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ABSTRACT

The interplay between mechanical forces and the tumour microenvironment is
critical in cancer progression, influencing tumour growth, metastasis and therapy
resistance. Integrins, which mediate cell adhesion to the extracellular matrix (ECM),
transmit mechanical signals that regulate key cellular processes including
proliferation and migration. These mechanical forces modulate integrin activity,
altering the cytoskeleton and signalling networks, thereby promoting cancer
invasiveness and metastasis. The tumour matrix's physical properties, such as
stiffness, further drive cancer progression. Cancer-associated fibroblasts remodel the
ECM, increasing matrix stiffness and enhancing mechanotransduction pathways.
Moreover, cancer-associated adipocytes contribute to metabolic reprogramming and
inflammation, creating a feedback loop that accelerates tumour growth.
Understanding these molecular mechanisms is crucial for developing therapies that
disrupt these pathways to inhibit cancer progression and metastasis.

In this thesis, I have explored how reintroducing mechanical forces lost in
cancer, owing to increased tissue rigidity, can downregulate oncogenic signalling
activity. Specifically, stretching and vibrating vocal fold cancer cells lead to
nucleocytoplasmic localisation of the oncogenic transcription factors YAP/TAZ and
B-catenin. Additionally, I have investigated the role of healthy adipocytes in the
breast tumour microenvironment, demonstrating that secretion of the adipocrine
factor IGFBP2 can act as a protective barrier against breast cancer progression.
Lastly, I examined the role of the integrin inactivator SHANK3 in KRAS-driven
cancers, showing that disrupting the SHANK3-KRAS interaction can induce cell
death in KRAS-mutant cancer cells through hyperactivation of the MAPK-ERK
pathway. Collectively, these findings offer novel strategies to inhibit and target
cancer progression across different cancer types.

KEYWORDS: biomechanics, mechanosensing, extracellular matrix, cell-cell
adhesion, cell-ECM adhesion, cancer
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TIVISTELMA

Mekaanisten voimien ja kasvaimen mikroympdériston vilinen vuorovaikutus on
kriittinen sydvin etenemisessd, vaikuttaen kasvaimen kasvuun, etidpesikkeiden
muodostumiseen ja hoitoresistenssiin. Integriinit, jotka vélittdvit solun adheesiota
soluviliaineeseen, vilittivit mekaanisia signaaleja, jotka sddtelevit solun keskeisid
prosesseja, kuten proliferaatiota ja migraatiota. Nimé mekaaniset voimat sdatelevét
integriinien aktiivisuutta, muuttaen solutukirankaa ja signalointireittejd, ja tdten
edistden syovin invasiivisuutta sekd etdpesidkkeiden muodostumista. Kasvain-
matriksin fysikaaliset ominaisuudet, kuten jaykkyys, edistivét edelleen sydvén
etenemistd. Syopédédn liittyvdt fibroblastit muokkaavat soluviliainetta lisdamalla
matriksin jaykkyyttd ja tehostaen mekaanisia signalointireittejd. SyOpéan liittyvat
adiposyytit vuorostaan edistdvdt aineenvaihdunnan uudelleenohjelmointia ja
tulehdusta luoden palautesilmukan, joka nopeuttaa kasvaimen kasvua. Niiden
molekyylimekanismien ymmartdminen on ratkaisevan tirkeédd kehitettdessa hoitoja,
jotka estdvit nditd reittejd ja siten syovdn etenemistd sekd etipesikkeiden
muodostumista.

Tassé vaitoskirjassa olen tutkinut, kuinka syovissd menetettyjen mekaanisten
voimien palauttaminen voi heikentiis onkogeenista signaalitoimintaa. A#nihuuli-
syovin solujen venyttdminen ja virdhdyttiminen johtavat onkogeenisten transkrip-
tiotekijoiden YAP/TAZ:n ja PB-kateniinin vdhentyneeseen nukleosytoplasmiseen
lokalisaatioon. Lisdksi olen tutkinut terveiden rasvasolujen roolia rintakasvaimen
mikroympéristdssd osoittaen, ettd adipokriinisen tekijin IGFBP2 erittyminen voi
toimia suojaavana tekijéni rintasydvén etenemistd vastaan. Lopuksi tutkin integriini-
inaktivaattorin SHANK3:n roolia KRAS-sy6vissé osoittaen, ettd SHANK3-KRAS-
vuorovaikutuksen héiritseminen voi aiheuttaa solukuolemaa KRAS-mutatoituneissa
syopasoluissa MAPK-ERK-reitin hyperaktivoinnin kautta. Yhdessid ndma havainnot
tarjoavat uusia strategioita syovin etenemisen estdmiseksi eri syOpatyypeissa.

AVAINSANAT: biomekaniikka, mekaaninen aistiminen, soluviliaine, solu-solu
adheesiot, solu-soluviliaine adheesiot, syopa
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AFM Atomic force microscopy

AKT Protein kinase B

AMOTL2 Angiomotin-like protein 2

ARR Ankyrin repeat region

BM Basement membrane

CAA Cancer-associated adipocyte
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CAM Chorioallantoic membrane
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ERK Extracellular signal-regulated kinase
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FAK Focal adhesion kinase

FAO Fatty acid oxidation

FAP Fibroblast activation protein

FBS Fetal bovine serum

FFA Free-fatty acid

FN Fibronectin

GFP Green fluorescent protein

GPCR G-protein coupled receptor

IAC Integrin-adhesion complex
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IGF-1I Insulin-like growth factor 2
IGFBP2 Insulin-like growth factor-binding protein 2
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KRAS Kirsten rat sarcoma viral oncogene homolog
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MMP Matrix-metalloproteinase

MRTF Myocardin-related transcription factor
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PDGF Platelet-derived growth factor
PDMS Polydimethylsiloxane

PFA Paraformaldehyde

PT Phase transition

RA Ras-association

RBD Ras-binding domain

RNAIi Ribonucleic acid interference

ROCK Rho-associated protein kinase
SHANK3  SH3 and multiple ankyrin repeat domains 3

siRNA Small interfering ribonucleic acid
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SPN Shank/ProSAP N-terminal domain

SRF Serum response factor

TAZ Transcriptional coactivator with PDZ-binding motif
TEAD Transcriptional enhanced associate domain
TGF-p Transforming growth factor 8

TMA Tissue microarray
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1 Introduction

Cells adhere to other cells and to the extracellular matrix (ECM) through adhesion
molecules at the cell surface. These adhesion molecules are essential for the
formation of larger structures such as tissues and organs. Direct and indirect cell-cell
and cell-ECM contact enables interaction with other cell surface molecules that
regulate cellular functions, including cell proliferation and migration (Gumbiner,
1996). This regulation is highly controlled, as cells need to sense and respond to the
changes in their microenvironment to ensure correct and effective signalling to
maintain homeostasis. In response to cues from the microenvironment, cells
modulate biochemical signalling pathways, which can lead to changes in adhesion
capability and strength. Alterations in the way cells respond to these changes in their
microenvironment contribute to different steps of cancer progression (Beri et al.,
2020; Ungai-Salanki et al., 2021).

Not only do cells sense and respond to biochemical cues, but also mechanical
cues play an important role in homeostasis (Wickstrom & Niessen, 2018). Cells are
subjected to internal and external mechanical forces. These mechanical forces are
sensed through specialized proteins, mechanosensors, that convert physical
information into biochemical signalling cascades (Di et al., 2023). Cells experience
a variety of mechanical stimuli, such as stretching, vibration, sheer stress, substrate
stiffness, compression and hydrostatic pressure. Cells adapt to these mechanical cues
by reinforcing their force-bearing structures, which are located at the cell-cell
boundaries and cell-ECM boundaries, by shielding their nuclei through remodelling
their cytoskeleton or by nucleocytoplasmic shuttling of mechanoresponsive
transcription factors (Andreu et al., 2021; Kechagia et al., 2019a; Kirby &
Lammerding, 2018; Yap et al., 2018).

Cells do not merely passively adhere to the ECM, as adhesion is essential for cell
growth and modulating signalling pathways. Therefore, the architecture and
composition of the ECM must be tightly regulated, as changes in the biophysical
properties of the ECM lead to altered responses to mechanical cues. In a variety of
pathological conditions, such as fibrosis and cancer, the aberrant ECM composition
that frequently results in tissue stiffening, provides cancer cells an effective base for
cell growth, which ultimately can give rise to a tumour (Winkler et al., 2020).

