation of force to the apical surface. The application of an external force at the
apical surface via integrins rescued the traction force to cell stiffness coupling, and
induced cell spreading and cell differentiation (94). Further, reprogramming of somatic
cells into pluripotent cells using the Yamanaka transcription factors (95) require changes

in actomyosin contractility, as failure to induce such changes blocks the transition (96,



97). These examples nicely emphasize the intricate relationship between external force,

cytoskeleton reorganization, and cell fate.

Force-sensitive transcription factors or transcription factor co-regulators also play a role
in the mechanical regulation of cell fate in physiology and disease. For example, the
YAP/TAZ transcriptional co-regulators translocate from the cytoplasm to the nucleus in
response to increased matrix stiffness or cell shape changes (98, 99). TWIST1 is another
example of a transcription factor regulated by mechanical cues. This factor is involved in

epithelial to mesenchymal transition (100), as will be discussed below.

1.6 Cellular plasticity

Once a multicellular organism is developed, stability of cellular identity is essential for
normal tissue function and is achieved through epigenetic regulation of gene expression
(101). Still, dedifferentiation (the reversion of differentiated cells to a more stem cell-like
state) and trans-differentiation (the conversion from one specialized state to another) do
happen both in vitro and in vivo in response to either intrinsic cellular changes or changes
in the microenvironment and contribute to tissue homeostasis and regeneration (102).
When trans-differentiation occurs at the level of an entire tissue, often as a result of
chronic damage, the transformation is referred to as metaplasia, a phenomenon

associated with a predisposition to cancer (103).

1.7 Cancer

One of the earliest descriptions of cancer dates back to an ancient Egyptian textbook on
trauma surgery from around 3000 BC (104). It describes eight cases of tumors of the
breast and states that the disease has no treatment (105). Thankfully, our understanding
of the disease and how we can treat it have increased dramatically since those early days.
Still, the cancer burden continues to grow globally with around 19 million cases and almost
10 million deaths reported worldwide in 2020 (106). Breast cancer is the most diagnosed
cancer whereas lung cancer is the leading cause of cancer deaths. Huge efforts are being
made to improve the prevention, detection, and treatment of cancer to reduce the

burden on individuals as well as society.

Cancer is not a single disease, as originally thought, but rather a group of diseases that
can occur in almost any tissue and are characterized by uncontrolled cell growth (107).
The diseases involve changes in the genome in a multistep process that drives normal
cells progressively into malignant derivatives with limitless replicative potential (108). In
later years, we have become increasingly aware that tumors consist of more than

proliferating cancer cells. In fact, tumors are complex tissues composed of many different
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cell types that interact with each other and with the non-cellular ECM compartment (109).
Moreover, the microenvironment plays an active role in tumor progression, both in the

primary tumor and in metastasis (109, 110).

Interestingly, exome sequencing of triple negative breast cancers has revealed frequent
mutations in genes coding for ECM components (laminins and collagens), integrin
receptors, and proteins involved in actin cytoskeleton dynamics (111). The enrichment of
cytoskeletal functions among somatic aberrations in triple negative breast cancer was
also evident from the copy number and alternative splicing landscapes. Moreover, a
recent network-based analysis across large cancer data sets to detect driver genes with
individually sparse mutation patterns, also indicated the importance of mutations in
collagen, laminin, and integrin genes (112). These studies suggest that alterations in cell-

matrix signaling are very important in cancer initiation and/or progression.

1.7.1  Cancer cell plasticity

The malignant process involves the loss of cell identity and function. During cancer
progression, genetic, epigenetic, and microenvironmental changes lead to molecular and
phenotypic alterations that contribute to tumor heterogeneity and therapy resistance
(103). Cell plasticity can be defined as the ability to transit between different cellular
states or phenotypes without changing the genotype and may arise through the adoption
of a more stem-like state (113). Cancer stem cells (CSCs) are a unique subpopulation of
cancer cells capable of driving tumor initiation, progression, and drug resistance (114). The
plasticity of this subpopulation, as well as the conversion of non-CSCs to CSC-like
phenotypes, is believed to be regulated, at least in part, by the tumor microenvironment
(115-117). Further, evidence for the specific importance of matrix stiffness in promoting a
CSC-like phenotype is emerging in several cancer types (118-120), with an optimum

stiffness depending on the tissue of origin (120).

A more specific example of cellular plasticity in cancer exists in pancreatic ductal
adenocarcinoma (PDAC) where most lesions originate from pancreatic intraepithelial
neoplasias (PanINs). The PanIN cells resemble ductal cells but actually originate from
acinar cells that have dedifferentiated into a duct-like metaplastic state via Notch/KRAS
signaling (121). Notably and as previously mentioned, Notch activation is mechanosensitive
and the regulation of Notch signaling is integral to the cellular response to mechanical
cues (62).

In addition, cancer cells show amazing plasticity in their invasive and metastatic cell

migration, an adaptive process influenced by the surrounding ECM structure (122).

1.7.11  Epithelial to mesenchymal plasticity

One of the best described examples of cell plasticity is the epithelial to mesenchymal
transition (EMT). This is a dynamic process, critical during embryonic development, and

13



aberrantly activated during cancer progression (123). EMT allows polarized epithelial cells
to gain mesenchymal cell traits like enhanced migratory and invasive capacity, apoptosis
resistance, and increased production of ECM components (123). A link between EMT and
stemness has also been described, as transduction of EMT transcription factors into
mammary epithelial cells led, as expected, to mesenchymal morphology, but also an
increase in stemness properties (124-126). The process of EMT is believed to occur across
a continuum and transcriptional profiling demonstrated how cells can shift along the EMT
to MET (mesenchymal to epithelial transition) spectrum (127). Further, cells with a hybrid
phenotype, expressing both epithelial and mesenchymal markers appear to have
increased metastatic potential (128, 129). The signaling pathways involved in EMT are
numerous, including TGF-B, Wnt-B-catenin, Hedgehog, and Notch and the tumor
microenvironment plays a role in inducing these signaling and EMT in cancer cells (130).
Matrix stiffness has been implicated also in EMT induction, e.g., via B-catenin and YAP/TAZ
signaling (131), through TWIST1-G3BP2 signaling (100), and via a combination of integrin-
mediated AIOOATl membrane translocation, elFAE phosphorylation and TGF-B1 autocrine
signaling (132). Mesenchymal cells can further acquire amoeboid characteristics as part
of the EMT continuum (133), a cell state that can be triggered by Racl inhibition (134),
calpain-2 mediated talin-1 cleavage (135), or via increased cortical contractility in
confined environments (136). EMT, and other means of gaining plasticity, will ultimately
increase a cell's ability to survive and thrive in different environments, such as the diverse

conditions experienced during the metastatic journey and therapeutic interventions (113).

1.7.2 Hallmarks of cancer

Hanahan and Weinberg presented, in two conceptual landmark articles published a
decade apart, a list of traits or alterations in physiology, common to most, if not all human
tumors (108,137). The first article listed six common capabilities required for tumor growth
and invasion: sustaining proliferative signaling; evading growth suppressors; resisting cell
death; enabling replicative immortality; inducing angiogenesis; and activating invasion and
metastasis (108). Already in the first publication, the importance of the microenvironment
for the development and expression of certain hallmark capabilities was appreciated and
this was further elaborated in the 2011 publication when four more common traits were
added. These included two emerging hallmarks: evading of immune response and
interfering with cellular energetics and two enabling characteristics: genome instability
and tumor-promoting inflammation (137). Enabling characteristics were features that
provided means by which cancer cells could acquire the core hallmarks. In a follow-up
publication in 2022, Hanahan considered the two emerging hallmarks sufficiently
validated to be considered part of the core set, and further presented phenotypic
plasticity, non-mutational epigenetic reprogramming, polymorphic microbiomes, and
senescent cells as prospective hallmarks and enabling parameters [Figure 5] (138). This
publication further emphasized the importance of the microenvironment and
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acknowledged the importance of mechanical signaling from the ECM in regulating the

phenotypic characteristics of cancer cells.
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Figure 5. The hallmarks of cancer. Schematics of the common cancer hallmarks and enabling
characteristics of all tumors as presented by Hanahan and Weinberg in 201 (left), and the

prospective new tumor capabilities presented by Hanahan in 2022 (right).

From Douglas Hanahan, 2022 (138). Reprinted with permission from American Association for Cancer
Research.

As the core hallmarks, that at first glance appear to be inherent features of the cancer cell
itself, e.g., proliferation, invasion, and apoptosis evasion, are under the influence of
biophysical and biochemical cues from the extracellular matrix, a need for an intimate
understanding of the reciprocal interplay between the ECM, the tumor cells, and the
tumor-associated cellular stroma, is required for successful prevention and treatment

(18).

1.7.3 Breast cancer

In 2020, when it surpassed lung cancer, breast cancer became the most diagnosed type
of cancer worldwide with 2.3 million new cases and 685,000 deaths from this disease in
that particular year (106). Just like cancer as a whole, our understanding of the biology
and treatment options for breast cancer is steadily increasing. Breast cancer is a highly
heterogenous disease divided into different molecular subtypes according to the
expression of hormone and growth factor receptors and these diverse subtypes have
different treatment options and prognoses (139-141).



1.7.3.1  Molecular subtypes of breast cancer

The original division of breast cancer into three major classes was based only on the
expression of the estrogen receptor (ER), the progesterone receptor (PR), and the human
epidermal growth factor 2 (ERBB2/HER2). Hormone receptor positive breast cancers are
the largest group and constitute around 70% of cases. Whereas HER2 positive cancers
and triple negative cancers (tumors lacking all three markers) constitute around 15% each
(141). At the beginning of the 21t century, the introduction of microarray-based gene
expression profiling led to a refined classification of breast cancer into five molecular
subtypes: luminal A, luminal B, HER-2, triple negative/basal, and normal like, based on the
expression of 50 genes (PAM50) (142, 143). An integrated copy number and gene
expression analysis has suggested even more refined subgroups (144), however, these are
not widely implemented. It should be noted that the identification of the five subtypes
was based on gene expression profiling of primary tumors containing not only cancer cells
but all other cell types present in the stroma, e.g., immune cells and fibroblasts, and the
contribution of these cell types to the subtype classification is not clear (139). Yet, the
molecular subtypes are linked to response to treatment and metastatic patterns and this

classification is therefore useful in guiding therapy decisions (145, 146).

Following surgical resection of the primary tumor, different subtypes have slightly
different treatment options. The Hormone receptor (ER and PR) positive, luminal tumors,
benefit from systemic anti-estrogen therapy that blocks the effect of hormones
(tamoxifen) or lower the hormone levels (aromatase inhibitors) and may also benefit from
chemotherapy (147). HER2 positive tumors (ER and PR negative) can be treated with
targeted therapy aimed at blocking the signaling from the receptor, ie, anti-HER2
monoclonal antibodies or similar, either alone or in combination with standard
chemotherapy (147). Among the different subtypes, triple negative breast cancer has the
fewest therapeutic options and is most frequently treated with standard chemotherapy,
sometimes in combination with a monoclonal antibody against the vascular endothelial
growth factor (VEGF) (147). Immunotherapy based on PD-1/PD-L1 immune checkpoint

inhibitors is a novel therapeutic option approved for triple negative breast cancer (148).

1.7.3.2 Breast cancer stages

Breast cancer, irrespective of subtype, is divided into five different stages depending on
the spread of the disease where stage O is a tumor confined within the ducts of the breast
(ductal carcinoma in situ, DCIS) and stage IV denotes distant metastatic disease (141). As
for different subtypes, the treatment options and prognosis naturally differ between
these stages, and the 5-year breast cancer specific survival for stage | (local invasion only)
is between 85% and 99% (depending on molecular subtype) whereas stage IV breast
cancers show a median overall survival of 5 years or less (141). The introduction of
mammographic screening has led to a marked increase in detected DCIS cases, a pre-

invasive stage that, in some cases will progress to invasive breast cancer (149). DCIS
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lesions differ in histology, progression, and molecular features (150, 151) but we cannot yet
distinguish between the DCIS lesions that will progress and the indolent ones, and
therefore all are treated with surgery and radiation, and sometimes hormonal therapy
(152). Evidence from autopsies, missed diagnoses, and current retrospective reviews of
DCIS, support a concept of DCIS as indolent in the majority of cases and hence an

overtreatment of patients (152, 153).

1.7.3.3 Extracellular matrix in breast cancer

Breast ducts and lobules consist of a bilayer of inner luminal epithelial cells and outer
myoepithelial cells. The ECM is made up of the basement membrane (BM) that surrounds
the myoepithelial cells, and the interstitial ECM that surrounds the cells and the BM (154).
During breast cancer progression, the composition and hence the mechanical and
biochemical properties of the ECM are significantly altered and this contributes to
disease [Figure 6] (155-157).
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Tenascin and

ECM stiffness. A
TColligen WV and Laminin (BM)
Fibronectin
Adhesion-based mechanosignaling|

=7 Myoepithelial cell with BM en top @® Immune cell
[ Epithelial cell ® Cancer-associated immune cell
= Fibroblast l Invading tumor cell
=== Cancer-associated fibroblast (CAFs) ECM fibril
— Aligned ECM fibril

Figure 6. ECM alterations in breast cancer progression. In the normal gland, a hollow lumen is
surrounded by the bilayer of inner luminal epithelial cells and outer myoepithelial cells which are
encased by the basement membrane. Randomly organized fibrillar collagen makes up the majority
of the interstitial ECM that also hosts fibroblasts and immune cells. During DCIS, the unregulated
proliferation of the epithelial cells leads to infiltration of the central lumen and at the same time,
the ECM fibrils are cross-linked and organized parallel to the tumor boundary. Stromal composition
is altered, and cancer-associated fibroblasts and immune cells are present. At the invasive ductal
carcinoma (IDC) stage the lumen is filled, and the ECM fibrils undergo further crosslinking and re-

organization with fibers orienting perpendicular to the tumor border.