12



Introduction

Research on ECM mechanics and its influence on cancer biology has revealed
that mechanical stress within the ECM can activate signalling pathways that drive
tumour progression. Activation of signalling pathways can lead to changes in gene
expression, cytoskeletal organization and other cellular functions, affecting the
mechanical properties of cells (Di et al., 2023). Moreover, mechanical cues from the
ECM can influence cancer therapy efficacy, for tumours with a stiffer ECM exhibit
enhanced drug resistance (Kalli et al., 2023; Mai et al., 2024). Therefore, it is crucial
to understand the mechanical properties of the ECM in homeostasis and in
pathology, and its crosstalk with force-sensing molecules. Recent advances in
mechanobiology have brought the field forward, especially regarding changes in
tissue stiffness in pathology. However, the fundamental differences in mechanical
properties between different tissue types in homeostasis have been overlooked.
Therefore, rather than simply focusing on the pathological outcome, it is necessary
to consider the imbalance that has led to changes in the mechanical properties of
tissues and how it differs from homeostasis. Moreover, the tumour matrix and the
other cell types within the tumour microenvironment (TME), such as fibroblasts,
immune cells and adipocytes, are pivotal in tumorigenesis (de Visser & Joyce, 2023).

The purpose of this thesis is to explore the biomechanical tumour matrix, by
studying how the vocal folds, an organ that is normally under constant mechanical
tension, respond to external mechanical stimulus which is lost in vocal fold cancer,
and how normal healthy adipocytes influence breast cancer progression.
Additionally, I have investigated how cell signalling pathway hyperactivation can be
utilized for targeted cell death in KRAS-mutant cancers. The results presented in this
thesis will expand our knowledge on biomechanics by providing a new view on how
mechanobiology can differ depending on the tissue type and provide insights on the
co-operation of normal adipocytes and cancer cells in the TME.

13



2 Review of the Literature

2.1 Biomechanics in the tumour matrix

Cells exist within a complex and dynamic microenvironment where mechanical forces
have a substantial impact on regulating their behaviour and function (Ladoux & Mege,
2017). Under normal conditions, cells are tightly regulated and respond to signals in a
coordinated manner, leading to outcomes such as growth, differentiation and
programmed cell death (apoptosis). This regulation is part of a broader mechanism
ensuring homeostasis, that allows cells to maintain cellular stability. However, normal
cells can acquire mutations that grant them the capability to bypass these regulatory
controls, leading to unrestricted growth and tumorigenesis (Hanahan, 2022). In
addition to normal cells gaining these advantageous characteristics, changes in the cell
microenvironment, such as in the ECM and the surrounding cells, further incite the
onset of tumorigenesis and metastasis (de Visser & Joyce, 2023).

Solid tumours are embedded in the ECM, a complex network that occupies the
spaces in tissues lacking cells, supporting their structure and function through
components like glycosaminoglycans, proteoglycans, glycoproteins and fibrous
proteins. Consequently, the cell-ECM connection is essential for regulating cell
growth, proliferation and differentiation. This regulation mediates changes in cell
behaviour by directly tuning gene and protein expression patterns and indirectly
modifying the environmental cues, such as the levels and organization of ECM
components (Humphrey et al., 2014). The biochemical and biomechanical properties
of the tumour ECM are often altered, leading to changes in tissue architecture,
topography and biomechanics, which significantly impact cancer progression. These
changes are driven both by cancer cells and cancer-associated-fibroblasts (CAFs),
often resulting in stiffening of the pathological tissue (Najafi et al., 2019; Sahai et
al., 2020). Furthermore, mechanosensing is essential for homeostatic control of the
ECM in healthy tissues. For instance, the ECM provides an optimal substrate rigidity
for controlled cell proliferation and migration (Pally & Naba, 2024; Winkler et al.,
2020). In addition to permitting proliferation, sensing substrate rigidity serves as a
means to induce apoptosis: normal cells on soft matrices undergo apoptosis, whereas
those on stiffer ones proliferate. However, cancer cells can exploit this system, being
able to grow on softer matrices due to their decrease in rigidity sensing (B. Yang et

14



Review of the Literature

al., 2020). This substrate stiffness-dependent apoptosis, owing to failure in
reinforcing cell-ECM adhesions, is normally mediated by two established
mechanosensors, Yes-associated protein (YAP) and integrins (Shi et al., 2024).

Though the importance of tissue rigidity in tumorigenesis is undeniable, the
biomechanical properties of the tumour matrix are not limited to it, as cells and
tissues are subjected to a variety of intrinsic and external physical forces. Physical
forces, including stretching, hydrostatic pressure and sheer stress, remodel the
cytoskeleton of cancer cells, affecting their mechanosensing properties and
mechanotransduction pathways (Coban et al., 2021; Nia et al., 2020). Therefore,
cellular mechanosensing in pathologies is of great interest, with emerging
technologies, including dynamic micropatterns, hydrogels, nanoparticles,
mechanical vibration and stretching paving the way for studying the key
biomechanical regulatory mechanisms altered in cancer cells and in the tumour
matrix (Cruz-Acuia et al., 2021; Di et al., 2023). Together these changes in the
interactions between cells and the tumour matrix, highlight the complexity of the
TME and the importance of the ECM in tumorigenesis.

2.2 Integrin-adhesion complexes (IAC’s) in the
tumour matrix

Cells adhere to the ECM through a group of transmembrane receptors, integrins, that
are specialized in cell adhesion. Integrins, along with associated proteins, form
integrin-adhesion complexes (IACs) that connect the ECM to the cell cytoskeleton
(Chastney et al., 2021). IACs regulate multiple cellular processes, including
adhesion, migration, proliferation and survival. IACs are essential components of the
cell microenvironment, facilitating interactions between cells and the ECM, as well
as between neighbouring cells. Alterations in IAC expression and localization can
significantly influence tumour growth and the dissemination of cancer cells, leading
to metastasis (Cooper & Giancotti, 2019).

Integrins interact with various ECM proteins, such as fibronectin, collagens and
laminins, physically linking cells to the ECM (Kanchanawong & Calderwood,
2023). This linkage allows integrins to function as mechanosensors; cells sense their
surroundings and adjust their functions based on the signals they receive through
IACs. One the most important function of integrins being mechanosensors and
binding to the ECM, is their ability to provide the traction required for cancer cell
invasion (Kechagia et al., 2019b; Tan et al., 2020). Integrins transmit bidirectional
signals across the plasma membrane in a process that is tightly regulated in
homeostasis. Thus, changes in the composition of the ECM or IACs can profoundly
affect signalling cascades mediated by integrins.
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To ensure controlled signalling, integrins need to be activated for signalling to
occur. Integrins contribute to the dynamic and reciprocal communication between
cancer cells and their microenvironment, for example through association to major
signalling molecules, such as growth factors, that are established regulators of
tumorigenesis (Sarker et al., 2020). This communication is essential for remodelling
of the ECM, which further supports tumorigenesis. The impact of dysregulated IACs
extends beyond the tumour matrix to affect tumour vascularization and metastatic
colonization, demonstrating that IACs play a crucial role in each step of the
metastatic cascade (Hamidi & Ivaska, 2018). Therefore, by influencing the physical
and biochemical properties of the ECM, integrins can support the creation of a
microenvironment favourable for cancer progression.

Although targeting integrins in solid tumours has shown promise in preclinical
studies, clinical trials have not yet achieved the desired efficacy, as challenges such
as therapy resistance and variable patient outcomes persist (Pang et al., 2023). The
complexity of integrin signalling and its integration with other cellular pathways
highlights the need for a comprehensive understanding of IAC biology. Future
therapeutic strategies may benefit from a more multidisciplinary approach that
considers the diverse roles and co-operation of integrins, the ECM and biomechanics
in cancer. This could involve combination therapies that target integrins along with
other key regulators of the TME, aiming to overcome resistance mechanisms and
improve patient outcomes.

2.21 IAC structure

IACs are multi-protein complexes that connect cells to the ECM and the
cytoskeleton. IACs can roughly be split into two categories, actin-linked adhesions
such as focal adhesions (FAs) and intermediated-filament network coupled
hemidesmosomes (Figure 1). FAs are highly dynamic structures that rapidly
respond to extracellular signals and mechanical forces. Hemidesmosomes form more
stable adhesions that are crucial for the structural integrity of epithelial tissues. The
assembly and regulation of both IAC types are critical for various cellular processes,
including cell proliferation and migration. IACs comprise multiple adaptor proteins
that link integrins to the cytoskeleton and mediate signalling from the ECM to the
cell (Kanchanawong et al., 2010; Nahidiazar et al., 2015).

The core components in IACs, integrins, are transmembrane receptors that mediate
the attachment between a cell and the ECM. Integrins were discovered in the 1970s
and recognised as a family of cell surface receptors in 1987 (Hynes, 1987). Integrins
are formed by single transmembrane helices, and in mammals, they give rise to 24
heterodimeric complexes. These complexes consist of af-heterodimers that bind to
their ligands via a large extracellular domain. The specific combinations of a- and
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B-subunits give rise to heterodimers capable of engaging and becoming activated by a
subgroup of ligands, such as fibronectin, collagen, vitronectin, tenascin-c and laminin
(Table 1). Integrin subunits have large extracellular domains which interact non-
covalently at their head. In addition, both subunits have a single transmembrane
domain and a short cytoplasmic tail. The cytoplasmic tails contain shared conserved
motifs found in all integrins as well as subunit-specific amino acid sequences. Both
are essential for signalling, and the subunit-specific segments provide a means for
integrin heterodimer specific signalling upon binding to different ligands. The
cytoplasmic tails of integrins mediate signalling with various intracellular adaptor
proteins in IACs (Chastney et al., 2021; Kadry & Calderwood, 2020).

Table 1. Integrin heterodimers and their ECM ligands.

ECM ligand |Integrin heterodimer

Fibronectin a4B31, a5p1, a8B1, allbB1, avp3, avB6 and av38
Collagen al1p1, a2p1, a10p1 and a11p1

Vitronectin avp1, avB3, avB5 and allbB3

Tenascin-C a9B1, a8p1, avp1 and av6

Laminin a3B1, a6p1, a6p4 and a731

In FAs the main adaptor proteins include talin, kindlin, paxillin and vinculin.
Talin binds to the integrin B-tail to activate integrins, in addition to linking them to
the actin cytoskeleton (Figure 1). Kindlin binds to integrins and assists in integrin
activation, whereas vinculin binds to talin and actin, stabilizing the link between
integrins and the cytoskeleton (Aretz et al., 2023; Boujemaa-Paterski et al., 2020;
Franz et al., 2023). Paxillin is a scaffolding protein that further recruits additional
signalling and adaptor proteins to the complex (Efimov et al., 2008; Webb et al.,
2004). The most important signalling proteins in FAs include focal adhesion kinase
(FAK), a non-receptor tyrosine kinase, and src family of tyrosine kinases that are
activated upon integrin engagement (Arias-Salgado et al., 2003; J.-C. Wu et al.,
2015). As FAs are linked to the actin cytoskeleton, they also recruit other
cytoskeletal proteins such as a-actinin, that cross-links actin filaments and connects
them to integrins. Other regulatory proteins, such as parvin and integrin-linked
kinase (ILK), are associated to FAs for example to regulate the assembly and
disassembly of FAs, thus controlling cell adhesion and migration (Kanchanawong et
al., 2010; Kanchanawong & Calderwood, 2023).

Hemidesmosomes anchor epithelial cells to the basement membrane (BM),
providing mechanical stability and structural integrity to tissues. These structures are
primarily composed of the a6p4-integrin heterodimer (Figure 1), whereas FAs can
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be made up of variety of different heterodimers. In addition to the difference in the
core integrin component, hemidesmosomes connect cells directly to the keratin
intermediate filament cytoskeleton instead of actin (Krausova et al., 2021; Walko et
al., 2015). In hemidesmosomes, a6p4-integrin adheres to the ECM through binding
laminin-332, which is a major glycoprotein in the BM. Similar to integrins, collagen
XVII (BP180) is a transmembrane protein, that links the ECM to the intracellular
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Figure 1. Focal adhesion (FA) and hemidesmosome composition. FAs comprise various
integrin heterodimers and are connected to the actomyosin cytoskeleton via talin and
vinculin. In hemidesmosomes adhesion is mediated by a6p4-integrin and they are linked
to the keratin intermediate filament cytoskeleton via plectin and BP180.
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plaque in hemidesmosomes, and these intracellular plaques interact with the
intermediate filament cytoskeleton. Moreover, another membrane spanning protein,
tetraspanin CD151, functions as a scaffolding protein to associate a6p4-integrins to
intracellular proteins. Plectin is a cytoskeletal adaptor protein that connects the
intermediate filaments to the intracellular plaque and interacts with Bullous
Pemphigoid Antigen 1 (BP230) and p4-integrin, linking the cytoplasmic plaque to
the intermediate filament cytoskeleton. The intermediate filament cytoskeleton
comprises of keratins 5 and 14, providing hemidesmosomes tensile strength and
mechanical resistance (Molder et al., 2021; Nahidiazar et al., 2015).

222 IAC formation and regulation

IAC formation and regulation are highly controlled and dynamic processes involving
multiple steps, including integrin activation, recruitment of adaptor and signalling
proteins, and interaction with the cytoskeleton (Hynes, 2002). IAC regulation
ensures that cells can respond appropriately to changes in their environment and
perform functions such as differentiation, proliferation and migration. This
regulation involves transcriptional control, post-translational modifications and
interactions with various structural and regulatory components in addition to growth
factors (Gahmberg et al., 2019; Gahmberg & Gronholm, 2022; Legerstee et al.,
2021). Moreover, mechanical forces are also transmitted through IACs and these
forces can influence the size and stability of FAs, as well as activate signalling
pathways (Nardone et al., 2017; Yao et al., 2022).

IAC formation beings with integrin activation, which is dependent on their
conformation as conformational changes enable activation and signalling (Figure
2). Integrin signalling is bi-directional meaning that integrins can be activated
through intracellular signals or ligand binding. In their resting state, integrins are
typically in a low-affinity (inactive) conformation for their ligands in the ECM. In
this state, the extracellular domains are bent and the cytoplasmic tails are close
together. Ligand binding or binding of intracellular adaptor proteins leads to integrin
activation through a transitional extended closed intermediate state, before becoming
fully activated in an extended open conformation (Figure 2) (Kolasangiani et al.,
2022). Integrin inactivators interfere with the activation and function of integrins.
Allosteric integrin inhibitors bind to sites other than the ligand-binding site,
stabilizing the inactive conformation of integrins and preventing them from adopting
the active conformation (Figure 2). SHARPIN (SHANK-associated RH domain-
interacting protein) and LRP12 (Low-density lipoprotein receptor-related protein 12)
indirectly inhibit integrin activation by binding to cytoplasmic integrin o-tails and
therefore inhibitin talin binding (Gao et al., 2019; M. Huang et al., 2023; Rantala et
al., 2011). Some integrin inactivators, such as ICAP1 (integrin cytoplasmic domain-
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associated protein 1) and filamin, prevent activation by competitively binding to
overlapping residues on the cytoplasmic -tail, thus preventing binding of integrin
activators, such as talin (Bouin et al., 2017; Bouvard et al., 2003; Calderwood et al.,
2001; J. Liu et al., 2015). Another integrin inactivator protein, SHANK3 (SH3 and
multiple ankyrin repeat domains 3), functions as a scaffolding protein. Though
SHANK3 is primarily known for its role in neuronal synapses, where it regulates
signalling and plasticity, it can also influence integrin activity in non-neuronal cells.
SHANK3 can indirectly affect the activation and function of integrins by
sequestering active RAP1 (Ras proximity 1), thus limiting talin recruitment to the
plasma membrane. SHANK3 can also influence the organization and dynamics of
the actin cytoskeleton, potentially altering the mechanical forces and signals that
regulate integrin activation (Salomaa et al., 2021). Moreover, SHANK3 SPN domain
has a Ras-association domain with a high affinity for GTP-bound Ras, indicating a
possible relevance in regulating KRAS-mediated cancer cell migration and invasion
(Lilja et al., 2017).

Bent-closed Extended-closed Extended-open
Low affinity Intermediate affinity High affinity

2.8

ECM

Inactivators

Cytoplasm.

Figure 2. Conformational activation of integrins. Integrins are inactive in a bent closed
conformation with low affinity, and activation is further inhibited by intracellular integrin
inactivators. The intermediate primed conformation can be activated by recruitment of
intracellular activators to the cytoplasmic integrin tails. High affinity integrins are in an
extended-open conformation with activators binding to the cytoplasmic p-tails.