From Kaushik et al, 2017 (155). Reprinted with permission from Springer Nature



The increased organization of interstitial collagen changes the normally highly compliant
ECM to a stiffer environment (158) and pre-clinical studies have shown that this stiffening
drives malignancy through increased integrin-mediated mechanosignaling (159, 160). The
importance of the ECM context for mammary epithelial cell behavior is further
accentuated by the fact that metastatic breast cancer cells normalize and incorporate
into ductal structures with proper function when subjected to normal murine mammary

epithelial cells and a normal fat pad in the mouse (161).

The pre-clinical evidence for an active role of ECM in breast cancer progression is
supported by clinical findings. For example, the simple tumor-stroma ratio (TSR), i.e, the
proportion of tumor-related stroma within a malignancy, correlates to prognosis within
different breast cancer subtypes, with inferior outcome in stroma-high tumors (162-166).
More sophisticated gene expression analysis in isolated tumor stroma can also predict
clinical outcome (167). Further, the prognostic value of collagen alignment has been
indicated in breast carcinoma regardless of tumor grade (168) and the specific collagen
organization around DCIS lesions is associated with recurrence risk (169). Interestingly, the
different molecular subtypes show differences in ECM composition and rigidity with HER2
positive and triple negative subtypes showing higher collagen deposition and matrix
stiffness compared to the luminal subtypes (170). In addition to the inter-tumor
differences in ECM composition, there is also a significant intra-tumor heterogeneity
where the organization of collagen, and hence the stiffness as well as the resulting
mechanosignaling, is highest at the invasive front of tumors (170). Further, the increased
stiffness correlates with infiltration of tumor promoting macrophages and with higher

TGF-B signaling in the cancer cells (170).

1.8 The Mevalonate pathway

The mevalonate pathway (MVP) is a metabolic pathway that uses acetyl-CoA, NADPH,
and ATP to generate many important end-products like cholesterol, isoprenoids, dolichol,
vitamin D, ubiquinone, and isopenthyladenine (171). MVP is the target for the widely
prescribed lipid-lowering agents, statins, which blocks cholesterol synthesis by inhibiting
the enzyme 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) (172). Given the
multitude of products that are synthesized from this pathway, it is not surprising that
statins have pleiotropic effects that play a role in human pathologies (172, 173). Many of
the metabolites are in high demand in cancer cells and the pathway, and its inhibition by
statins has gained a lot of interest in the cancer research field (174-177). Cholesterol is
needed for most cellular membranes and is also the precursor for steroid hormones that
are involved in breast and prostate carcinoma initiation and progression (174, 178).
Farnesyl-diphosphate (FPP) and geranylgeranyl-diphosphate (GGPP) are products from

the MVP required for isoprenylation of proteins, a post-translational modification that is

18



essential for proper localization and function of small GTPases by enabling tethering to
membranes (179, 180). Moreover, inhibition of MVP can induce cancer cell death, in most
cases caused by loss of protein prenylation, since this inhibition can be rescued by
exogenous GGPP or FPP (174, 181, 182). Dolichol is generated from the MVP product IPP
and constitutes an essential component of the N-glycosylation of newly derived
polypeptides, a process that can contribute to tumor formation, proliferation, and
metastasis (183).

Activation of the MVP via ectopic expression of one flux-controlling enzyme, HMGCR, has
been shown to promote the transformation of cells (184), and high mRNA expression of
HMGCR or other MVP enzymes correlates with poor prognosis in breast cancer (184-186).
The intracellular pools of MVP metabolites are tightly controlled by the level of enzymes
(174). The transcription of MVP genes is regulated by the sterol regulatory element binding
protein (SREBP) transcription factors and many oncogenic pathways converge on this
transcriptional regulation. For example, PI3K-AKT pathway activation lead to increased
SREBP levels (187,188), and sterol regulatory elements are also regulated by mTORCI1(189).
Gain-of-function mutants of the p53 tumor suppressor can also interact with SREBPs and
increase the transcription of MVP genes (186). The MVP activation was necessary and
sufficient for the tumor-promoting functionality of mutant p53 in breast epithelial cells
(186). The oncogenic transcription factor MYC can also bind to promotors of MVP genes,
suggesting that MYC can control the levels of MVP metabolites to ensure that these are

not limiting for MYC-driven tumorigenesis (174).

The importance of many MVP metabolites for cancer cell growth and invasion suggests
that this pathway can be targeted as a therapeutic strategy. Many retrospective studies
have evaluated a possible effect of cancer development in statin users, with mixed results
(174). However, breast cancer is one of the cancer forms where statins appear to lower
the risk of recurrence (190-193). The cholesterol-lowering effect of statins is due to the
inhibition of HMGCR in the liver. However, lipophilic statins, e.g., atorvastatin, simvastatin,
and lovastatin, have been detected in extra-hepatic tissues but it is unclear if these

statins accumulate in tumors at cytotoxic levels (174, 194).






2 Research aims

Extracellular-matrix interactions are known to guide cellular processes in normal
physiology as well as in disease. The overall goal of the work described in this thesis was
to provide novel molecular insight into how these interactions regulate cancer cell
phenotype, with a particular focus on how matrix stiffness regulates malignant breast
cancer cells.

Specific aims

Study I: To define and characterize a novel class of integrin-mediated adhesion complex
that appeared in cells in long-term culture and, unlike classical focal adhesions, remained

present throughout mitosis.

Study Il to IV: To profile the transcriptome (study II), the proteome (study Ill), and the
kinome (study IV) of breast cancer cells on polyacrylamide-based hydrogels of different

stiffness to gain molecular insight into a stiffness-induced phenotypic switch.
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3 Methodological considerations

Detailed information regarding materials and methods is found in each publication or
manuscript. In this section, | will simply discuss the advantages and limitations of some of
the methods that have been instrumental in this thesis, and briefly mention ethical

considerations regarding the use of human biological materials.

3.1 The pre-clinical toolbox for cancer research

The tools available for pre-clinical studies of cancer biology continue to grow and in vitro,
ex vivo, and animal models are getting more sophisticated and refined to closer represent
the situation in a human tumor. To fully recapitulate the complexity of the human situation
in a pre-clinical model is not possible but reductionistic approaches are needed to test
hypotheses and gain knowledge that would not be possible in more complex settings.
Also, what is found in a simple model can later be tested in more relevant situations. Each
pre-clinical model has its strengths and its weaknesses, and they should be used in a

Complementary manner.

3.2 Celllines

Ever since the first established cancer cell line in 1951, the Hela cells (195), cancer-derived
cell lines have continued to be established and represent a valuable resource for cancer
research. They are easy and relatively inexpensive to propagate as well as to manipulate
in a laboratory. The comparison of genomic data in cancer cell lines has indicated that
they retain most of the genetic properties of the original cancer when appropriately
cultured in vitro (196). However, the risk for clonal selection, especially when culture
conditions are not optimal, and ongoing mutational processes in genetically instable cell
lines, can lead to divergence and between laboratory differences (197). To control the
origin, the culture conditions, and the number of population doublings is therefore of

utmost importance when using cell lines (198).

Established cell lines have been the “work horse” in this thesis and all studies are based
on this simple model. It has provided an easy and indefinite source of material in assays
that require high numbers of cells or high molecular detail, where other models would have
been substantially more difficult or even impossible to use with current methods. In some
cases, we have confirmed key findings in multiple cell lines as well as in patient material

or data sets to overcome some of the limitations.

3.3 Polyacrylamide-based hydrogels

One of the most widely used 2D systems for mechanobiology studies is polyacrylamide-
based hydrogels (PAAs), first developed by Pelham and Wang in the late '90s (199).

Polyacrylamide deforms in proportion to applied force over a wide range of rigidities and
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the elasticity of the substrate can be reproducibly altered by changing the relative
concentration of acrylamide and bisacrylamide (200). PAAs are inert and have to be
functionalized by conjugation of ECM ligands via a crosslinker (200). This separates

elasticity from ligand density and allows independent studies of one or the other (201).

In studies II, ll, and IV we took advantage of PAAs in our mechanobiology studies. This
allowed us to identify a stiffness-dependent switch in breast cancer cell phenotype.
Further, the reductionistic approach was instrumental to disentangle specifically the
stiffness-induced effects at a molecular level, without other confounding factors. In
addition, we used PAAs in combination with rBM overlay to facilitate 3D morphogenesis

to better mimic the in vivo setting.

One disadvantage of the PAA culture system that we used is its nearly purely elastic
properties (202). Along with the elasticity, the viscous properties of tissues also vary
between physiological and pathological conditions (203) and recent studies have
highlighted how cells respond to changes in viscous properties (204-209). Methods to
make PAAs more viscous have been developed (202) and the use of alginate polymers

also allows systematic variation in viscosity (208).

3.4 Omics methods

Cancer is a complex disease involving abnormalities on many different molecular levels.
The various omics methods, e.g, transcriptomics, proteomics, metabolomics, and
kinomics, aim to systematically understand the disease at these different levels (210).
Integration of data from different levels, acquired with different molecular profiling
technologies, has the potential to improve our understanding of the disease and to
provide biomarkers and targets for therapy.

In this thesis, we have used DNA microarray and bulk RNA sequencing to profile the
transcriptome, quantitative mass spectrometry to quantify the proteomes, and a peptide
array to elucidate the kinome, of two different cancer cell states. These methods have
provided large sources of data that have been, and will be, explored to shed light on how
mechanical signaling can drive breast cancer progression. As is the case with most omics
data sets, our generated data has been used to form testable hypotheses for further
molecular studies.

One obvious overarching shortcoming with the omics analysis in this thesis is that they
are all performed in bulk, i.e., we lack single cell resolution of the changes. This likely means
that we have missed important alterations on all levels and may have contributed to the

small differences in mMRNA between the two states in the transcriptomic profiling.
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3.5 Quantification of collagen organization as a proxy for stiffness

Multiple methods are available to measure the stiffness of biological material, at the tissue
scale, cellular scale, or even subcellular scale. In the laboratory setting, the use of a simple
rheometer can give the elasticity of an entire tumor whereas atomic force microscopy
(AFM) can give detailed information on cell and even organelle stiffness (159,170, 211). AFM
is a very specialized technique that is not readily available to most laboratories. Moreover,
AFM requires fresh or fresh-frozen tissue (211), something that can be difficult to obtain

from the clinic.

The stiffness of breast tissue, as measured with AFM, is correlated to the organization of
the collagen, and the organization of collagen is in turn coupled to the birefringence of the
material, as assessed with polarized microscopy after picrosirius red staining (170, 212,
213). This enabled us to measure “stiffness” in paraffin sections from human breast tumors
in study lll, and to validate the in vitro link between local tissue stiffness and a specific
protein, HMGCS], in the only type of patient material available to us.

3.6 Ethical considerations

The use of human tissue requires informed consent from the patient. In this thesis, we
have used normal breast tissue and breast tumor tissue material originally collected at
Karolinska University Hospital (ethical approval 2016/957-31) and breast tumor material
collected at Camargo Cancer Centre (collection and processing approved by CEP in
Brazil, decision 1844/13). All material was de-identified to us with no possibility to trace

the tissue back to the patient, ensuring patient confidentiality.
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4 Results and Discussion

The importance of cell-matrix interaction for cellular outcomes in physiology as well as in
pathologies like cancer is undisputable. Still, due to its complex and highly interconnected
biochemical and mechanical downstream signaling, there is much more to learn about the

molecular details.

In study I, we observed a new class of integrin-mediated adhesion structures with a
reticular shape and localized throughout the cell body. This adhesion structure was
initially detected in U20S cells in regular culture and subsequently discovered in a range
of other cell types, both cancer cells and untransformed cells. The formation of these
adhesions was dependent on integrin avB5, but unlike the classical avB5 adhesions
located more peripherally, the reticular adhesions did not contain talin, vinculin, or
filamentous actin (F-actin). Total internal reflection (TIRF) imaging and interference
reflection microscopy (IRM) of U20S cells co-expressing fluorescently tagged g5 and
vinculin confirmed that the vinculin negative B5 structures resided in close range of the
substrate and were indeed cell-matrix adhesion complexes. The complexes were named

reticular adhesion (RA).

Further characterization of these integrin avB5-mediated adhesion structures showed
that they formed as puncta and grew by net peripheral integrin recruitment into ring-like
or reticular structures and surprisingly, there was no correlation between RA size and p5
clustering density. Stochastic optical reconstruction microscopy (STORM) revealed no
difference in integrin B5 nanoscale organization in RAs compared to classical focal
adhesions (FAs), however, the dynamic behavior was very different. An isotropic growth
and relative immobility of RAs suggested an absence of directed mechanical cues, which
was corroborated by the lack of F-actin and supported by a locally disordered motion of
adhesion trajectories. The overall lifetime was increased compared to FAs but the 5

turnover rate was faster and more extensive.

Disrupting actin polymerization or knock down of talin-2 in talin-1 null mouse embryonic
stem cells did not affect the formation of RAs. Moreover, the remaining cell attachment
to the substrate in the absence of F-actin was dependent on avB5, as competitive
inhibition of avB5 to vitronectin binding using cyclic RGD peptides blocked this adhesion.
A fusion protein of the extracellular domain of B5 and the integrin B3 intracellular tail
domain also localized to RAs, identifying the extracellular domain of B5 as the facilitator

of avB5 clustering in RAs.

The use of mass spectrometry to define adhesion compositions in U20S cells, with or
without F-actin disruption, revealed an almost complete lack of consensus adhesome
components (48) in RAs, with only tensin-3 and talin-2 being present. In contrast, several

endocytic adaptors were identified and validated by immunofluorescence. Out of the 53
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detected RA proteins, 41 formed a highly connected protein-protein interaction network
with many components reported to bind phosphatidylinositol-4,5-bisphosphate (PIP,).
Experiments using RNAi-based knockdown of PIP regulators predicted to shift the
balance between PIP, and phosphatidylinositol-3,4,5-triphosphate (PIP;) in different
ways, also shifted the relative RA to FA ratio in a manner that suggested that PIP; is

promoting RAs and PIPs is promoting FAs.

Unlike FAs that completely disassembled during mitosis, RAs persisted in a virtually
unchanged fashion, and membrane dye-labeled retraction fibers were shown to angle
down and attach precisely at sites of RAs during cell division. Mitotic retraction fibers
contained dense actin filaments, in line with what has been reported (214), and we
detected weak F-actin staining in RAs at the tips of these retraction fibers. This indicates
that RAs do have limited coupling to F-actin at the time of mitotic cell rounding. The link
between actin and the plasma membrane could potentially occur via ezrin or moesin, two
ERM domain proteins that were identified in the RA adhesome and that are known to link
the plasma membrane to cortical actin in other situations (215, 216). siRNA-mediated
knockdown of integrin B5 interfered with spatial memory, as indicated by a random
orientation of the mitotic axes relative to the pre-mitotic major axis. B5 depletion also
reduced cell proliferation and caused a range of mitotic defects, including delayed
mitosis, repeated cell rounding and re-spreading without division, and failure of

cytokinesis resulting in binucleated daughter cells.

The identification and characterization of RAs in study | provide a mechanism for how
adhesion is maintained during mitosis, how previously recognized mitotic retraction fibers
(214) are tethered to the substrate, and how spreading is guided afterward. Given that
cells can also divide on other ECM ligands, not involving avp5 binding, they must use
alternative adhesion receptors for mitotic anchorage under these circumstances.
Investigation into the role of other integrins for possible mitotic adhesion is therefore
warranted. Interestingly, both B5 knockout (217) and overexpression (218) in mice cause
deficiencies in osteoblast/osteoclast function indicating a specialized role for avf5 in cells
on rigid RGD-rich substrates like bone, an environment that is quite similar to the culture

conditions used in this study.

The enrichment of PIP, binding proteins in RAs is interesting and includes adaptors
involved in clathrin-mediated endocytosis. Indeed, RAs appear to be identical to avf5
containing clathrin plaques (53, 215). As mentioned earlier, RA/Plaque formation is
sensitive to mechanical signaling but insensitive to myosin ll-dependent actomyosin
contractility, suggesting that their formation allows the cell to sense and distribute forces
differently. Interestingly, other myosin isoforms, like myosin Ic, were detected in RAs in our
study. Myosin | isoforms can bind PIP, and prefer Arp2/3-nucleated over tropomyosin-
coated actin filaments and hence localize to membranes where it is involved in the

generation of resting cortical tension (219, 220). As cortical tension is crucial in

28



pluripotency regulation (221) it is tempting to speculate that RAs may be involved in cell
fate determination. In addition to mechanosensing, RA/Plaques appear to be involved in
chemical signaling (215). For example, recruitment of the epidermal growth factor
receptor (EGFR) to clathrin plaques is necessary for optimal signal transduction (222) and

the full activation of ERK requires localization to clathrin plaques (53).

In conclusion, RA/Plaques are distinct cell-matrix adhesion structures that control
numerous important cellular processes, including adhesion, cell division, mechanosensing,
receptor-mediated signaling, and endocytosis (215). Whether RAs/clathrin plaques play

a role in vivo during physiology or disease remains to be determined.

Studies I, ll, and IV constitute consecutive studies, where we explored the effect of ECM
stiffness on breast cancer cells. Using polyacrylamide-based hydrogels to culture the
high-grade breast carcinoma cell line, MCFIOCAla (CAla), on ECM stiffness mimicking
normal breast and breast tumor, respectively, we observed a stiffness-dependent shift in
phenotype. Higher matrix stiffness led to a phenotype resembling invasive carcinoma
whereas the normal breast tissue stiffness reverted this aggressive behavior into a more
DCIS-like phenotype, with integrin B4 binding to an intact basement membrane at the
outer rim of the cell clusters. The phenotype on higher stiffness coincided with increased
mechanosignaling from FAK and ERK and inhibiting FAK with a small molecule inhibitor,
severely affected the phenotype. These stiffness-dependent behaviors are in line with
what has previously been reported regarding mechanical signaling in breast cancer (159,
160, 223, 224).

We used an omics approach to elucidate molecular mechanisms behind the stiffness-
driven effects and profiled the transcriptome, the proteome, and the kinome in the two
observed cellular states. Transcriptional changes are an inherent feature of
mechanotransduction in both normal cells and cancer cells (80, 225-227). We were
therefore surprised to find only minor changes at the mRNA level in CAla cells on high
stiffness compared to low in study Il. The range of expression fold changes was moderate
and the number of differentially expressed genes (DEGs) was small. Our initial DNA
microarray results were confirmed with RNA sequencing, affirming that our finding was
not a result of technical limitations. Analysis using gene sets of the 200 most up- and
down-regulated genes from each technique revealed an overlap in cellular functions for
these genes. The enrichment of lipid metabolism and immune response genes, two
processes linked to matrix stiffness and breast cancer (228, 229), suggest that ECM
stiffness induces small, coordinated changes in mRNAs involved in cellular processes
relevant to breast cancer progression. Until experimentally tested, we also cannot rule out
the importance of the upregulation of individual genes. Noteworthy, one of the DEGs
upregulated on high stiffness was fibronectin (FN). This suggests that ECM stiffness
influences the cancer cell's ability to generate their own matrix and subsequently the

integrin signaling that, as we know, has profound effects on cellular processes.
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Previous studies displayed similarly limited changes in mRNA levels when comparing the
epithelial compartment in DCIS and IDC in patients (230, 231). We generated gene sets
from three different studies comparing the transcriptome of co-occurring DCIS and IDC
lesions (230, 232, 233) and compared those to our stiffness data set. Interestingly, in all
three cases, the genes upregulated in IDC relative to DCIS, correlated to our high stiffness
signature, supporting a role for ECM stiffness in the pre-invasive to invasive transition in
humans. We therefore speculate that increased matrix stiffness may facilitate the
invasion of cells with a specific molecular make-up, however, whether the small
transcriptional changes that we detected really are important in this process or if larger

post-transcriptional alterations are required, is still an open question.

How do we reconcile our finding with the well-established role of mechanotransduction
in transcriptional regulation (80, 225-227)? A small sample size (n = 3) may of course
affect our ability to detect differentially expressed genes in a noisy system. However, if
the stiffness-dependent switch in phenotype is regulated exclusively at a transcriptional
level in our system, we envisage that the changes in mRNA would be large enough in
magnitude for us to pick them up as differentially expressed. Two previous studies may
be able to shed some light on our findings. First, the number of stiffness-regulated genes
in mouse mesenchymal stem cells were shown to drop dramatically if 3 kPa and 18 kPa
hydrogels were used as compared to if 3 kPa and 30 kPa were used in the experiment
(234). We used a different cell type and a different range of stiffness (0.4-0.5 kPa and 5-
8 kPa) making it difficult to directly compare the two studies but we can conclude that
the difference in stiffness between our two conditions is smaller than in many other gene
expression studies in cancer cells (235-237). Second, the type of ECM ligand used may
also play a role as exemplified by a study showing differential regulation of gene
expression following EGF treatment in HEK293 cells attached to fibronectin or laminin
respectively, with laminin giving a smaller response (238). Many studies on the mechanical
regulation of gene expression have used collagen | or fibronectin-functionalized hydrogels

as opposed to the rBM-conjugated hydrogels used in our study.

The idea that stiffness can regulate cellular phenotypes post-transcriptionally is
supported by the fact that transcript levels are insufficient to predict protein levels in
many biological scenarios, especially when cells are adjusting to changes in environmental
conditions (239). Further, transcriptomic analysis of primary breast carcinomas and their
corresponding lymph node metastasis revealed that in roughly half of the cases, the
paired samples were closely matched whereas in the other half, the difference at mRNA
level was more pronounced (240). This shows that some breast cancer cells change to a

metastatic phenotype without significantly changing their transcriptomes.

In study Il we looked beyond the well-established transcriptional response to
mechanical signaling. Using quantitative mass spectrometry, we profiled the proteomes

of the low and high stiffness CAla phenotypes to investigate a possible post-
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transcriptional regulation of the stiffness-induced phenotypic switch. In contrast to the
limited changes on the transcriptional level, the proteomes showed significant
differences. Out of the 6513 proteins quantified in both conditions, nearly 10% were
significantly altered by an increase in ECM stiffness (176 upregulated and 417
downregulated, log2 FC = 0.3 and g-value<0.01). This shows that mechanical cues from
the ECM can generate sustained alterations in the proteome without concomitant mRNA
changes and highlights the need for further post-transcriptional studies in the field of
mechanobiology. Indeed, over-representation analysis of the differentially expressed
proteins (DEPs) indicated a stiffness-dependent upregulation of ribosomal biogenesis
and protein translation machinery, e.g., ribosomal proteins (RPs), initiation factors,
elongation factors, and tRNA synthetases. The stiffness-dependent regulation of specific
ribosomal subunits is particularly interesting as heterogeneity of ribosomal composition
is known to regulate distinct sub-pools of mRNAs (241) and ribosomes lacking specific
RPs show a preference for other classes of transcripts (242). We can speculate that the
differential regulation of RPs in our model changes the translational landscape to increase
the level of certain proteins that in turn drive the phenotypic switch. Indeed, other studies
have pointed to the importance of specific ribosomal proteins and ribosomal biogenesis

in breast cancer cell plasticity and metastasis (243, 244).

The comparison of the stiffness-regulated proteins to proteomic signatures representing
different molecular subtypes of breast cancer indicated that the cells on high stiffness
showed a significant correlation to the basal subtype whereas cells on low stiffness more
resembled the normal-like or luminal A subtype. This suggests that mechanical signaling
may drive cells into different subtypes, at least on a proteomic level. Because the stiffness
of a breast tumor is heterogenous (170) this could generate intratumor molecular subtype
heterogeneity and potentially affect responses to treatment. Future studies should
evaluate how this may be achieved at a single cell level, i.e, investigate if mechanical

signaling drives CAla cell state transitions involving EMT or stemness properties.

As proof of the generalizability and importance of the generated proteomic data set, we
decided to follow up on the regulation of a specific pathway. Over-representation analysis
indicated a specific upregulation of the mevalonate pathway. Many of the enzymes of this
important metabolic pathway showed increased expression on high stiffness and we
confirmed the stiffness-dependent upregulation of one of these enzymes,
Hydroxymethylglutaryl-CoA Synthase (HMGCSI), in several breast cancer cell lines as well
as in non-transformed breast epithelial cells. In most cell lines, the increase in protein was
not concordant with HMGCS1 mRNA levels, suggesting that mechanical cues from the
microenvironment can lead to the biosynthesis of sterols and isoprenoids without SREBP-
dependent transcriptional activation of the pathway. Moreover, the increase in these

metabolites is crucial for the stiffness-induced phenotypic switch as inhibition of the

31



pathway with RNAI or the inhibitor simvastatin reverted the IDC phenotype and inhibited
proliferation.

We also found increased HMGCSI1 expression in human breast tumors versus normal
breast tissue. Importantly, the level of HMGCSI1 in tumors correlated with local collagen
organization, i.e, ECM stiffness, both in a tissue microarray (TMA) of 87 invasive breast
cancers and in a smaller cohort of whole tumor sections, picked for their variability in
HMGCST labeling. This indicates that HMGCS1 expression may be regulated by mechanical
signaling also in human breast tumors. In addition, polysome profiling in breast tumor
tissue from 161 patients, revealed a poor correlation between total levels of HMGCSTmRNA
and polysome-bound, i.e, actively translating, HMGCS1 mRNA, suggesting regulation at the
level of mRNA-translation in patients. Interestingly, translational regulation of HMGCS],
although not previously experimentally demonstrated, has been suggested by 5-UTR
sequence homology to the reductase of the pathway, 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) (245). HMGCR, the most studied rate-limiting enzyme in the
mevalonate pathway, is known to be regulated at multiple levels (171). Translational
regulation of HMGCR was indeed apparent in our patient polysome profiling, whereas
other downstream enzymes of the pathway showed a good correlation of total mMRNA and
polysome-bound mRNA, indicating regulation primarily at a transcriptional level. Together,
these patient data support our in vitro findings for a role of tissue stiffness in post-
transcriptional regulation of the Mevalonate pathway in vivo and underscores the

relevance of our proteomics dataset.

To investigate the role of integrin signaling in the mechanical regulation of HMGCSI levels,
we cultured the CAla cells on different concentrations of ECM ligands. Indeed, higher
ligand concentrations led to higher HMGCSI expression, irrespective of ECM type, arguing
for a general integrin regulation from different heterodimers. Inhibition of integrin Bl
signaling using a monoclonal antibody (AllB2) attenuated HMGCSI1 protein levels without
a concomitant decrease in HMGCS1 mRNA, supporting a role for integrins in post-
transcriptional regulation of HMGCSI1. AlIB2 treatment also induced a reversion of the
stiffness phenotype, in line with what has been reported previously on a role of integrin p1
in breast cancer cells (246, 247). Further, the activity of the small GTPase Rac], a well-
known effector of integrin signaling and important in mammary branching morphogenesis
(248, 249), normal secretory function (250), and breast cancer progression (251), was
increased by ECM stiffness in CAla cells. The Racl activity was necessary for maintaining
HMGCST levels on high stiffness as the levels were decreased when cells were treated
with the Racl inhibitor NSC23766 or transfected with efficient Racl siRNAs. Just like
stiffness and integrin signaling, Racl appeared to act post-transcriptionally, since the

effect of Racl inhibition on HMGCSI protein levels was not reflected by changes in mRNA.