In FAs the cytoplasmic integrin tails interact with intracellular adaptor proteins
such as talin. Talin binding to the integrin B-tail induces a conformational change that
separates the o and P subunits, extending the extracellular domain into an active
conformation that can bind ECM ligands with high affinity. Though integrin signalling
is bi-directional, a recent study implies that the ligand-integrin-talin-actomyosin
cytoskeleton complex is required, as talin does not induce integrin extension or
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opening, and the main activation initiating event would be extracellular ligand binding
(J. Li et al., 2024). Talin binds to the integrin B-tail and to actin filaments, linking
integrins to the cytoskeleton. Vinculin, another adaptor protein, binds to talin and
further reinforces this connection (Atherton et al., 2019; Franz et al., 2023). Additional
proteins such as paxillin, kindlin and focal adhesion kinase (FAK) are recruited to the
developing FA, aiding in the organization and stability of the complex. These adaptor
proteins, such as kindlin and talin, also interact together to activate integrins (Lu et al.,
2022). Once activated, integrins bind to specific ECM proteins leading to integrin
clustering, which enhances the strength of the cell-ECM adhesion (Cheng et al., 2020;
Mana et al., 2023). In signal transduction, proteins such as FAK and src are activated
in response to integrin engagement, initiating downstream signalling cascades that
regulate changes in gene expression, cell survival, proliferation and migration without
affecting IAC composition (Horton et al., 2016). Linkage to the actin cytoskeleton is
formed through some of these adaptor proteins, such as talin, vinculin, tropomyosins
and a-actinin, and this connection is needed for mechanical stability of FAs and for
the transmission of mechanical forces across the cell membrane (Kumari et al., 2024;
Roca-Cusachs et al., 2013). Additionally, the linkage also enables cells to exert traction
forces on the ECM (Atherton et al., 2019). FA regulation and turnover are tightly
regulated by phosphorylation, dephosphorylation, endocytic recycling, proteolysis and
mechanical forces. Phosphorylation and dephosphorylation modify the activity of IAC
components to modulate FA assembly and disassembly (S. Kumar et al., 2023). Many
components of FAs, including integrins, FAK, paxillin and src, are regulated by
phosphorylation, modifying their activity, localization and interactions with other
proteins. FA disassembly is a critical aspect of their regulation, allowing cells to detach
from the ECM, which is essential for processes like cell migration and tissue
remodelling (Mavrakis & Juanes, 2023). Proteolytic degradation of ECM components
or adhesion proteins can trigger FA disassembly, modulating the strength and duration
of cell-ECM adhesions. IAC degradation is regulated by ubiquitination and
proteolysis, facilitating the disassembly of adhesions when needed (Teckchandani &
Cooper, 2016). Moreover, local changes in pH and ion concentrations can also
influence protein interactions and signalling within IACs. For example, changes in
intracellular calcium (Ca®) levels can affect the activity of enzymes like calpains,
which are involved in the disassembly of focal adhesions (Tiwari et al., 2011).
Integrins are synthesized in the endoplasmic reticulum and then trafficked and
sorted at the Golgi apparatus. Integrin trafficking is a crucial regulator of cell
migration. Integrin trafficking is a dynamic process that includes the internalization,
recycling and delivery of integrins to distinct cellular compartments. Studies have
emphasized the importance of integrin trafficking in coordinating the delivery of
integrins and effectors, driving tissue formation through dynamic remodelling of
adhesions via rapid endocytic and exocytic trafficking (Moreno-Layseca et al.,
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2019). The rapid turnover of integrins through endocytic and exocytic trafficking
mechanisms allows cells to modulate their interactions with the ECM and responses
to environmental changes. Integrins can be transported to endosomal compartments
in both inactive and active conformations and recycled back to the cell surface
through distinct routes and with different kinetics (Arjonen et al., Traffic). This
trafficking is essential for maintaining cellular dynamics and ensuring that integrins
are appropriately positioned to mediate cell adhesion and migration. Moreover, FA
signalling overlaps with other signalling pathways, such as MAPK/ERK, PI3K/AKT
and Rho GTPase pathways, that are involved in the regulation of cytoskeletal
dynamics, cell cycle progression and other cellular processes.

Since FAs and hemidesmosomes differ structurally, they also have differences
in their formation and regulation. Most hemidesmosome components, including
a6B4-integrin, plectin, BP180 and BP230, are synthesized at the endoplasmic
reticulum and transported to the plasma membrane. Integrin a6p4 at the plasma
membrane binds to the BM via laminin-332, which is secreted by epithelial cells.
Additionally, a6p4-integrin recruits intracellular linker proteins such as plectin and
BP230 to connect the integrin complex to the keratin cytoskeleton, providing
stability to the forming hemidesmosome. BP180 further stabilizes the structure by
linking to both laminin-332 and the integrin complex (Molder et al., 2021; Walko et
al., 2015). The regulation of hemidesmosomes and FAs share several common
mechanisms, such as post-translational modifications, proteolysis and ECM
composition. Changes in the ECM, including alterations in the laminin content or
structure in the BM, can regulate hemidesmosome formation as cells respond to these
changes by adjusting the assembly or turnover of hemidesmosomes. Various
signalling pathways, including those triggered by growth factors and cytokines can
also influence the assembly and disassembly of hemidesmosomes. For example,
signalling through the epidermal growth factor receptor (EGFR) can lead to
phosphorylation of B4-integrin, causing hemidesmosome disassembly during cell
migration (Frijns et al., 2010). Hemidesmosome components can also be cleaved by
proteases (Walko et al, 2011; M. E. Werner et al., 2007). Moreover, as
hemidesmosomes and FAs are linked to the same signalling pathways, they can also
regulate each other’s functions in mechanosensing, where lack of a6B4-integrin in
hemidesmosomes results in increased FA formation and consequent traction forces
(W. Wang et al., 2020).

223 IAC function

The primary function of IACs is to anchor cells to the ECM via integrins, providing
structural and mechanical stability. In addition to adhesion, IACs transmit signals
from the ECM into the cell and from the cell to the ECM. This bidirectional
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signalling modulates various cellular processes, including proliferation, migration,
survival and invasion. Integrin-mediated signalling activates pathways that promote
cell growth and prevent apoptosis through the MAPK/ERK and PI3K/AKT
pathways. As biomechanical sensors, integrin signalling guide cell differentiation
depending on the composition and mechanical properties of the ECM. The dynamic
FA formation and disassembly at the leading edges of migrating cells provides
traction forces essential for cell movement. Integrins mediate directed migration
based on ECM and signalling cues in wound healing, immune responses and cancer
metastasis (Green & Brown, 2019; Kechagia et al., 2019b). Along with FAs,
hemidesmosomes participate in migration as these stable adhesions can be
dismantled through phosphorylation, permitting cell movement. In cancer
progression, hemidesmosomes can be switched to another laminin-binding integrin
adhesion, the a6B1 heterodimer. This switch changes the linkage from keratins to the
actin cytoskeleton, facilitating increased cell motility and invasion, thereby
promoting cancer progression (Schmidt et al., 2022; Wenta et al.,, 2022).
Hemidesmosomes are particularly essential in dermal keratinocytes, where
mutations in genes encoding hemidesmosome proteins cause a blistering skin disease
known as epidermolysis bullosa, highlighting the importance of hemidesmosomes
in maintaining epithelial tissue integrity and their potential role in disease when
disrupted (Bardhan et al., 2020).

Functional IACs maintain cell position and tissue architecture as they enable
cells to adhere to the ECM, transmit signals between cells and the ECM and this
contact allows the formation of traction forces, enabling cell movement. Therefore,
IACs are needed from development to homeostasis (Mol¢ et al., 2021) and they can
facilitate cancer progression. IACs in various cell types in the TME adjust their
function to meet different cellular needs and respond to environmental cues by
interacting with multiple factors in their microenvironment, such as the ECM and
soluble factors. Notably, integrins are involved in mechanotransduction, the process
by which cells sense and respond to mechanical cues from the ECM. IACs are
sensitive to mechanical forces and changes in the ECM's mechanical properties.
Through mechanotransduction, integrins can convert mechanical signals from the
ECM into biochemical signals within the cell. This ability allows cells to sense and
respond to the stiffness, composition and architecture of their environment, playing
a critical role in processes like tissue morphogenesis, homeostasis and disease
(Kechagia et al., 2019b; Mathieu et al., 2024a). Integrins participate in organization
of the cytoskeleton, which maintains cell shape, polarity and mechanical integrity by
linking ECM components to intracellular actin filaments. In outside-in signalling
integrin binding to ECM components triggers signalling pathways inside the cell.
Conversely, intracellular signals can modify integrin affinity, thus regulating cell
adhesion to the ECM and the subsequent organization of the ECM. However,
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adhesion to the ECM must be tightly regulated and dynamically controlled, as it must
provide attachment while permitting movement. Accordingly, integrins can weaken
their adhesion strength and contact to the ECM and strengthen cell-cell adhesion, an
essential adhesion interplay in for example mitosis (Huber et al., 2023; Ungai-
Salanki et al., 2021). As cells migrate, integrins are endocytosed and recycled
facilitating adhesion turnover and generation of new adhesion in areas such as from
adhesion sites to the leading protrusions where these newly formed adhesion sites
generate traction, essential for cell movement.