In addition, using metabolic labeling to detect nascent proteins, we showed that the

synthesis rate of HMGCSI was significantly higher on breast tumor stiffness compared to
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normal breast tissue stiffness. In a 4 h window, around 2.4 times more HMGCSI was
synthesized on high stiffness compared to low. Importantly, Racl inhibition by NSC23766
treatment or Racl RNAi decreased the synthesis rate of HMGCS1 dramatically.
Interestingly, the transforming activity of Raclis dependent on geranylgeranylation (252),
i.e., the addition of a mevalonate pathway metabolite. Also, Racl was recently shown to
control local GTP availability and subsequently its own activity and cancer cell invasion,
through the interaction with inosine monophosphate dehydrogenase 2 (IMPDH2) (253).
Together with the data presented here, this indicates that Racl can control the availability
of two different metabolites needed for its full activation. Moreover, our finding that the
prenylation-dependent small GTPase Racl regulates HMGCS1 synthesis post-
transcriptionally, supports an earlier theory that suggested translational regulation of the

mevalonate pathway via an unknown prenylated protein (171).

Finally, the importance of Racl signaling and HMGCSI expression for the stiffness-induced
phenotypic switch was shown via lentiviral expression of a naturally occurring cancer
mutant, Rac1”?®S. The expression of this constitutively active Rac1"®*® promoted HMGCS]I
protein expression and induced an IDC phenotype in CAla cells on low stiffness. The
phenotypic switch required an increase in mevalonate pathway metabolites as it was
inhibited by simvastatin. Further, the Racl protein levels were significantly positively
correlated to HMGCSI protein levels, but not HMGCS1 mRNA levels, in the CPTAC breast
cancer cohort (254). Other related GTPase proteins, RhoA and Cdc42, displayed no
significant correlation with HMGCSI protein levels. Overexpression of Racl correlates to
advanced tumor stage and poor prognosis in breast cancer patients (255). Our data
support a role for Racl in bypassing the need for ECM stiffness that could have
implications in the metastatic colonization of soft tissue, like lung or brain, and suggest
that mevalonate pathway inhibitors, i.e, statins may inhibit metastatic outgrowth.
Intriguingly, a recent study observed a significant association between statin use and
improved breast cancer-specific survival in triple negative breast cancer (256), the
subtype possessing the stiffest stroma (170) and where Racl signaling plays important

roles in metastasis formation (257-259).

To complement our studies on the ECM stiffness-induced changes in the transcriptome
and proteome of CAla cells, we set out to investigate the role of kinase signaling for the
stiffness phenotype in study IV. In this study, we included integrin B1 inhibition on high
stiffness as a third condition to determine the contribution of pl-mediated signaling to
the overall mechanical signaling. The use of commercially available tyrosine (PTK) and
serine/threonine (STK) peptide arrays (PamGene) revealed significant stiffness-
dependent alterations in phosphorylation patterns. Out of the 79 PTK peptides that
passed the quality control, 59 were significantly more phosphorylated when incubated
with lysates coming from CAla cells cultured on high stiffness. For the STK array, 67 out of

109 were more phosphorylated. Principal component analysis (PCA) based on all peptides
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passing the quality control (QC) successfully separated low and high stiffness samples in
the first component. Integrin Bl inhibition affected the stiffness-induced phosphorylation
pattern to some degree with 4 PTK peptides and 11 STK peptides significantly altered
compared to high stiffness control. The relatively small effect of AlIB2 treatment on
peptide phosphorylation suggests that other integrin isoforms or alternative
mechanosensitive pathways play a role in CAla cells. Interestingly, an EphA2 peptide on
the PTK array is the second most differentially phosphorylated in the stiffness
comparison. Ligand-independent, non-canonical EphA2 signaling is known to be
mechanosensitive (260), involved in EMT (260) and cancer cell invasion (261, 262) as well
as in stem cell regulation (262). To what extent EphA2 signaling plays a role in our system

remains to be investigated.

Next, the differentially phosphorylated peptides were used to predict kinase activity,
using a proprietary software, Bioconductor (PamGene). Among the kinases predicted to
be activated by stiffness are well-characterized mechanosensitive signaling components
such as ERK1 and Src (263) and also kinases not previously linked to mechanosignaling,
including IKBKE and ZAP70. Treatment with AlIB2 attenuated ERK, JNK, and p38
serine/threonine kinases, known integrin signaling mediators, providing validity to the

peptide array as a tool for kinase activity profiling.

To specifically interrogate the importance of kinase activity downstream of integrin p1for
the stiffness-induced phenotype, we compared the list of kinases whose activity was
predicted to be upregulated by stiffness to the list of kinases inhibited by AlIB2 treatment.
This revealed an overlap of 16 kinases in total. A small image-based RNAi screen, in which
these kinases were knocked down using siRNA pools on high stiffness and evaluated for
their ability to revert the stiffness phenotype, indicated that at least 4 out of 16 were
important. We did not control for knockdown efficiency at the time of phenotype
assessment meaning that we may have false negative results. The inhibitor of nuclear
factor kappa-B kinase subunit epsilon (IKBKE), a non-canonical I-kappa-B kinase, was one

of the hits in the screen.

IKBKE has been identified as a breast cancer oncogene, amplified and overexpressed in
more than 30% of breast carcinomas (264). Increased expression of IKBKE in cancer has
been detected both with and without corresponding copy number gain (264, 265) and
several recent studies implicate this kinase in breast cancer progression and metastasis
(264-267). Our results suggest that IKBKE is activated as a result of augmented
mechanical signaling, adding yet another layer of regulation of this kinase in breast cancer
cells. The use of two individual siRNAs with confirmed knockdown efficiency at the mRNA
level validated our screen finding and suggested that IKBKE was indeed required for the
stiffness phenotype. Further, CAla cells transfected with either of these IKBKE siRNAs
showed impaired proliferation on high stiffness compared to control. Pharmacological
inhibitors of IKBKE have been developed (268) and one of them, a dual IKBKE/TBK1 inhibitor
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named Amlexanox, is in clinical use for the treatment of recurrent aphthous ulcers (269).
This inhibitor has been reported to repress cancer cell proliferation and invasion (270-
272) and has shown efficacy in different experimental tumor models (273). In line with
these studies, the treatment of CAla cells on high stiffness with Amlexanox led to impaired
growth and a reversion to a DCIS-like phenotype. Together, these results indicate that
IKBKE signaling is involved in driving the stiffness-induced malignant breast cancer cell
phenotype and warrant further investigations into the possible use of IKBKE inhibitors in
preventing DCIS to IDC transition.
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5 Conclusions

The work presented in this thesis contributes to the constantly growing body of evidence

of the importance of cell-matrix interactions in guiding cellular processes.

We identified and characterized a novel and distinct class of integrin-mediated adhesion
complexes, the reticular adhesions, which persist throughout mitosis and therefore
provide an answer to the long-standing question of ECM attachment during cell division.
Moreover, the specific componentry of RAs suggests a possible role in the regulation of

cortical tension, which in turn has implications for cell fate determination.

In addition, we add to the knowledge of cell-matrix interactions in breast cancer
progression. We show that breast cancer cells switch between a DCIS-like state and an
IDC-like state depending on the ECM stiffness and that this in vitro switch resembles the
DCIS to IDC transition in breast cancer patients, in phenotype as well as in transcriptomic
alterations. This shows that mechanical forces can drive larger-scale collective growth
patterns of cancer cells into different states, resembling different breast cancer stages.
Further, we provide molecular insight into this switch and show that the mevalonate
pathway as well as IKBKE signaling support the stiffness-induced IDC phenotype and
hence may represent targets for therapy. The transcriptomic, proteomic, and kinase
activity profiling also offer a source for future hypothesis generation both in the field of

mechanotransduction and in the field of breast cancer research.

In conclusion, the novel data in this thesis together with the vast amount of available
literature on the subject, of which | have presented a small selection in the literature
review, link cell-matrix interactions to cancer cell fate regulation both at single cell level
and at larger tissue scale. Hence, | believe that this thesis provides strong evidence for

cell-matrix interactions as master regulators of cancer cell fate.

ECM Stiffness

Figure 7. Schematic summary of studies I, ll, and V. Created with in Biorender.com
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6 Points of perspective

A general point of perspective

Studies on cell-matrix interactions have evolved from being heavily biologically oriented
to more occurring at the crossroad of biology and physics, as our awareness of the
importance of physical properties on cellular behavior is increasing. | believe that
multidisciplinary efforts are key to continuing to bring this field forward and creating
environments where biologists, material physicists, and bioinformaticians can work

together and learn from each other is most desirable.
Future research and clinical implications

The work presented here gives hints at molecular details underlying the effect of cell-
matrix interaction on cancer cell fate at different scales. However, all findings need to be
verified in additional and more relevant models. One obvious next step would be to bring
the mechanotransduction studies into a proper 3D context. Technical developments have
made it possible to generate 3D environments with different stiffness without altering
other properties, like ligand density and pore size, something that has not been possible
when using natural matrices like rBM or collagen type |. There are also interesting mouse
models available, like the Col'™? transgenic mouse that present with high mammary
collagen density due to a mutation in collagen type | near the matrix metalloproteinase
cleavage site (274). Combining this model with the Mouse-INtraDuctal (MIND) model of
DCIS (275) could generate valuable insight into the role of ECM stiffness and cell-matrix
interactions in DCIS to IDC transition. Studying DCIS to IDC transition in the clinical setting
is limited by the standard surgical removal of lesions at the DCIS stage. Looking at
molecular differences between co-occurring DCIS and IDC lesions is a start but is unlikely
to fully recapitulate the molecular mechanisms driving the transition. Correlating
molecular markers in resected DCIS lesions to recurrence is also not an accurate way to
establish markers for the DCIS to IDC transition. Clinical trials, like the COMET trials in the
U.S. or the LORD trial in the Netherlands, are evaluating active monitoring as an option to
standard surgical and radiation treatment for low-risk DCIS cases (276). Biopsies from
DCIS lesions that are later monitored for potential progression will be an important source

of material for molecular characterization to differentiate aggressive and indolent DCISs.

In addition, technical advances in spatial omics and multiplexed imaging that allow us to
overlay the molecular information with the cellular location within the tumor
microenvironment will likely provide a more comprehensive understanding of the
interplay between cancer cells and their surroundings. For example, overlaying

measurements of stiffness or collagen organization with spatial transcriptomics or
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multiplexed protein detection would likely be much more informative than the bulk

measurements that we have performed in this thesis.

With increased knowledge of how alterations in the ECM and/or in the components that
transduce these changes contribute to cancer progression, the idea of targeting this
signaling has manifested. Therapies targeting the ECM organization, such as LOX and
LOXL2 inhibitors, or therapies targeting the signaling, e.g., inhibitors of integrins, FAK, or
YAP/TAZ, have shown promising results in preclinical and sometimes in early phase clinical
studies. However, none of these have yet reached clinical use. The role of the ECM in
cancer biology is complex and in some contexts, the ECM acts to restrain the cancer, as
was the case in pancreatic cancer where nonselective depletion of stroma led to
acceleration of disease and interrupted clinical trials (277). Continued pre-clinical and
clinical efforts to increase our understanding will likely improve our chances to curb cell-

matrix signaling in a way that will be useful in the treatment of cancer.

40



7 Acknowledgments

| am deeply grateful to all of you who, in different ways, contributed to this thesis over the

years.

A special thanks to my supervisor, Professor Staffan Strémblad, for supporting me
throughout this Ph.D. | am forever grateful for the opportunity to follow my own interests
and for your trust in my capability to set up a new line of research in your lab. | have really
enjoyed the research environment that you provided together with all the talented people

you recruited over the years.

| am also grateful to my co-supervisor, Dr. John Lock, for rewarding scientific discussions
as well as chats about how to keep sane in this profession. When you moved back to
Australia, the physical distance made us lose contact but your systems approach to

science, your brilliant mind, and your friendly manners have stayed with me in spirit!

To Helene Olofsson, the best lab manager in the world, and my amazing friend and
colleague, for her endless practical and psychological support. | couldn't have done it

without you!

To present SST lab members, you are all contributing to the friendly and inspiring
academic environment that | have the benefit to be a part of. To Feifei Yan, for being
brave enough to join the “matrix stiffness” branch, for practical help in the lab, for scientific
discussions, and for being a cheerful and enthusiastic friend! To Tania Costa, for sharing
my interest in mechanical signaling in cancer and for always being available for
discussions and brainstorming on the subject. | really value your scientific input! To
Jianjiang Hu, for all your input on image analysis and other areas where your knowledge
by far exceeds mine and for your approachable nature. To Xiaowei Gong, for your valuable
scientific input, for inspiring me to be meticulous in my experiments, and for your gentle
personality. To our master students, Mantautas Simkus and Eloise Lucas for reminding
me what it's like to be young and for not telling me to shut up when | want to share my

wisdom. Believe in yourself and don't let anyone tell you what you can and cannot do!

| am also thankful to all former SST lab members that have helped and inspired me over

the years. You know who you are, and | wish you all the best!

To the BRECT consortium, an amazing group of basic and clinical scientists and clinicians
at Karolinska, all with a special interest in bringing breast cancer research forward. Thanks
to Johan Hartman and Susanne Agartz for providing me with human tissue. A special
thanks to Johan for taking the time to look at my tissue stainings together with me despite
your very busy schedule. Thanks also to, Janne Lehtié and Henrik Johansson for
collaborations in proteomics, and to Ola Larsson and Shan Chen for joint efforts in
transcriptomics and translatomics. To Marike Gabrielson, for inspiring me when | needed

41



it the most! | am really looking forward to continuing our collaboration on mammographic

density!

To the LCI facility, Sylvie Le Guyader and Gabriela Imreh, for always being available for
technical advice on imaging but also for friendly chats and moral support over lunch. And

to Gisele Miranda for advice on image analysis.

Thanks also to all colleagues in the NEO building for inspirational seminars, quick chats by
the coffee machine, and discussions over lunch. To Birgitta Lindqvist, for early morning
company in the lab involving loud and unfiltered discussions about work and other things.
To Asa Kolterud, for being a good friend and colleague over the years. | have really

appreciated our scientific as well as non-scientific conversions over coffee or lunch!

Thanks also to the BEA core facility, for performing the microarray and for smiles and

quick chats during 9 am coffee.

| am also grateful for the support from BioNut IT and HR. Especially to Monica Ahlberg,
for always keeping your door open to students, no matter what their problems may be.