As well as generating traction forces for movement, cells deposit ECM into the
extracellular space through a process involving integrins. During this process
integrin to became activated and engagement with the ECM upon receiving
intracellular signals or binding to ECM components like fibronectin, collagen, or
laminin, which in turn increases their affinity for ECM proteins. Once integrins are
activated, they cluster together and aid in the assembly and crosslinking of ECM
components. Crosslinking enzymes such as lysyl oxidases (LOXs) covalently
crosslink ECM components, stabilizing and strengthening the matrix and integrins,
such as a5pB1-integrin, interact with LOXs (Vallet et al., 2020). Activated integrins
that have undergone a conformational change, can bind their ECM ligands.
However, ECM ligand binding is not exclusively dependent on conformation. For
example, manganese ions (Mn2+) increase a5B1-integrin affinity for fibronectin in
its half-bent conformation (Schumacher et al., 2021), whereas av-integrin binding to
fibronectin is solely mediated by the RGD-domain (Benito-Jardon et al., 2020). Cells
secrete soluble fibronectin, which integrins can bind to at the cell surface. Integrins
(notably, a5f81, allbp3 and avB3) are involved in the initiation, formation and
activation of fibronectin fibrillogenesis (Filla et al., 2019; Lickert et al., 2024;
Melamed et al., 2023). The interaction between fibronectin and integrins, coupled
with the contractile forces generated by the actomyosin cytoskeleton, pulls and
stretches fibronectin molecule thus exposing additional binding sites on fibronectin.
This further promotes fibril formation and subsequent ECM assembly to a highly
organized structure.

In cancer, IAC signalling contributes to the invasive and metastatic potential of
cancer cells by altering their adhesive properties and enhancing their ability to migrate
and invade surrounding tissues (Haake et al., 2024). By interacting with ECM proteins
in the tumour matrix and activating proteolytic enzymes such as matrix-
metalloproteinases (MMPs), integrins help cancer cells degrade ECM components
facilitating invasion (Niland et al., 2021). IACs regulate ECM composition and
stiffness, which impact the mechanical properties of the tumour matrix. This
remodelling is crucial for creating a permissive environment for tumorigenesis and
metastasis. [ACs mediate interactions between the ECM and the various cell types in
the TME, such as cancer cells, fibroblasts, adipocytes, endothelial cells and immune
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cells. Moreover, IACs mediate endothelial cell interaction to immune cells and cancer
cells, and cancer cells to immune cells (Sokeland & Schumacher, 2019).These
interactions further support cancer progression by promoting angiogenesis,
suppressing immune responses and facilitating immune cell recruitment (Malenica et
al., 2021). Integrins, particularly avp3 and avf5, are involved in the regulation of
angiogenesis, the formation of new blood vessels (Beauvais et al., 2009; Nisato et al.,
2003). By interacting with ECM components like vitronectin and fibronectin, integrins
promote the migration and survival of endothelial cells, supporting tumour
angiogenesis and the supply of nutrients to the growing tumour. Moreover, IAC-
mediated adhesion to the ECM activates several signalling pathways, including the
MAPK/ERK, PI3K/AKT, FAK/Src and YAP/TAZ pathways. These pathways
promote cell proliferation, survival and resistance to apoptosis (Cooper & Giancotti,
2019). Together these functions provide insight to how [ACs can contribute to all of
the different hallmarks of cancer.

2.3 Tumour — Tumour matrix interaction

The composition and physical properties of the TME are dynamically altered during
cancer progression, significantly impacting invasion and metastasis. Cancer cells
actively interact with stromal cells, including fibroblasts, adipocytes, vascular
endothelial cells and smooth muscle cells. As this interaction is essential for
providing structural support and signalling cues to cells, cancer cells can modify the
ECM and activate fibroblasts and adipocytes to produce and remodel the ECM,
providing a microenvironment that supports cancer cell growth and dissemination
(Figure 3). Disruption of ECM integrity facilitates cancer cell invasion by breaking
down ECM barriers and providing migratory tracks that enable metastasis (Gaggioli
et al., 2007; Page-McCaw et al., 2007).

The physical properties of the tumour ECM, particularly its stiffness, have been
linked to cancer progression in several cancer types. In tumours, fibroblasts and
cancer cells confined tumours generate mechanical compressive forces that stimulate
cancer cell migration (Barbazan et al., 2023; Tse et al., 2012). This stiffening
activates mechanotransduction signals that promote pro-carcinogenic responses,
such as increased cell proliferation, invasion and metastasis in multiple cancers
(Berger et al., 2020; Dong et al., 2019; Fattet et al., 2020; Grasset et al., 2018;
Pankova et al., 2019; Watson et al., 2021). Tissue stiffening can occur, for example,
when collagen is crosslinked in the tumour matrix (X. Liu et al., 2023; Maller et al.,
2021) and inhibition of this crosslinking can improve drug response by increased
drug penetration (Nicolas-Boluda et al., 2021). EMC crosslinking further impacts
focal adhesion formation and growth factor signalling, creating a feedback loop that
enhances tumour progression (Levental et al., 2009). Moreover, increased matrix
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stiffness correlates with poor patient survival outcomes and can drive epithelial-
mesenchymal transition (EMT), a process where epithelial cells acquire
mesenchymal, migratory properties that enhance their invasive potential (Denis et
al., 2016; W. Huang et al., 2021; Koorman et al., 2022; Morkunas et al., 2021; Rice
et al., 2017; Sharma et al., 2019; S. C. Wei et al., 2015). EMT has been implicated
as a critical step in the metastatic cascade, enabling cancer cells to detach from the
primary tumour, invade surrounding tissues and eventually colonize distant organs
(Bornes et al., 2021). However, this remains somewhat debated and in many
instances disseminating cancer cells have been shown to adopt intermediate states
retaining epithelial properties while gaining mesenchymal features. This is referred
to as hybrid EMT (Bornes et al., 2021; Jolly et al., 2019). Alterations in the
expression of ECM molecules can lead to significant changes in cancer cell-ECM
adhesion, affecting how cancer cells interact with their surrounding environment,
their ability to migrate, invade and survive.

Normal stromal fibroblasts modify the ECM to maintain homeostasis. To
maintain homeostasis, normal fibroblasts inhibit the growth of adjacent abnormal or
transformed cells through growth suppression. The growth suppression of
neighbouring cells is dependent on both contact and soluble factors, including
transforming growth factor beta (TGFp) (Alkasalias et al., 2014; Kaukonen et al.,
2016). Quiescent normal fibroblasts respond to tissue injury and become reversibly
activated. Activated fibroblasts have enhanced contractility, ECM production and
secretion of inflammatory proteins that initiate regenerative repair in wound healing,
making them an interesting ally for cancer cells. Cancer cells activate normal
fibroblasts by growth factors and as a result perpetually activated cancer-associated
fibroblast (CAFs) are formed. CAFs exhibit increased deposition of ECM
components, enhanced cross-linking of collagen fibres and changes in ECM stiffness
in breast, colorectal and pancreatic cancer (Figure 3) (Hanley et al., 2016; X. Liu et
al., 2023; Rice et al., 2017; B. Wei et al., 2017). Altering the composition and
structure of the ECM promotes cancer progression and therapy resistance.

Normal adipocytes can be differentiated by the canonical wnt signalling pathway
and tumour exosomes, resulting in dedifferentiation and formation of cancer-
associated adipocytes (CAAs). CAAs have been mainly studied in breast cancer,
since adipose tissue is the main component of the breast. CAAs exhibit delipidation
and decreased expression of adipocyte markers, in addition to overexpression of
matrix-degrading proteinases and proinflammatory cytokines (Figure 3) (Bouche &
Quail, 2023). Breast, colorectal and endometrial tumours comprise largely of adipose
tissue, making them interesting tissues to study the role of CAAs (Pallegar &
Christian, 2020). Though CAAs have not been studied regarding tissues stiffness,
dysfunctional adipocytes promote tumour progression through YAP/TAZ, indicating
a possible role in mechanical signalling (Y. Song et al., 2024).
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Figure 3. A healthy microenvironment and a tumour microenvironment (TME). A healthy
microenvironment supports normal cell function through controlled interactions with
neighboring cells, including immune cells, fibroblasts and adipocytes, in addition to
providing a homeostatic ECM composition. In the TME fibroblasts are transformed into
CAFs, normal adipocytes into CAAs, tumour vasculature and ECM composition are
increased and a immunosuppressive environment is formed, together supporting cancer
progression and metastasis.

2.3.1 Extracellular matrix (ECM)

The ECM in the TME has multiple roles, providing cells with structural support,
regulating cell signalling and mediating cell adhesion and migration. Alterations in
ECM organization and composition in the tumour matrix are associated with
increased tumour aggressiveness (Kai et al.,, 2019; Winkler et al., 2020). The
stiffness, topography, and dimensionality of the ECM, along with mechanical stimuli
are key mechanical properties that influence cell behaviour. Cancer cells proliferate
more on stiffer matrices and preferentially migrate toward stiffer areas, a process
known as durotaxis (Mathieu et al., 2024a; Sunyer et al., 2016). Many solid tumours
exhibit increased stiffness, creating an ideal environment for cancer cell growth and
proliferation. This stiffening can be driven by CAFs remodelling the ECM by
upregulating ECM components and downregulating ECM-degrading enzymes.
Fibronectin, collagens and laminins are abundant in multiple tissues and are essential
components of the ECM (Kai et al., 2019; McKee et al., 2019). Integrins bind to
ECM proteins like fibronectin and laminins, transmitting mechanical signals from
the ECM to the cell interior, thereby regulating cellular responses and contributing
to cancer progression (Cox, 2021). Cell engagement with the ECM permits directed
cell movement, which can occur through durotaxis or haptotaxis (SenGupta et al.,
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2021). Durotaxis refers to cell movement in response to stiffness gradients in the
ECM; cells are inclined to migrate from softer to stiffer environments and cancer
cells can exploit durotaxis to invade stiffer areas (DuChez et al., 2019; Mathieu et
al., 2024b). In haptotaxis cells respond to gradients of adhesive molecules in the
ECM to direct their movement; cells migrate towards areas with higher
concentrations of ECM molecules (King et al., 2016). In metastasis, haptotaxis
guides cancer cells toward areas rich in specific ECM components (Zimmerman et
al.,, 2017). Thus, in the TME, gradients of both stiffness and ECM molecules
coordinate cell movement, enabling cancer cells to invade surrounding tissues, enter
the vasculature and establish metastases in distant organs.

Collagens are the most abundant ECM proteins in the stroma, constituting
approximately 30% of the body's proteins, with 28 different types found in humans.
Five subtypes of collagen can be categorized based on its location; Type I makes up
90% the body’s collagen providing structure to the skin, bones, tendons and
ligaments, type Il is found in elastic cartilage supporting joints, type III is found in
muscles, arteries and organs, type IV in the skin and type V in the cornea of eyes,
skin, hair and placenta (Bella, 2016; Makareeva & Leikin, 2014). Collagen
contributes to the mechanical properties of tissues, providing structural support,
strength, and elasticity. Collagens form fibrillar and microfibrillar networks that
contribute to tissue organization and function. This hierarchical organization of
collagen structure allows collagen to withstand tensile forces and provide structural
integrity and maintaining tissue architecture (Gachon & Mesquida, 2022; Quigley et
al., 2018; Rennekamp et al., 2023). Collagen plays a role in development and
pathologies. For instance, the mechanical properties and distinct expression patterns
of collagen drive branching morphogenesis and mammary gland development
(Buchmann et al., 2021; Tsutsui et al., 2020), while increased stromal collagen in
mammary tissue drives tumour formation and metastasis (Papanicolaou et al., 2022;
Tharp et al., 2024; Wishart et al., 2024; H. Zhang et al., 2018). Upregulation of
collagen synthesis and its cross-linkers, such as LOXs, causes tissue stiffening,
promoting cell proliferation and contributing to cancer progression (X. Liu et al.,
2023; Maller et al., 2021; Rosell-Garcia & Rodriguez-Pascual, 2018; Sato et al.,
2021)

Fibronectin is a crucial mediator of cell-ECM adhesion, binding to integrin
receptors on the cell surface through an RGD motif (Chastney et al., 2021). The
ubiquitous expression of this glycoprotein is essential for mammalian development
and tissue repair. Fibronectin exists in two forms: a soluble form in the blood
plasma and an insoluble matrix form in tissues. It is made of repeating units,
including type I, II and III domains, which mediate interactions with other ECM
components, cell surface receptors and growth factors (Friih et al., 2015; Singh et
al., 2010). The functional role of fibronectin is closely linked to its ability to bind
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to other ECM components and form a fibrillar matrix through these interactions.
Fibronectin and collagen assembly are tightly linked, multiple studies providing
evidence on their interdependent function in cells and tissues. For instance,
fibronectin along with heparan sulfate act as scaffolds for procollagen processing
(Saunders & Schwarzbauer, 2019). Relaxed fibronectin fibrils also act as templates
for collagen assembly, and assembled collagen fibres shield fibronectin fibres form
cellular force-induced stretching (Kubow et al., 2015). Fibronectin expression and
assembly facilitates tumour initiation and affects cancer progression and invasion
by modulating the tumour matrix (Spada et al., 2021; C. Wu et al., 2023). For
instance, upregulation of fibronectin facilitates cancer cell spreading in 3D cell
cultures (Park & Helfman, 2019). Moreover, lysyl oxidase-like-3 (LOXL3) can
bind and oxidize fibronectin, initiating fibrillogenesis in a force-independent
manner that increases cell adhesion and mechanosensing, thereby promoting
features essential for cancer cells (Melamed et al., 2023). An organized fibrillar
matrix is formed in cancer cells that can undergo dormancy and exiting and growth
after dormancy requires MMP-mediated fibronectin degradation (Barney et al.,
2024). Additionally, pharmacologic and genetic inhibition of fibronectin
suppresses tumour growth (Ghura et al., 2021).

Laminin is a large, multidomain glycoprotein composed of a-, B-, and y-chains
that assemble into a cross-shaped structure. These heterotrimers can weigh up to 900
kDa. The modular structure of laminin provides binding sites for integrins,
proteoglycans and other ECM proteins (Arimori et al., 2021; Aumailley, 2021).
Laminins assemble into a fibrillar matrix and are involved in promoting cancer
invasion, metastasis and tissue vascularization by modulating gene and protein
expression of cancer cells and endothelial cells (Patarroyo et al., 2002). Laminin-
mediated cell adhesion to the ECM is essential for tissue development as they are
key components of the BM (Hohenester, 2019). The involvement of laminins in
cancer is not surprising, as their receptors, such as integrins, are well recognized in
the metastatic cascade. Aberrant laminin expression is observed in various cancers,
including breast, pancreatic, ovarian and colorectal cancer, as its expression can
enhance cell motility (Akhavan et al., 2012; Galatenko et al., 2018; H. Li et al., 2022;
van der Zee et al., 2012). For example, local laminin expression in breast cancer cells
sustains integrin activity in leader cells and controls collective cell migration (P. Y.
Hwang et al., 2023). In addition, collective invasion of breast cancer cells increases
laminin accumulation in the BM around the breaching site, as cells induce local
contractile forces and an expansion in cell volume mediates invasion (J. Chang et
al., 2024).
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2.3.2 Cancer-associated fibroblasts (CAFs)

Fibroblasts are stromal cells found in connective tissue, responsible for the synthesis
of ECM components and the maintenance of structural tissue integrity. As implied
by their name, upon interaction with cancer cells, quiescent normal fibroblasts are
activated and recruited to orchestrate interactions between the cancer cells and the
tumour matrix. CAFs remodelling the ECM results in changes in tissue mechanics
that promote cancer cell migration, invasion and affect cellular signalling pathways
that enhance malignancy and promote chemoresistance (Ireland & Mielgo, 2018;
Sahai et al., 2020).

CAF activation is driven by factors secreted by cancer cells, such as TGF-§,
platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF). These
signalling molecules induce the expression of a-smooth muscle actin (a-SMA),
fibroblast activation protein (FAP), tenascin-C and other markers, characterizing the
activated CAF phenotype (Nurmik et al., 2020). CAFs differ from normal fibroblasts
in their function, adopting a more proliferative and secretory profile that supports
tumorigenesis. In addition, activated CAFs are highly contractile, a characteristic
that is essential for their role in wound healing and that can be exploited in cancer
invasion. Moreover, CAFs support enhanced migratory capacity by inducing EMT
in cancer cells through paracrine secretion of TGF-f and interleukin 6 (IL-6)
(Erdogan et al., 2017).

In addition to their altered phenotype and ability to reinforce mesenchymal
characteristics in cancer cells, CAFs modify the tumour matrix architecture by
producing ECM proteins and reorganizing the ECM, which together alter the
mechanical properties of the matrix and provide tracks for cancer cell invasion.
(Najafi et al., 2019; Sahai et al., 2020; D. Yang et al., 2023). CAFs are heavily
involved in remodelling the ECM by producing and reorganizing its components,
such as fibronectin, collagen and hyaluronan (Erdogan et al., 2017; Kay et al., 2022;
Z. Zhang et al., 2016). Remodelling of the ECM creates a scaffold for tumour growth
and alters the physical properties of the TME, for instance by increasing tissue
stiffness (Garcia-Palmero et al., 2016; J.-Y. Zhang et al., 2021). CAFs function itself
is dependent on mechanotransduction; YAP activation is a signature CAF feature
and YAP-induced matrix stiffening further enhances YAP activation through
actomyosin contractility, creating a mechanically self-reinforced feed-forward loop
that maintains CAF phenotype (Calvo et al., 2013). CAFs can further create a
supportive microenvironment for tumorigenesis by altering the metabolic landscape
of the TME, through secreting metabolic intermediates and enzymes and promoting
angiogenesis. CAFs undergo aerobic glycolysis and provide lactate and other
metabolites to cancer cells, which then utilize these metabolites for energy
production and biosynthesis (Gong et al., 2020; X. Gu et al., 2024; Ippolito et al.,
2019; D. Kumar et al., 2018). To support vascularization, CAFs secrete and
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exosomally transfer pro-angiogenic factors, such as vascular endothelial growth
factor (VEGF), that stimulate formation of new blood vessels, supplying the growing
tumour with oxygen and nutrients (De Francesco et al., 2013; J. Li et al., 2020;
Miaomiao et al., 2023; Tang et al., 2016). CAFs can also recruit endothelial cells to
aid in the formation of a stable vascular network (Pape et al., 2020; Sewell-Loftin et
al., 2017).