Outside of work, | am forever grateful to my beloved and supportive family and friends. To
my sister, Sofie, and brothers, Per och Andreas, and their families. | know that you are
always there for me, no matter what! To all my friends for always offering a haven away
from science where | can forget about experimental problems and project failures and

just enjoy your company!

And finally, to my partner Erik and my children Sigvard and Edith, for your endless support
and love. | am sorry that you had to deal with my work frustration at home! Hopefully, we

can have a little less of that in the future....

42



8 References

10.

n

12.

13.

14.

15.
16.

17.

Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti F, et al. An
estimation of the number of cells in the human body. Ann Hum Biol.
2013;40(6):463-71.

Ekblom P, Vestweber D, Kemler R. Cell-matrix interactions and cell adhesion during
development. Annu Rev Cell Biol. 1986;2:27-47.

Bryant DM, Mostov KE. From cells to organs: building polarized tissue. Nat Rev Mol
Cell Biol. 2008;9(11):887-901.

Mayr U, Serra D, Liberali P. Exploring single cells in space and time during tissue
development, homeostasis and regeneration. Development. 2019;146(12).

Hynes RO, George EL, Georges EN, Guan JL, Rayburn H, Yang JT. Toward a genetic
analysis of cell-matrix adhesion. Cold Spring Harb Symp Quant Biol. 1992;57:249-
58.

Gloushankova NA, Rubtsova SN, Zhitnyak |Y. Cadherin-mediated cell-cell
interactions in normal and cancer cells. Tissue Barriers. 2017;5(3):¢1356900.

Pannekoek WJ, de Rooij J, Gloerich M. Force transduction by cadherin adhesions
in morphogenesis. FIOOORes. 2019;8.

Yu W, Yang L, Li T, Zhang Y. Cadherin Signaling in Cancer: Its Functions and Role as
a Therapeutic Target. Front Oncol. 2019;9:989.

Piez KA. History of extracellular matrix: a personal view. Matrix Biol. 1997;16(3):85-
92.

Hynes RO. The extracellular matrix: not just pretty fibrils. Science.
2009;326(5957):1216-9.

Alberts B. Molecular biology of the cell. 4th ed / Bruce Alberts ... [et al.] ed. New
York: Garland Science; 2002.

Frantz C, Stewart KM, Weaver VM. The extracellular matrix at a glance. J Cell Sci.
2010;123(Pt 24):4195-200.

Hu M, Ling Z, Ren X. Extracellular matrix dynamics: tracking in biological systems
and their implications. J Biol Eng. 2022,16(1)13.

Jarveldinen H, Sainio A, Koulu M, Wight TN, Penttinen R. Extracellular matrix
molecules: potential targets in pharmacotherapy. Pharmacol Rev. 2009;61(2)198-
223.

Rauch F, Glorieux FH. Osteogenesis imperfecta. Lancet. 2004;363(9418):1377-85.

Kruegel J, Rubel D, Gross O. Alport syndrome--insights from basic and clinical
research. Nat Rev Nephrol. 2013;9(3):170-8.

Pakshir P, Hinz B. The big five in fibrosis: Macrophages, myofibroblasts, matrix,
mechanics, and miscommunication. Matrix Biol. 2018;68-69:81-93.

43



18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

44

Pickup MW, Mouw JK, Weaver VM. The extracellular matrix modulates the hallmarks
of cancer. EMBO Rep. 2014;,15(12):1243-53.

Winkler J, Abisoye-Ogunniyan A, Metcalf KJ, Werb Z. Concepts of extracellular
matrix remodelling in tumour progression and metastasis. Nat Commun.
2020;11(1):5120.

Cox TR. The matrix in cancer. Nat Rev Cancer. 2021;21(4):217-38.

Theocharis AD, Manou D, Karamanos NK. The extracellular matrix as a multitasking
player in disease. FEBS J. 2019;286(15):2830-69.

Kruegel J, Miosge N. Basement membrane components are key players in
specialized extracellular matrices. Cell Mol Life Sci. 2010;67(17):2879-95.

Smyth N, Vatansever HS, Murray P, Meyer M, Frie C, Paulsson M, et al. Absence of
basement membranes after targeting the LAMCI1 gene results in embryonic
lethality due to failure of endoderm differentiation. J Cell Biol. 1999;144(1):151-60.

Pozzi A, Yurchenco PD, lozzo RV. The nature and biology of basement membranes.
Matrix Biol. 2017;57-58:1-11.

Naba A. TenYears of Extracellular Matrix Proteomics: Accomplishments,
Challenges, and Future Perspectives. Mol Cell Proteomics. 2023;22(4):100528.

Taipale J, Keski-Oja J. Growth factors in the extracellular matrix. FASEB J.
1997:11(1):51-9.

Wilgus TA. Growth Factor-Extracellular Matrix Interactions Regulate Wound Repair.
Adv Wound Care (New Rochelle). 2012;1(6):249-54.

Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon A, et al.
Crystal structure of a ternary FGF-FGFR-heparin complex reveals a dual role for
heparin in FGFR binding and dimerization. Mol Cell. 2000;6(3):743-50.

Yamaguchi Y, Mann DM, Ruoslahti E. Negative regulation of transforming growth
factor-beta by the proteoglycan decorin. Nature. 1990;346(6281):281-4.

Verrecchia F, Mauviel A. Transforming growth factor-beta signaling through the
Smad pathway: role in extracellular matrix gene expression and regulation. J Invest
Dermatol. 2002;118(2):211-5.

Cox TR, Erler JT. Remodeling and homeostasis of the extracellular matrix:
implications for fibrotic diseases and cancer. Dis Model Mech. 2011;4(2)165-78.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage
specification. Cell. 2006;126(4):677-89.

Barczyk M, Carracedo S, Gullberg D. Integrins. Cell Tissue Res. 2010;339(1):269-80.

Geiger B, Yamada KM. Molecular architecture and function of matrix adhesions.
Cold Spring Harb Perspect Biol. 2011;3(5).

Juliano RL. Signal transduction by cell adhesion receptors and the cytoskeleton:
functions of integrins, cadherins, selectins, and immunoglobulin-superfamily
members. Annu Rev Pharmacol Toxicol. 2002;42:283-323.



36.

37.
38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Chastney MR, Conway JRW, Ivaska J. Integrin adhesion complexes. Curr Biol.
2021;31(10):R536-R42.

Takada Y, Ye X, Simon S. The integrins. Genome Biol. 2007;8(5):215.

Lock JG, Wehrle-Haller B, Stromblad S. Cell-matrix adhesion complexes: master
control machinery of cell migration. Semin Cancer Biol. 2008;18(1):65-76.

Cary LA, Han DC, Guan JL. Integrin-mediated signal transduction pathways. Histol
Histopathol. 1999;14(3):1001-9.

Wennerberg K, Lohikangas L, Gullberg D, Pfaff M, Johansson S, Fassler R. Beta 1
integrin-dependent and -independent polymerization of fibronectin. J Cell Biol.
1996,132(1-2):227-38.

Klotzsch E, Smith ML, Kubow KE, Muntwyler S, Little WC, Beyeler F, et al. Fibronectin
forms the most extensible biological fibers displaying switchable force-exposed
cryptic binding sites. Proc Natl Acad Sci U S A. 2009;106(43):18267-72.

Webb DJ, Brown CM, Horwitz AF. llluminating adhesion complexes in migrating
cells: moving toward a bright future. Curr Opin Cell Biol. 2003;15(5):614-20.

Harunaga JS, Yamada KM. Cell-matrix adhesions in 3D. Matrix Biol. 2011;30(7-
8):363-8.

van Geemen D, Smeets MW, van Stalborch AM, Woerdeman LA, Daemen MJ,
Hordijk PL, et al. F-actin-anchored focal adhesions distinguish endothelial
phenotypes of human arteries and veins. Arterioscler Thromb Vasc Biol.
2014;34(9):2059-67.

Yamaguchi N, Knaut H. Focal adhesion-mediated cell anchoring and migration:
from in vitro to in vivo. Development. 2022;149(10).

Xue Q, Varady SRS, Waddell TQA, Roman MR, Carrington J, Roh-Johnson M. Lack of
Paxillin phosphorylation promotes single-cell migration in vivo. J Cell Biol.
2023;222(3).

Tanner K. An in vivo phosphoregulation paradox for focal adhesions. J Cell Biol.
2023;222(3).

Horton ER, Byron A, Askari JA, Ng DHJ, Millon-Frémillon A, Robertson J, et al.
Definition of a consensus integrin adhesome and its dynamics during adhesion
complex assembly and disassembly. Nat Cell Biol. 2015;17(12):1577-87.

Geiger B, Bershadsky A, Pankov R, Yamada KM. Transmembrane crosstalk between
the extracellular matrix--cytoskeleton crosstalk. Nat Rev Mol Cell Biol
2001;2(11):793-805.

Block MR, Badowski C, Millon-Fremillon A, Bouvard D, Bouin AP, Faurobert E, et al.
Podosome-type adhesions and focal adhesions, so alike yet so different. Eur J Cell
Biol. 2008;87(8-9):491-506.

Linder S, Cervero P, Eddy R, Condeelis J. Mechanisms and roles of podosomes and
invadopodia. Nat Rev Mol Cell Biol. 2023;24(2):86-106.

45



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

46

Lock JG, Jones MC, Askari JA, Gong X, Oddone A, Olofsson H, et al. Reticular
adhesions are a distinct class of cell-matrix adhesions that mediate attachment
during mitosis. Nat Cell Biol. 2018;20(11):1290-302.

Baschieri F, Dayot S, Elkhatib N, Ly N, Capmany A, Schauer K, et al. Frustrated
endocytosis controls contractility-independent mechanotransduction at
clathrin-coated structures. Nat Commun. 2018;9(1):3825.

Walko G, Castariéon MJ, Wiche G. Molecular architecture and function of the
hemidesmosome. Cell Tissue Res. 2015;360(3):529-44.

Martino F, Perestrelo AR, Vinarsky V, Pagliari S, Forte G. Cellular
Mechanotransduction: From Tension to Function. Front Physiol. 2018;9:824.

Swaminathan V, Gloerich M. Decoding mechanical cues by molecular
mechanotransduction. Curr Opin Cell Biol. 2021;72:72-80.

Hayward MK, Muncie JM, Weaver VM. Tissue mechanics in stem cell fate,
development, and cancer. Dev Cell. 2021,56(13)1833-47.

Katsumi A, Orr AW, Tzima E, Schwartz MA. Integrins in mechanotransduction. J Biol
Chem. 2004;279(13)12001-4.

Alenghat FJ, Ingber DE. Mechanotransduction: all signals point to cytoskeleton,
matrix, and integrins. Sci STKE. 2002;2002(119):pe6.

Sun Z, Guo SS, Fassler R. Integrin-mediated mechanotransduction. J Cell Biol.
2016;215(4):445-56.

Martinac B. Mechanosensitive ion channels: molecules of mechanotransduction. J
Cell Sci. 2004;117(Pt 12):2449-60.

Stassen OMJA, Ristori T, Sahlgren CM. Notch in mechanotransduction - from
molecular mechanosensitivity to tissue mechanostasis. J Cell Sci. 2020;133(24).

Mehta V, Pang KL, Rozbesky D, Nather K, Keen A, Lachowski D, et al. The guidance
receptor plexin DI is a mechanosensor in endothelial cells. Nature.
2020;578(7794):290-5.

Galbraith CG, Yamada KM, Sheetz MP. The relationship between force and focal
complex development. J Cell Biol. 2002,159(4):695-705.

Kechagia JZ, lvaska J, Roca-Cusachs P. Integrins as biomechanical sensors of the
microenvironment. Nat Rev Mol Cell Biol. 2019;20(8):457-73.

Riveline D, Zamir E, Balaban NQ, Schwarz US, Ishizaki T, Narumiya S, et al. Focal
contacts as mechanosensors: externally applied local mechanical force induces
growth of focal contacts by an mbDial-dependent and ROCK-independent
mechanism. J Cell Biol. 2001,153(6):1175-86.

Elosegui-Artola A, Oria R, Chen Y, Kosmalska A, Pérez-Gonzélez C, Castro N, et al.
Mechanical regulation of a molecular clutch defines force transmission and
transduction in response to matrix rigidity. Nat Cell Biol. 2016;18(5):540-8.

Rossier O, Octeau V, Sibarita JB, Leduc C, Tessier B, Nair D, et al. Integrins 81 and 33
exhibit distinct dynamic nanoscale organizations inside focal adhesions. Nat Cell
Biol. 2012;14(10):1057-67.



69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8.

82.

83.

84.

85.

86.

Roca-Cusachs P, Gauthier NC, Del Rio A, Sheetz MP. Clustering of alpha(5)beta(1)
integrins determines adhesion strength whereas alpha(v)beta(3) and talin enable
mechanotransduction. Proc Natl Acad Sci U S A. 2009;106(38):16245-50.

Bharadwaj M, Strohnmeyer N, Colo GP, Helenius J, Beerenwinkel N, Schiller HB, et al.
aV-class integrins exert dual roles on a5p1 integrins to strengthen adhesion to
fibronectin. Nat Commun. 2017;8:14348.

Balcioglu HE, van Hoorn H, Donato DM, Schmidt T, Danen EH. The integrin
expression profile modulates orientation and dynamics of force transmission at
cell-matrix adhesions. J Cell Sci. 2015;128(7):1316-26.

Elosegui-Artola A, Bazellieres E, Allen MD, Andreu |, Oria R, Sunyer R, et al. Rigidity
sensing and adaptation through regulation of integrin types. Nat Mater.
2014;13(6):631-7.

Ingber DE, Wang N, Stamenovic D. Tensegrity, cellular biophysics, and the
mechanics of living systems. Rep Prog Phys. 2014,77(4):046603.

Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of
their substrate. Science. 2005;310(5751):1139-43.