Researchers have tried multiple approaches to target signalling pathways
involved in CAF activation to prevent the recruitment and activation of fibroblasts.
CAFs have high and stable expression of FAP, therefore FAP inhibitors have been
used to selectively kill CAFs (Akai et al., 2024; Privé et al., 2023). Another approach
has been to convert CAFs back to a quiescent state or altering their secretory profile
to be less supportive of cancer growth (Chauhan et al., 2019; Dauer et al., 2018;
Yasuda et al., 2021). Inhibiting ECM components or ECM-degrading enzymes
involved in ECM remodelling, such as collagen and MMPs, or modifying the ECM
to reduce tis stiffness, it may be possible to disrupt the supportive scaffold and hinder
cancer progression and metastasis (Cruz-Acuiia et al., 2021; Glentis et al., 2017).
However, targeting CAFs has been faced with many challenges regarding
heterogeneity. Systematic characterization of CAFs in various cancer types revealed
CAFs to originate not only from normal fibroblasts, but from tumour endothelial
cells, tumour-associated macrophages and peripheral nerve cells. All four CAF
groups exhibiting three differential states that may contribute to outcomes in
immunotherapy (H. Luo et al., 2022). Moreover, some CAFs may have tumour-
suppressive roles, thus targeting them without distinguishing between different CAF
subtypes could result in unwanted outcomes (Gieniec et al., 2019). For instance,
depleting CAFs in pancreatic cancer mouse models leads to invasive and
undifferentiated tumours with increased EMT properties. Additionally, loss of
myofibroblasts correlated with poor patient survival (Ozdemir et al., 2014). Clinical
trials targeting CAFs have largely failed despite multiple studies suggesting
therapeutic potential in their immune suppressive functions (Y. Chen, McAndrews,
et al., 2021). Due to the heterogeneity and dual nature of CAFs, targeting them could
lead to unintended effects on normal fibroblasts and other cells or accelerate cancer
progression. Therefore, strategies to target CAFs need to be specific and carefully
controlled. Targeting distinct CAF subtypes rather than a pan-CAF target, while also
accounting for differences in cancer subtypes may be necessary.

2.3.3 Cancer-associated adipocytes (CAASs)

Adipocytes in the TME that undergo phenotypic changes due to signals from cancer
cells are called cancer-associated adipocytes (CAAs). These transformed and
dysregulated adipocytes support tumour growth by metabolic reprogramming,
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secretion of pro-tumorigenic factors, ECM alteration and immune modulation
(Bouche & Quail, 2023; Q. Wu et al., 2019). In some cancers, such as breast,
pancreatic, colorectal and ovarian cancer, a fibrotic environment created by
increased ECM deposition and remodelling promotes cancer cell invasion and
correlates with poor patient outcomes (Acerbi et al., 2015; Mascharak et al., 2023;
Ueno et al., 2021; Wolf et al., 2023). These desmoplastic cancers are characterized
by growth of fibrous tissue in a normally adipocyte-rich environment. For instance,
breast cancer progression is directly linked to desmoplasia and loss of adjacent
adipocytes (Bochet et al., 2013). Moreover, adipocytes in the TME can undergo de-
differentiation gaining phenotypic characteristics that resemble myofibroblasts and
macrophages, and promote tumour growth through inflammation and ECM
remodelling (Mukherjee et al.,, 2023). Adipose tissue inflammation and
dysregulation is present in CAAs and is also associated with obesity. Increased
adipose tissue due to obesity is an independent risk factor for cancer progression, as
the adipose tissue in obese individuals is altered and inflamed, contributing to the
dysregulation of normal processes (Abarca-Gomez et al., 2017; Rask-Andersen et
al., 2023).

The metabolic support and pro-inflammatory signals provided by CAAs are
crucial for the survival and growth of metastatic cells. CAAs release various secreted
factors, such as adipokines, cytokines and chemokines, that promote inflammation
and ECM remodelling. Especially in mammary tissues, CAAs stimulate breast
cancer invasion through metabolic remodelling of tumour cells. In triple-negative
breast cancer (TNBC) CAAs secrete interleukin-6 (IL-6) that activates the
JAK/STAT3 and PI3K/AKT pathways, inducing migration and invasion of cancer
cells (He et al., 2018; C. Zhao et al., 2023). C—C motif chemokine ligand 5 (CCL5)
secreted by CAAs activate AKT pathway that induces EMT, in addition to
contributing to ECM remodelling by upregulating MMP-2 and MMP-9 expression
in TNBC (X. Song et al., 2018). In addition to increasing MMP expression, CAAs
can influence the cross-linking of collagen fibers, altering the mechanical properties
ofthe ECM (M. Kim et al., 2022; X. Wei et al., 2019). Activation of the mechanically
sensitive YAP/TAZ signalling pathway in CAAs supports dedifferentiation, an
inflammatory phenotype and tumour growth, all of which can be reversed by
pharmacological inhibition of YAP/TAZ (Y. Song et al., 2024). Moreover, CAAs
can produce chemokines that recruit immune cells to the TME. For example,
CC-chemokine ligand 2 (CCL2) secretion causes abundant M2 macrophage
infiltration and decreases activation of T-cell infiltration, thereby creating an
immunosuppressive TME (Y. Liu et al., 2021). CAAs can indirectly affect ECM
remodelling by modulating the immune landscape. For example, they can promote
the polarization of macrophage polarization towards a tumour-promoting M2-
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phenotype through STAT3 activation (C. Zhao et al., 2023). The M2-phenotype is
associated with increased ECM remodelling (Witherel et al., 2021).

CAAs regulate the availability and synthesis of macronutrients, such as
carbohydrates, lipids and amino acids. For instance, CAAs secrete lipid metabolites,
such as free fatty acids (FFAs), through lipolysis and breast cancer cells utilize these
FFAs as fuel for fatty acid oxidation (FAO) that facilitates their proliferation and
survival under nutrient-poor conditions in the TME (Balaban et al., 2017; Y. Y.
Wang et al., 2017). In colon cancer carnitine palmitoyltransferase I (CPT1A)-
dependent FAO promotes acetylation and nuclear translocation of B-catenin, thereby
advancing proliferation and tumour growth (Xiong et al., 2020). Moreover,
upregulation of autophagy and mitochondrial FAO via AMPK promotes colon
cancer cell migration and EMT (Wen et al., 2017). CAAs also support pancreatic
cancer progression by promoting the invasion capability and EMT properties of
pancreatic cancer cells through serum amyloid A1 (SAA1) expression (Takehara et
al., 2020).

24 Cellular mechanosensing

Cells perceive and respond to intrinsic and extrinsic mechanical cues in their
microenvironment (Figure 4). Sensing and adapting to the biophysical changes in
their surroundings is essential for cellular homeostasis and tissue integrity. To
transduce mechanical signals into biochemical ones, cells asses changes in cell-cell
boundaries, cell-ECM attachment and matrix mechanics, predominantly through
integrins and the connected actomyosin cytoskeleton. In addition to gauging the
surrounding matrix, mechano-regulation includes the deposition, rearrangement and
removal of ECM to maintain its overall form and function (Di et al., 2023; Humphrey
et al., 2014). Moreover, the actomyosin cytoskeleton is directly connected to the
nucleus through transmembrane LINC complex proteins, transmitting mechanical
stimuli from the cell surface to the nucleus (Davidson & Cadot, 2021).

Intrinsic mechanical stimuli originate from within the cell and include nuclear
deformation, cytoskeletal tension and membrane tension (Figure 4). Nuclear
deformation takes place when the nucleus is exposed to mechanical forces
transmitted through the actomyosin cytoskeleton (Kalukula et al.,, 2022).
Deformation of the nuclear envelope alters chromatin organization, thereby affecting
gene expression, cell cycle and cellular differentiation (Aureille et al., 2019; Chi et
al., 2022; Ghagre et al., 2024; Nava et al., 2020; Sen et al., 2024). Furthermore,
changes in membrane tension can regulate the activity of mechanosensitive ion
channels, such as Piezol, and membrane trafficking (Lachowski et al., 2022; Loh et
al., 2019; Liichtefeld et al., 2024; H. J. Wang et al., 2024). To the contrary, extrinsic
mechanical stimuli originate from the cells’ external environment and include forces
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exerted by the ECM, neighbouring cells and mechanical loads such as shear stress,
stretching, substrate rigidity and compression (Figure 4) (Y. Li et al., 2022). Cells
sense and respond to external forces primarily through focal adhesions, where
integrin receptors connect the ECM to the actomyosin cytoskeleton (Kechagia et al.,
2019b).