Wang N, Butler JP, Ingber DE. Mechanotransduction across the cell surface and
through the cytoskeleton. Science. 1993;260(5111):1124-7.

Choquet D, Felsenfeld DP, Sheetz MP. Extracellular matrix rigidity causes
strengthening of integrin-cytoskeleton linkages. Cell. 1997,88(1):39-48.

Ingber DE. Tensegrity Il. How structural networks influence cellular information
processing networks. J Cell Sci. 2003;116(Pt 8):1397-408.

Crisp M, Liu Q, Roux K, Rattner JB, Shanahan C, Burke B, et al. Coupling of the nucleus
and cytoplasm: role of the LINC complex. J Cell Biol. 2006;172(1):41-53.

Maniotis AJ, Chen CS, Ingber DE. Demonstration of mechanical connections
between integrins, cytoskeletal filaments, and nucleoplasm that stabilize nuclear
structure. Proc Natl Acad Sci U S A.1997:94(3):849-54.

Uhler C, Shivashankar GV. Regulation of genome organization and gene expression
by nuclear mechanotransduction. Nat Rev Mol Cell Biol. 2017;18(12):717-27.

Kim DH, Wirtz D. Cytoskeletal tension induces the polarized architecture of the
nucleus. Biomaterials. 2015;48:161-72.

Sédez M, Briscoe J, Rand DA. Dynamical landscapes of cell fate decisions. Interface
Focus. 2022;12(4):20220002.

Edlund T, Jessell TM. Progression from extrinsic to intrinsic signaling in cell fate
specification: a view from the nervous system. Cell. 1999;96(2):211-24.

Alvarez Y, Smutny M. Emerging Role of Mechanical Forces in Cell Fate Acquisition.
Front Cell Dev Biol. 2022;10:864522.

Heisenberg CP, Bellaiche Y. Forces in tissue morphogenesis and patterning. Cell.
2013,153(5):948-62.

Waddington CH. The strategy of the genes : a discussion of some aspects of
theoretical biology. London: Allen; 1957. 262 s. p.

47



87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

48

Huang S, Ernberg |, Kauffman S. Cancer attractors: a systems view of tumors from
a gene network dynamics and developmental perspective. Semin Cell Dev Biol.
2009;20(7):869-76.

Zhou JX, Isik Z, Xiao C, Rubin |, Kauffman SA, Schroeder M, et al. Systematic drug
perturbations on cancer cells reveal diverse exit paths from proliferative state.
Oncotarget. 2016,;7(7):7415-25.

Huang S, Eichler G, Bar-Yam Y, Ingber DE. Cell fates as high-dimensional attractor
states of a complex gene regulatory network. Phys Rev Lett. 2005;94(12):128701.

Bryce NS, Failes TW, Stehn JR, Baker K, Zahler S, Arzhaeva Y, et al. High-Content
Imaging of Unbiased Chemical Perturbations Reveals that the Phenotypic
Plasticity of the Actin Cytoskeleton Is Constrained. Cell Syst. 2019;9(5):496-
507.e5.

Conti MA, Even-Ram §, Liu C, Yamada KM, Adelstein RS. Defects in cell adhesion
and the visceral endoderm following ablation of nonmuscle myosin heavy chain Il-
A in mice. J Biol Chem. 2004;279(40):41263-6.

Chowdhury F, Li Y, Poh YC, Yokohama-Tamaki T, Wang N, Tanaka TS. Soft
substrates promote homogeneous self-renewal of embryonic stem cells via
downregulating cell-matrix tractions. PLoS One. 2010;5(12):e15655.

Poh YC, Chowdhury F, Tanaka TS, Wang N. Embryonic stem cells do not stiffen on
rigid substrates. Biophys J. 2010;99(2):.L19-21.

Chowdhury F,Na S, Li D, Poh YC, Tanaka TS, Wang F, et al. Material properties of the
cell dictate stress-induced spreading and differentiation in embryonic stem cells.
Nat Mater. 2010;9(1):82-8.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell. 2006;126(4):663-
76.

Hu X, Liu ZZ, Chen X, Schulz VP, Kumar A, Hartman AA, et al. MKL1-actin pathway
restricts chromatin accessibility and prevents mature pluripotency activation. Nat
Commun. 2019;10(1):1695.

Hu X, Wu Q, Zhang J, Kim J, Chen X, Hartman AA, et al. Reprogramming progressive
cells display low CAG promoter activity. Stem Cells. 2021,39(1):43-54.

Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, et al. Role of
YAP/TAZ in mechanotransduction. Nature. 2011:474(7350):179-83.

Pocaterra A, Romani P, Dupont S. YAP/TAZ functions and their regulation at a
glance. J Cell Sci. 2020;133(2).

Wei SC, Fattet L, Tsai JH, Guo Y, Pai VH, Majeski HE, et al. Matrix stiffness drives
epithelial-mesenchymal transition and tumour metastasis through a TWISTI-
G3BP2 mechanotransduction pathway. Nat Cell Biol. 2015;17(5):678-88.

Holliday R. Epigenetics: a historical overview. Epigenetics. 2006;1(2):76-80.

Merrell AJ, Stanger BZ. Adult cell plasticity in vivo: de-differentiation and
transdifferentiation are back in style. Nat Rev Mol Cell Biol. 2016;17(7):413-25.



103.

104.

105.

106.

107.
108.
109.

1o.

m.

2.

113.

114.

115.

11e.

7.

118.

119.

120.

Yuan S, Norgard RJ, Stanger BZ. Cellular Plasticity in Cancer. Cancer Discov.
2019;9(7):837-51.

Breasted JH. The Edwin Smith Surgical Papyrus. [S.L]: Univ of Chicago Press; 1930.

Understanding ~ What  Cancer Is:  Ancient  Times to Present.
https://www.cancer.org/treatment/understanding-your-diagnosis/history-of-
cancer/what-is—cancer.html: American cancer society; 2018 [cited 2023 April 20].

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71(3):209-49.

Weinberg RA. The biology of cancer. New York ; London: Garland Science; 2007.
Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):57-70.

Anderson NM, Simon MC. The tumor microenvironment. Curr Biol.
2020;30(16):R921-R5.

Neophytou CM, Panagi M, Stylianopoulos T, Papageorgis P. The Role of Tumor
Microenvironment in Cancer Metastasis: Molecular Mechanisms and Therapeutic
Opportunities. Cancers (Basel). 2021,13(9).

Shah SP, Roth A, Goya R, Oloumi A, Ha G, Zhao Y, et al. The clonal and mutational
evolution spectrum of primary triple-negative breast cancers. Nature.
2012;486(7403):395-9.

Petrov |, Alexeyenko A. Individualized discovery of rare cancer drivers in global
network context. Elife. 202211

Kong D, Hughes CJ, Ford HL. Cellular Plasticity in Breast Cancer Progression and
Therapy. Front Mol Biosci. 2020;7:72.

Zheng X, Yu C, Xu M. Linking Tumor Microenvironment to Plasticity of Cancer Stem
Cells: Mechanisms and Application in Cancer Therapy. Front Oncol. 2021;11:678333.

Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the niche in
regulating stemness of tumor cells? Cell Stem Cell. 2015;16(3):225-38.

Chaffer CL, Marjanovic ND, Lee T, Bell G, Kleer CG, Reinhardt F, et al. Poised
chromatin at the ZEB1 promoter enables breast cancer cell plasticity and enhances
tumorigenicity. Cell. 2013;154(1):61-74.

Dirkse A, Golebiewska A, Buder T, Nazarov PV, Muller A, Poovathingal S, et al. Stem
cell-associated heterogeneity in Glioblastoma results from intrinsic tumor
plasticity shaped by the microenvironment. Nat Commun. 2019;10(1):1787.

Wei J, Yao J, Yang C, Mao Y, Zhu D, Xie Y, et al. Heterogeneous matrix stiffness
regulates the cancer stem-like cell phenotype in hepatocellular carcinoma. J
Transl Med. 2022;20(1):555.

Liu X, Ye Y, Zhu L, Xiao X, Zhou B, Gu Y, et al. Niche stiffness sustains cancer
stemness via TAZ and NANOG phase separation. Nat Commun. 2023;14(1):238.

Jabbari E, Sarvestani SK, Daneshian L, Moeinzadeh S. Optimum 3D Matrix Stiffness
for Maintenance of Cancer Stem Cells Is Dependent on Tissue Origin of Cancer
Cells. PLoS One. 2015;10(7):e0132377.

49



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

50

De La O JP, Emerson LL, Goodman JL, Froebe SC, lllum BE, Curtis AB, et al. Notch
and Kras reprogram pancreatic acinar cells to ductal intraepithelial neoplasia. Proc
Natl Acad Sci U S A. 2008;105(48):18907-12.

Friedl P, Alexander S. Cancer invasion and the microenvironment: plasticity and
reciprocity. Cell. 2011;147(5):992-1009.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin
Invest. 2009;119(6):1420-8.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The epithelial-
mesenchymal transition generates cells with properties of stem cells. Cell
2008;133(4):704-15.

Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation of breast
cancer stem cells through epithelial-mesenchymal transition. PLoS One.
2008;3(8).e2888.

Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag A, et al. The EMT-
activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting
microRNAs. Nat Cell Biol. 2009;11(12):1487-95.

Panchy N, Azeredo-Tseng C, Luo M, Randall N, Hong T. Integrative Transcriptomic
Analysis Reveals a Multiphasic Epithelial-Mesenchymal Spectrum in Cancer and
Non-tumorigenic Cells. Front Oncol. 2019;9:1479.

Pastushenko |, Brisebarre A, Sifrim A, Fioramonti M, Revenco T, Boumahdi S, et al.
Identification of the tumour transition states occurring during EMT. Nature.
2018;556(7702):463-8.

Kroéger C, Afeyan A, Mraz J, Eaton EN, Reinhardt F, Khodor YL, et al. Acquisition of a
hybrid E/M state is essential for tumorigenicity of basal breast cancer cells. Proc
Natl Acad Sci U S A. 2019;116(15):7353-62.

Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-mesenchymal
transition. Sci Signal. 2014;7(344):re8.

Rice AJ, Cortes E, Lachowski D, Cheung BCH, Karim SA, Morton JP, et al. Matrix
stiffness  induces  epithelial-mesenchymal  transition and  promotes
chemoresistance in pancreatic cancer cells. Oncogenesis. 2017;6(7):e352.

Dong Y, Zheng Q Wang Z Lin X, You Y, Wu S, et al. Higher matrix stiffness as an
independent initiator triggers epithelial-mesenchymal transition and facilitates
HCC metastasis. J Hematol Oncol. 2019;12(1):112.

Graziani V, Rodriguez-Hernandez |, Maiques O, Sanz-Moreno V. The amoeboid
state as part of the epithelial-to-mesenchymal transition programme. Trends Cell
Biol. 2022;32(3):228-42.

Sanz-Moreno V, Gadea G, Ahn J, Paterson H, Marra P, Pinner S, et al. Rac activation
and inactivation control plasticity of tumor cell movement. Cell. 2008;135(3):510-
23.

Te Boekhorst V, Jiang L, Mahlen M, Meerlo M, Dunkel G, Durst FC, et al. Calpain-2
regulates hypoxia/HIF-induced plasticity toward amoeboid cancer cell migration
and metastasis. Curr Biol. 2022;32(2):412-27.e8.



136.

137.

138.
139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Ruprecht V, Wieser S, Callan-Jones A, Smutny M, Morita H, Sako K, et al. Cortical
contractility triggers a stochastic switch to fast amoeboid cell motility. Cell.
2015,160(4).:673-85.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
201;144(5):646-74.

Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022;12(1):31-46.

Perou CM, Bgrresen-Dale AL. Systems biology and genomics of breast cancer.
Cold Spring Harb Perspect Biol. 2011;3(2).

Johnson KS, Conant EF, Soo MS. Molecular Subtypes of Breast Cancer: A Review
for Breast Radiologists. Journal of Breast Imaging. 2020;3(1):12-24.

Waks AG, Winer EP. Breast Cancer Treatment: A Review. JAMA. 2019;321(3):288-
300.

Serlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene expression
patterns of breast carcinomas distinguish tumor subclasses with clinical
implications. Proc Natl Acad Sci U S A. 2001;,98(19):10869-74.

Perou CM, Searlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular
portraits of human breast tumours. Nature. 2000,;406(6797):747-52.

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, et al. The genomic
and transcriptomic architecture of 2,000 breast tumours reveals novel subgroups.
Nature. 2012;486(7403):346-52.

Korde LA, Lusa L, McShane L, Lebowitz PF, Lukes L, Camphausen K, et al. Gene
expression pathway analysis to predict response to neoadjuvant docetaxel and
capecitabine for breast cancer. Breast Cancer Res Treat. 2010;119(3):685-99.

Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH, et al.
Metastatic behavior of breast cancer subtypes. J Clin Oncol. 2010;28(20):3271-7.

Tong CWS, Wu M, Cho WCS, To KKW. Recent Advances in the Treatment of Breast
Cancer. Front Oncol. 2018;8:227.

Debien V, De Caluwé A, Wang X, Piccart-Gebhart M, Tuohy VK, Romano E, et al.
Immunotherapy in breast cancer: an overview of current strategies and
perspectives. NPJ Breast Cancer. 2023;9(1):7.

Ernster VL, Barclay J, Kerlikowske K, Grady D, Henderson C. Incidence of and
treatment for ductal carcinoma in situ of the breast. JAMA. 1996;275(12):913-8.

Bane A. Ductal carcinoma in situ: what the pathologist needs to know and why. Int
J Breast Cancer. 2013;2013:914053.

Gorringe KL, Fox SB. Ductal Carcinoma. Front Oncol. 2017;7:248.

van Seijen M, Lips EH, Thompson AM, Nik-Zainal S, Futreal A, Hwang ES, et al. Ductal
carcinoma in situ: to treat or not to treat, that is the question. Br J Cancer.
2019;121(4):285-92.

Feinberg J, Wetstone R, Greenstein D, Borgen P. Is DCIS Overrated? Cancer Treat
Res. 2018;173:53-72.

51



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

52

Dziegelewska Z, Gajewska M. Stromal-Epithelial Interactions during Mammary
Gland Development. Stromal Cells - Structure, Function, and Therapeutic
Implications. 2018.

Kaushik S, Pickup MW, Weaver VM. From transformation to metastasis:
deconstructing the extracellular matrix in breast cancer. Cancer Metastasis Rev.
2016;35(4):655-67.

Schedin P, Keely PJ. Mammary gland ECM remodeling, stiffness, and
mechanosignaling in normal development and tumor progression. Cold Spring
Harb Perspect Biol. 2011;3(1):a003228.

ZhaoY, Zheng X, Zheng Y, Chen Y, Fei W, Wang F, et al. Extracellular Matrix: Emerging
Roles and Potential Therapeutic Targets for Breast Cancer. Front Oncol.
2021;11:650453.

Paszek MJ, Weaver VM. The tension mounts: mechanics meets morphogenesis and
malignancy. J Mammary Gland Biol Neoplasia. 2004;9(4):325-42.

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, et al. Tensional
homeostasis and the malignant phenotype. Cancer Cell. 2005;8(3):241-54.

Levental KR, Yu H, Kass L, Lakins JN, Egeblad M, Erler JT, et al. Matrix crosslinking
forces tumor progression by enhancing integrin signaling. Cell. 2009;139(5):891-
906.

Bussard KM, Smith GH. Human breast cancer cells are redirected to mammary
epithelial cells upon interaction with the regenerating mammary gland
microenvironment in-vivo. PLoS One. 2012;7(11):e49221.

de Kruijf EM, van Nes JG, van de Velde CJ, Putter H, Smit VT, Liefers GJ, et al. Tumor-
stroma ratio in the primary tumor is a prognostic factor in early breast cancer
patients, especially in triple-negative carcinoma patients. Breast Cancer Res Treat.
2011,125(3):687-96.

Moorman AM, Vink R, Heijmans HJ, van der Palen J, Kouwenhoven EA. The
prognostic value of tumour-stroma ratio in triple-negative breast cancer. Eur J
Surg Oncol. 2012;38(4):307-13.

Dekker TJ, van de Velde CJ, van Pelt GW, Kroep JR, Julien JP, Smit VT, et al.
Prognostic significance of the tumor-stroma ratio: validation study in node-
negative premenopausal breast cancer patients from the EORTC perioperative
chemotherapy (POP) trial (10854). Breast Cancer Res Treat. 2013;139(2):371-9.

Gujam FJ, Edwards J, Mohammed ZM, Going JJ, McMillan DC. The relationship
between the tumour stroma percentage, clinicopathological characteristics and
outcome in patients with operable ductal breast cancer. Br J Cancer.
2014;M(1)157-65.

Roeke T, Sobral-Leite M, Dekker TJA, Wesseling J, Smit VTHB, Tollenaar RAEM, et al.
The prognostic value of the tumour-stroma ratio in primary operable invasive
cancer of the breast: a validation study. Breast Cancer Res Treat. 2017,166(2):435-
45.



167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Finak G, Bertos N, Pepin F, Sadekova S, Souleimanova M, Zhao H, et al. Stromal gene
expression predicts clinical outcome in breast cancer. Nat Med. 2008;14(5):518-
27.

Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano PP, et al.
Aligned collagen is a prognostic signature for survival in human breast carcinoma.
Am J Pathol. 2011;178(3):1221-32.

Sprague BL, Vacek PM, Mulrow SE, Evans MF, Trentham-Dietz A, Herschorn SD, et
al. Collagen Organization in Relation to Ductal Carcinoma. Cancer Epidemiol
Biomarkers Prev. 2021;30(1):80-8.

Acerbi |, Cassereau L, Dean|, Shi Q, Au A, Park C, et al. Human breast cancer invasion
and aggression correlates with ECM stiffening and immune cell infiltration. Integr
Biol (Camb). 2015;7(10):1120-34.

Goldstein JL, Brown MS. Regulation of the mevalonate pathway. Nature.
1990;343(6257):425-30.

Bonetti PO, Lerman LO, Napoli C, Lerman A. Statin effects beyond lipid lowering--
are they clinically relevant? Eur Heart J. 2003;24(3):225-48.

Buhaescu |, Izzedine H. Mevalonate pathway: a review of clinical and therapeutical
implications. Clin Biochem. 2007;40(9-10):575-84.

Mullen PJ, Yu R, Longo J, Archer MC, Penn LZ. The interplay between cell signalling
and the mevalonate pathway in cancer. Nat Rev Cancer. 2016;16(11):718-31.

Guerra B, Recio C, Aranda-Tavio H, Guerra-Rodriguez M, Garcia-Castellano JM,
Fernandez-Pérez L. The Mevalonate Pathway, a Metabolic Target in Cancer
Therapy. Front Oncol. 2021;11:626971.

Juarez D, Fruman DA. Targeting the Mevalonate Pathway in Cancer. Trends Cancer.
2021,7(6):525-40.

Gobel A, Rauner M, Hofbauer LC, Rachner TD. Cholesterol and beyond - The role of
the mevalonate pathway in cancer biology. Biochim Biophys Acta Rev Cancer.
2020;1873(2):188351.

Ko YJ, Balk SP. Targeting steroid hormone receptor pathways in the treatment of
hormone dependent cancers. Curr Pharm Biotechnol. 2004;5(5):459-70.

Wang M, Casey PJ. Protein prenylation: unique fats make their mark on biology. Nat
Rev Mol Cell Biol. 2016;17(2):110-22.

Casey PJ, Seabra MC. Protein prenyltransferases. J Biol Chem. 1996;271(10):5289-
92.

Wong WW, Clendening JW, Martirosyan A, Boutros PC, Bros C, Khosravi F, et al.
Determinants of sensitivity to lovastatin-induced apoptosis in multiple myeloma.
Mol Cancer Ther. 2007:6(6):1886-97.

Jiang Z, Zheng X, Lytle RA, Higashikubo R, Rich KM. Lovastatin-induced up-
regulation of the BH3-only protein, Bim, and cell death in glioblastoma cells. J
Neurochem. 2004;89(1):168-78.

53



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

54

Pinho SS, Reis CA. Glycosylation in cancer: mechanisms and clinical implications.
Nat Rev Cancer. 2015;15(9):540-55.

Clendening JW, Pandyra A, Boutros PC, El Ghamrasni S, Khosravi F, Trentin GA, et
al. Dysregulation of the mevalonate pathway promotes transformation. Proc Natl
Acad Sci U S A. 2010;107(34):15051-6.

Bjarnadottir O, Feldt M, Inasu M, Bendahl PO, Elebro K, Kimbung S, et al. Statin use,
HMGCR expression, and breast cancer survival - The Malmé Diet and Cancer
Study. Sci Rep. 2020;10(1):558.

Freed-Pastor WA, Mizuno H, Zhao X, Langerad A, Moon SH, Rodriguez-Barrueco R,
et al. Mutant p53 disrupts mammary tissue architecture via the mevalonate
pathway. Cell. 2012;148(1-2):244-58.

Luu W, Sharpe LJ, Stevenson J, Brown AJ. Akt acutely activates the cholesterogenic
transcription factor SREBP-2. Biochim Biophys Acta. 2012;1823(2):458-64.

Porstmann T, Griffiths B, Chung YL, Delpuech O, Griffiths JR, Downward J, et al.
PKB/Akt induces transcription of enzymes involved in cholesterol and fatty acid
biosynthesis via activation of SREBP. Oncogene. 2005;24(43).6465-81.

Davel K, Yecies JL, Menon S, Raman P, Lipovsky Al, Souza AL, et al. Activation of a
metabolic gene regulatory network downstream of mTOR complex 1. Mol Cell.
2010;39(2):171-83.

Ahern TP, Pedersen L, Tarp M, Cronin-Fenton DP, Garne JP, Silliman RA, et al. Statin
prescriptions and breast cancer recurrence risk: a Danish nationwide prospective
cohort study. J Natl Cancer Inst. 2011;,103(19):1461-8.

Chae YK, Valsecchi ME, Kim J, Bianchi AL, Khemasuwan D, Desai A, et al. Reduced
risk of breast cancer recurrence in patients using ACE inhibitors, ARBs, and/or
statins. Cancer Invest. 2011;29(9):585-93.

Boudreau DM, Yu O, Chubak J, Wirtz HS, Bowles EJ, Fujii M, et al. Comparative safety
of cardiovascular medication use and breast cancer outcomes among women
with early stage breast cancer. Breast Cancer Res Treat. 2014;144(2):405-16.

Inasu M, Feldt M, Jernstrom H, Borgquist S, Harborg S. Statin use and patterns of
breast cancer recurrence in the Malmé Diet and Cancer Study. Breast.
2022;61:123-8.

Moon H, Hill MM, Roberts MJ, Gardiner RA, Brown AJ. Statins: protectors or
pretenders in prostate cancer? Trends Endocrinol Metab. 2014;25(4):188-96.

Skloot R, Moss S. The immortal life of Henrietta Lacks. Picador Classic edition ed.
431 sidor p.

Mirabelli P, Coppola L, Salvatore M. Cancer Cell Lines Are Useful Model Systems for
Medical Research. Cancers (Basel). 2019;11(8).

Ben-David U, Siranosian B, Ha G, Tang H, Oren Y, Hinohara K, et al. Genetic and
transcriptional evolution alters cancer cell line drug response. Nature.
2018;560(7718):325-30.

Hynds RE, Vladimirou E, Janes SM. The secret lives of cancer cell lines. Dis Model
Mech. 20181(11).



199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

n

212.

213.

214.

Pelham RJ, Wang Y. Cell locomotion and focal adhesions are regulated by
substrate flexibility. Proc Natl Acad Sci U S A. 1997,94(25):13661-5.

Wang YL, Pelham RJ. Preparation of a flexible, porous polyacrylamide substrate for
mechanical studies of cultured cells. Methods Enzymol. 1998;298:489-96.

Engler A, Bacakova L, Newman C, Hategan A, Griffin M, Discher D. Substrate
compliance versus ligand density in cell on gel responses. Biophys J. 2004;86(1 Pt
1):617-28.

Pogoda K, Charrier EE, Janmey PA. A Novel Method to Make Polyacrylamide Gels
with Mechanical Properties Resembling those of Biological Tissues. Bio Protoc.
2021,11(16):e4131.

Park S, Jung WH, Pittman M, Chen J, Chen Y. The Effects of Stiffness, Fluid Viscosity,
and Geometry of Microenvironment in Homeostasis, Aging, and Diseases: A Brief
Review. J Biomech Eng. 2020;142(10).

Bennett M, Cantini M, Reboud J, Cooper JM, Roca-Cusachs P, Salmeron-Sanchez
M. Molecular clutch drives cell response to surface viscosity. Proc Natl Acad Sci U
S A. 2018;115(6):1192-7.

Bera K, Kiepas A, Godet |, Li Y, Mehta P, femembi B, et al. Extracellular fluid viscosity
enhances cell migration and cancer dissemination. Nature. 2022;611(7935):365-73.

Elosegui-Artola A. The extracellular matrix viscoelasticity as a regulator of cell and
tissue dynamics. Curr Opin Cell Biol. 2021;72:10-8.

Elosegui-Artola A, Gupta A, Najibi AJ, Seo BR, Garry R, Tringides CM, et al. Matrix
viscoelasticity controls spatiotemporal tissue organization. Nat Mater.
2023;22(1)17-27.

Chaudhuri O, Gu L, Klumpers D, Darnell M, Bencherif SA, Weaver JC, et al. Hydrogels
with tunable stress relaxation regulate stem cell fate and activity. Nat Mater.
2016;15(3):326-34.

Pittman M, lu E, Li K, Wang M, Chen J, Taneja N, et al. Membrane ruffling is a
mechanosensor of extracellular fluid viscosity. Nature Physics. 2022;18(9):1112-21.

Lu M, Zhan X. The crucial role of multiomic approach in cancer research and
clinically relevant outcomes. EPMA J. 2018;9(1):77-102.

Lopez JI, Kang |, You WK, McDonald DM, Weaver VM. In situ force mapping of
mammary gland transformation. Integr Biol (Camb). 2011;3(9):910-21.

McConnell JC, O'Connell OV, Brennan K, Weiping L, Howe M, Joseph L, et al.
Increased peri-ductal collagen micro-organization may contribute to raised
mammographic density. Breast Cancer Res. 2016;18(1):5.

Northey JJ, Barrett AS, Acerbi |, Hayward MK, Talamantes S, Dean IS, et al. Stiff
stroma increases breast cancer risk by inducing the oncogene ZNF217. J Clin
Invest. 2020;130(11):5721-37.

Cramer LP, Mitchison TJ. Investigation of the mechanism of retraction of the cell
margin and rearward flow of nodules during mitotic cell rounding. Mol Biol Cell.
1997;8(1):109-19.

55



215.

216.
217.

218.

219.

220.

221.

222.

223.

224.

225.

226.
227.

228.

229.

230.

56

Lock JG, Baschieri F, Jones MC, Humphries JD, Montagnac G, Stromblad S, et al.
Clathrin-containing adhesion complexes. J Cell Biol. 2019;218(7):2086-95.

Ponuwei GA. A glimpse of the ERM proteins. J Biomed Sci. 2016;23:35.

Lane NE, Yao W, Nakamura MC, Humphrey MB, Kimmel D, Huang X, et al. Mice
lacking the integrin beta5 subunit have accelerated osteoclast maturation and
increased activity in the estrogen-deficient state. J Bone Miner Res.
2005;20(1):58-66.

Coudert AE, Del Fattore A, Baulard C, Olaso R, Schiltz C, Collet C, et al. Differentially
expressed genes in autosomal dominant osteopetrosis type Il osteoclasts reveal
known and novel pathways for osteoclast biology. Lab Invest. 2014;94(3):275-85.

Mcintosh BB, Ostap EM. Myosin-I molecular motors at a glance. J Cell Sci.
2016;129(14):2689-95.

Dai J, Ting-Beall HP, Hochmuth RM, Sheetz MP, Titus MA. Myosin | contributes to
the generation of resting cortical tension. Biophys J. 1999;77(2):1168-76.

Bergert M, Lembo S, Sharma S, Russo L, Milovanovi¢ D, Gretarsson KH, et al. Cell
Surface Mechanics Gate Embryonic Stem Cell Differentiation. Cell Stem Cell.
2021;28(2):209-16.e4.

Garay C, Judge G, Lucarelli S, Bautista S, Pandey R, Singh T, et al. Epidermal growth
factor-stimulated Akt phosphorylation requires clathrin or ErbB2 but not receptor
endocytosis. Mol Biol Cell. 2015;26(19):3504-19.

Provenzano PP, Inman DR, Eliceiri KW, Keely PJ. Matrix density-induced
mechanoregulation of breast cell phenotype, signaling and gene expression
through a FAK-ERK linkage. Oncogene. 2009;28(49):4326-43.

Wozniak MA, Desai R, Solski PA, Der CJ, Keely PJ. ROCK-generated contractility
regulates breast epithelial cell differentiation in response to the physical
properties of a three-dimensional collagen matrix. J Cell Biol. 2003;163(3):583-95.

Wagh K, Ishikawa M, Garcia DA, Stavreva DA, Upadhyaya A, Hager GL. Mechanical
Regulation of Transcription: Recent Advances. Trends Cell Biol. 2021;31(6):457-72.

Wang N. Review of Cellular Mechanotransduction. J Phys D Appl Phys. 2017,50(23).

Bertillot F, Miroshnikova YA, Wickstrém SA. SnapShot: Mechanotransduction in the
nucleus. Cell. 2022;185(19):3638-.el.

Ge H, Tian M, Pei Q, Tan F, Pei H. Extracellular Matrix Stiffness: New Areas Affecting
Cell Metabolism. Front Oncol. 2021;11:631991.

Oudin MJ, Weaver VM. Physical and Chemical Gradients in the Tumor
Microenvironment Regulate Tumor Cell Invasion, Migration, and Metastasis. Cold
Spring Harb Symp Quant Biol. 2016;81:189-205.

Ma XJ, Salunga R, Tuggle JT, Gaudet J, Enright E, McQuary P, et al. Gene expression
profiles of human breast cancer progression. Proc Natl Acad Sci U S A
2003;100(10):5974-9.



231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Lesurf R, Aure MR, Mark HH, Vitelli V, Lundgren S, Barresen-Dale AL, et al. Molecular
Features of Subtype-Specific Progression from Ductal Carcinoma In Situ to
Invasive Breast Cancer. Cell Rep. 2016;16(4):1166-79.

Rebbeck CA, Xian J, Bornelév S, Geradts J, Hobeika A, Geiger H, et al. Gene
expression signatures of individual ductal carcinoma in situ lesions identify
processes and biomarkers associated with progression towards invasive ductal
carcinoma. Nat Commun. 2022;13(1):3399.

Schuetz CS, Bonin M, Clare SE, Nieselt K, Sotlar K, Walter M, et al. Progression-
specific genes identified by expression profiling of matched ductal carcinomas in
situ and invasive breast tumors, combining laser capture microdissection and
oligonucleotide microarray analysis. Cancer Res. 2006;66(10):5278-86.

Darnell M, O'Neil A, Mao A, Gu L, Rubin LL, Mooney DJ. Material microenvironmental
properties couple to induce distinct transcriptional programs in mammalian stem
cells. Proc Natl Acad Sci U S A. 2018;115(36):E8368-E77.

Ingallina E, Sorrentino G, Bertolio R, Lisek K, Zannini A, Azzolin L, et al. Mechanical
cues control mutant p53 stability through a mevalonate-RhoA axis. Nat Cell Biol.
2018;20(1):28-35.

Kaukonen R, Mai A, Georgiadou M, Saari M, De Franceschi N, Betz T, et al. Normal
stroma suppresses cancer cell proliferation via mechanosensitive regulation of
JMJDla-mediated transcription. Nat Commun. 2016;7:12237.

Romani P, Nirchio N, Arboit M, Barbieri V, Tosi A, Michielin F, et al. Mitochondrial
fission links ECM mechanotransduction to metabolic redox homeostasis and
metastatic chemotherapy resistance. Nat Cell Biol. 2022;24(2):168-80.

Yarwood SJ, Woodgett JR. Extracellular matrix composition determines the
transcriptional response to epidermal growth factor receptor activation. Proc Natl
Acad Sci U S A. 2001,98(8):4472-7.

LiuY, Beyer A, Aebersold R. On the Dependency of Cellular Protein Levels on mRNA
Abundance. Cell. 2016;165(3):535-50.

Hao X, Sun B, Hu L, L&hdesméki H, Dunmire V, Feng Y, et al. Differential gene and
protein expression in primary breast malignancies and their lymph node
metastases as revealed by combined cDNA microarray and tissue microarray
analysis. Cancer. 2004;100(6):1110-22.

Shi Z, Fujii K, Kovary KM, Genuth NR, Rést HL, Teruel MN, et al. Heterogeneous
Ribosomes Preferentially Translate Distinct Subpools of mRNAs Genome-wide.
Mol Cell. 2017:67(1):71-83.e7.

Luan Y, Tang N, Yang J, Liu S, Cheng C, Wang Y, et al. Deficiency of ribosomal
proteins reshapes the transcriptional and translational landscape in human cells.
Nucleic Acids Res. 2022.

Prakash V, Carson BB, Feenstra JM, Dass RA, Sekyrova P, Hoshino A, et al. Ribosome
biogenesis during cell cycle arrest fuels EMT in development and disease. Nat
Commun. 2019;10(1):2110.

57



244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

58

Ebright RY, Lee S, Wittner BS, Niederhoffer KL, Nicholson BT, Bardia A, et al.
Deregulation of ribosomal protein expression and translation promotes breast
cancer metastasis. Science. 2020;367(6485):1468-73.

Gil G, Brown MS, Goldstein JL. Cytoplasmic 3-hydroxy-3-methylglutaryl
coenzyme A synthase from the hamster. Il Isolation of the gene and
characterization of the 5' flanking region. J Biol Chem. 1986,261(8):3717-24.

Park CC, Zhang H, Pallavicini M, Gray JW, Baehner F, Park CJ, et al. Betal integrin
inhibitory antibody induces apoptosis of breast cancer cells, inhibits growth, and
distinguishes malignant from normal phenotype in three dimensional cultures and
in vivo. Cancer Res. 2006;66(3):1526-35.

Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C, et al. Reversion
of the malignant phenotype of human breast cells in three-dimensional culture
and in vivo by integrin blocking antibodies. J Cell Biol. 1997;137(1):231-45.

Huebner RJ, Neumann NM, Ewald AJ. Mammary epithelial tubes elongate through
MAPK-dependent coordination of cell migration. Development. 2016;143(6):983-
93.

Brownfield DG, Venugopalan G, Lo A, Mori H, Tanner K, Fletcher DA, et al. Patterned
collagen fibers orient branching mammary epithelium through distinct signaling
modules. Curr Biol. 2013;23(8):703-9.

Akhtar N, Li W, Mironov A, Streuli CH. Rac1 Controls Both the Secretory Function of
the Mammary Gland and Ilts Remodeling for Successive Gestations. Dev Cell.
2016;38(5):522-35.

Schnelzer A, Prechtel D, Knaus U, Dehne K, Gerhard M, Graeff H, et al. Raclin human
breast cancer: overexpression, mutation analysis, and characterization of a new
isoform, Raclb. Oncogene. 2000;19(26):3013-20.

Joyce PL, Cox AD. Racl and Rac3 are targets for geranylgeranyltransferase |
inhibitor-mediated inhibition of signaling, transformation, and membrane ruffling.
Cancer Res. 2003;63(22):7959-67.

Bianchi-Smiraglia A, Wolff DW, Marston DJ, Deng Z, Han Z, Moparthy S, et al.
Regulation of local GTP availability controls RAC1 activity and cell invasion. Nat
Commun. 2021;12(1):6091.

Krug K, Jaehnig EJ, Satpathy S, Blumenberg L, Karpova A, Anurag M, et al.
Proteogenomic Landscape of Breast Cancer Tumorigenesis and Targeted Therapy.
Cell. 2020,183(5):1436-56.e31.

LiQ Qin T, Bi Z Hong H, Ding L, Chen J, et al. Racl activates non-oxidative pentose
phosphate pathway to induce chemoresistance of breast cancer. Nat Commun.
2020;11(1):1456.

Nowakowska MK, Lei X, Thompson MT, Shaitelman SF, Wehner MR, Woodward WA,
et al. Association of statin use with clinical outcomes in patients with triple-
negative breast cancer. Cancer. 2021,127(22):4142-50.

Feng M, Bao Y, Li Z Li J, Gong M, Lam S, et al. RASAL2 activates RACI1 to promote
triple-negative breast cancer progression. J Clin Invest. 2014;124(12):5291-304.



258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

27.

272.

Liu W, Chen G, Sun L, Zhang Y, Han J, Dai Y, et al. TUFT1 Promotes Triple Negative
Breast Cancer Metastasis, Stemness, and Chemoresistance by Up-Regulating the
Racl/B-Catenin Pathway. Front Oncol. 2019;9:617.

Xiao Y, Li Y, Tao H, Humphries B, Li A, Jiang Y, et al. Integrin a5 down-regulation by
miR-205 suppresses triple negative breast cancer stemness and metastasis by
inhibiting the Src/Vav2/Racl pathway. Cancer Lett. 2018;433:199-209.

Fattet L, Jung HY, Matsumoto MW, Aubol BE, Kumar A, Adams JA, et al. Matrix
Rigidity Controls Epithelial-Mesenchymal Plasticity and Tumor Metastasis via a
Mechanoresponsive EPHA2/LYN Complex. Dev Cell. 2020;54(3):302-16.e7.

Miao H, Li DQ, Mukherjee A, Guo H, Petty A, Cutter J, et al. EphA2 mediates ligand-
dependent inhibition and ligand-independent promotion of cell migration and
invasion via a reciprocal regulatory loop with Akt. Cancer Cell. 2009;16(1):9-20.

Miao H, Gale NW, Guo H, Qian J, Petty A, Kaspar J, et al. EphA2 promotes infiltrative
invasion of glioma stem cells in vivo through cross-talk with Akt and regulates stem
cell properties. Oncogene. 2015;34(5):558-67.

Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour progression.
Nat Rev Cancer. 2009;9(2):108-22.

Boehm JS, Zhao JJ, Yao J, Kim SY, Firestein R, Dunn IF, et al. Integrative genomic
approaches identify IKBKE as a breast cancer oncogene. Cell. 2007;129(6):1065-
79.

Barbie TU, Alexe G, Aref AR, Li S, Zhu Z, Zhang X, et al. Targeting an IKBKE cytokine
network impairs triple-negative breast cancer growth. J Clin Invest.
2014,124(12):5411-23.

Xie W, Jiang Q, Wu X, Wang L, Gao B, Sun Z, et al. IKBKE phosphorylates and
stabilizes Snail to promote breast cancer invasion and metastasis. Cell Death
Differ. 2022;29(8):1528-40.

Zhao Z, Li Y, Liu H, Jain A, Patel PV, Cheng K. Co-delivery of IKBKE siRNA and
cabazitaxel by hybrid nanocomplex inhibits invasiveness and growth of triple-
negative breast cancer. Sci Adv. 2020;6(29):eabb0616.

Yin M, Wang X, Lu J. Advances in IKBKE as a potential target for cancer therapy.
Cancer Med. 2020;9(1):247-58.

Bell J. Amlexanox for the treatment of recurrent aphthous ulcers. Clin Drug Investig.
2005;25(9):5655-66.

LiuY, Lu J, Zhang Z, Zhu L, Dong S, Guo G, et al. Amlexanox, a selective inhibitor of
IKBKE, generates anti-tumoral effects by disrupting the Hippo pathway in human
glioblastoma cell lines. Cell Death Dis. 2017;8(8):e3022.

Moller M, Wasel J, Schmetzer J, Weil3 U, Meissner M, Schiffmann S, et al. The
Specific IKKe/TBK1 Inhibitor Amlexanox Suppresses Human Melanoma by the
Inhibition of Autophagy, NF-xB and MAP Kinase Pathways. Int J Mol Sci. 2020;21(13).

Cheng C, Ji Z, Sheng Y, Wang J, Sun Y, Zhao H, et al. Aphthous ulcer drug inhibits
prostate tumor metastasis by targeting IKKe/TBKI/NF-kB signaling. Theranostics.
2018;8(17):4633-48.

59



273.

274.

275.

276.

277.

60

Bailly C. The potential value of amlexanox in the treatment of cancer: Molecular
targets and therapeutic perspectives. Biochem Pharmacol. 2022;197:114895.

Provenzano PP, Inman DR, Eliceiri KW, Knittel JG, Yan L, Rueden CT, et al. Collagen
density promotes mammary tumor initiation and progression. BMC Med. 2008;6:11.

Hong Y, Limback D, Elsarraj HS, Harper H, Haines H, Hansford H, et al. Mouse-
INtraDuctal (MIND): an in vivo model for studying the underlying mechanisms of
DCIS malignancy. J Pathol. 2022;256(2):186-201.

Shee K, Muller KE, Marotti J, Miller TW, Wells WA, Tsongalis GJ. Ductal Carcinoma in
Situ Biomarkers in a Precision Medicine Era: Current and Future Molecular-Based
Testing. Am J Pathol. 2019;189(5):956-65.

Tian C, Clauser KR, Ohlund D, Rickelt S, Huang Y, Gupta M, et al. Proteomic analyses
of ECM during pancreatic ductal adenocarcinoma progression reveal different
contributions by tumor and stromal cells. Proc Natl Acad Sci U S A
2019;116(39):19609-18.