Intrinsic stimuli Extrinsic stimuli
I“,
.
‘onf;&
Membrane tension ECM

Cytoskeletal tension Neighbouring cells
—>
L —>
Nuclear deformation Mechanical load

Figure 4. Intrinsic and extrinsic mechanical cues. Cells sense intrinsic (membrane tension,
cytoskeletal tension and nuclear deformation and extrinsic (ECM rigidity, forces
trasmitted by neighbouring cells and mechanical loads such as stretching) mechanical
cues in their microenvironment, guiding their behaviour.

The cell cytoskeleton is a core component of cellular mechanosensing, for
intrinsic mechanical tension is predominantly generated by the cytoskeleton and
cells adapt to the extrinsic stimuli by cytoskeletal reorganization. The cytoskeleton
is a dynamic network of protein filaments, including actin filaments, microtubules
and intermediate filaments such as keratins. These filaments provide structural
support and drive cellular movement (Laly et al., 2021; Moujaber & Stochaj, 2020;
Pora et al., 2020). Cytoskeletal tension arises as actin filaments and myosin motors
generate contractile forces within the cell and it is essential for maintaining cell
shape, enabling motility and facilitating cellular processes such as cytokinesis during
cell division and patterned actomyosin contractility in organogenesis (Gupta et al.,
2021; Nematbakhsh et al., 2020; Taneja et al., 2020). However, it is important to
note that though many proteins will undergo changes under mechanical tension, they
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are not considered mechanosensors. Proteins that alter their function due to
mechanical load and that can mediate mechanotransduction mediate cellular
mechanosensing.

241 Mechanical forces in homeostasis and cancer

Mechanical forces are essential for development and normal physiological function.
In development, coordinated mechanical forces guide tissue morphogenesis,
ensuring proper formation of organs and organisms through controlled cell
differentiation and tissue patterning (Hallou & Brunet, 2020; Villeneuve et al.,
2024). For example, mesenchymal stem cell (MSC) differentiation is guided by
matrix stiffness, as MSCs differentiate into osteoblasts or adipocytes depending on
substrate rigidity (M. Sun et al., 2018; Takata et al., 2020). In wound healing,
contractile forces generated by migrating fibroblasts, help to repair and close the
wound (Knoedler et al., 2023). This function can be exploited as mechanically
reprogrammed fibroblast have potential to be utilized in cell-based therapies in tissue
regeneration (Roy et al.,, 2024). During apoptosis, the apoptotic cell forms a
contractile ring, exerting tension on neighbouring cells to push out the apoptotic cell
from the tissue monolayer (Matamoro-Vidal & Levayer, 2019; Monier et al., 2015).

Similarly, in cardiovascular function mechanical forces such as shear stress and
cyclic stretching influence the behaviour of endothelial cells, contributing to vascular
homeostasis and function. Endothelial cells in the blood flow that are exposed to
these mechanical forces produce anti-inflammatory and anti-thrombotic factors,
while disturbed flow patterns lead to atherosclerosis. Moreover, mechanical stimuli
can be used to reprogram endothelial cells in atherosclerosis by inducing flow
(Dessalles et al., 2021; Warboys et al., 2011). Cells in tissues such as cartilage and
bone experience compressive and tensile forces: chondrocytes in cartilage respond
to compression by altering matrix synthesis (Fahy et al., 2018; Ouyang et al., 2019;
Petitjean et al., 2023) and osteoblasts in bone respond to mechanical loading by
promoting bone formation through increased migration, cell division and regulation
of mechanosensitive ion channels (W. Sun et al., 2019, 2023; Takemoto et al., 2023).

In addition to their role in development and homeostasis, mechanical forces are
implicated in cancer progression. While the consequence of increased matrix
stiffness has gained general consensus (discussed in sections 2.1 and 2.3), the
outcomes of other mechanical stimuli remain inconclusive. For example, stretching
cancer cells have raised multiple different views. While stretching can reduce tumour
growth and cause selective killing of cancer cells (Berrueta et al., 2018; Tijore et al.,
2021), it can also promote invasion and expression of two Rho GTPases, RhoA and
Racl, that are implemented in increasing cancer cell motility (L.-K. Chen et al.,
2023; Yadav et al., 2020). Some of the conflicting views can be partially explained
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by cells experiencing multiply mechanical stimuli simultaneously. For instance,
normally cells are unable to adhere to soft surfaces, but combining cyclic stretching
on soft substrates results in stiffness-insensitivity (Cui et al., 2015). This insensitivity
is also dependent on ECM composition, as it can be induced by specific ECM
compositions (Conway et al., 2023).

2472 Cell-cell and ECM mediated mechanotransduction

Cells can migrate within a tissue in a coordinated manner, maintaining cell-cell
junctions throughout the process. This collective migration requires robust
intercellular adhesion, primarily facilitated by molecules like cadherins and catenins.
Cadherins are a class of transmembrane proteins that mediate calcium-dependent
cell-cell adhesion (S. A. Kim et al., 2011). These cell adhesions are stabilized by
catenins as they bind to the intracellular domain of cadherins, linking them to the
actin cytoskeleton and contributing to junctional stability (Figure 5.) (Stepniak et
al., 2009). Cadherin/catenin ectodomains bind to other cadherins/catenins in adjacent
cells, while their cytoplasmic tails interact with intracellular proteins such as
integrins (Hadjisavva et al., 2022). Cadherins, comprising of E-, N-, P- and VE-
cadherin, and catenins, including o-, B-, y- and d-catenin, are critical for maintaining
tissue integrity, as they are coupled to the actomyosin structures of neighbouring
cells, functioning as force-bearing proteins that provide resistance to external
mechanical stimuli (Angulo-Urarte et al., 2020; Charras & Yap, 2018).

Cadherin-based adherens junctions are force-sensitive, the amount of force
applied influences the composition and strength of these junctions, with cadherins
being recruited to the junctions in response to mechanical stress (Borghi et al., 2012;
Buckley et al., 2014; Y. Chen, Brasch, et al., 2021; Le Duc et al., 2010). The
ectodomains of cadherins form transmembrane dimers with cadherins on opposing
cells and undergo clustering, which strengthens the junctions by increasing their
density and coordinating rearrangement of traction forces. The activation of the Rho-
ROCK pathway can reinforce the actomyosin structures linked to cell-cell adhesion
sites, enhancing the mechanical integrity of the tissue (Mertz et al., 2013). In
endothelial monolayers, VE-cadherin is crucial for maintaining junctional integrity,
with shear forces impacting monolayer dynamics and junction stability (Jin et al.,
2022).

Various cell-cell junctions, including tight junctions, adherens junctions and
desmosomes, participate in tissue integrity, though mechanotransduction has
primarily been studied in adherens junctions (AJs). In adherens junctions,
cadherins are physically linked to F-actin, allowing them to sense mechanical force
through actomyosin contraction. Cadherins typically form homotypic junctions,
though heterotypic junctions are also formed (Arbore et al., 2022; Viji Babu et al.,
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2021). AlJs can be categorized into five types: linear, focal, zonula, tricellular and
fascia. Linear AJs are stable and mature, aligning parallel to the actin cytoskeleton
(J. Zhang et al., 2005). In contrast, focal junctions run perpendicularly to the actin
cytoskeleton and are thought to be more tensile due to their association with pulling
actin bundles where vinculin is recruited to a-catenin. a-catenin is a well-
characterized force sensor in AlJs; under tension, it undergoes conformational
changes that reveal a vinculin binding site (Yao et al., 2014). Though it is known
that a-catenin can refold with tension, it is not entirely understood whether it
requires other processing (Le et al., 2024). a-catenin also modulates cortical F-
actin dynamics, linking adherens junctions to the actin cytoskeleton and
actomyosin contractility (Figure 5) (Mei et al., 2020). Vinculin binding to the open
conformation of a-catenin stabilizes the structure, reinforcing adhesion strength by
recruiting additional vinculin molecules (Figure 5) (Bejar-Padilla et al., 2022;
Seddiki et al., 2018). Zonula adherens junctions (ZAs) form puncta in epithelial
cells, before maturing into linear AJs. ZAs attach to thick actomyosin bundles and
coordinate polarization through actomyosin remodelling (J. Zhang et al., 2005).
Tricellular junctions, where three cells converge, are known tension hotspots.
Tricellulin is the main component of tricellular junctions, maintaining epithelial
barrier function by interacting with actomyosin and orienteering mitosis (Bosveld
et al., 2016; Cho et al., 2022). Fascia AJs connect to myofibrils and are found in
cardiomyocytes. The linkage to actin bundles in myofibrils allows exertion of high
contractile forces (Mezzano & Sheikh, 2012).

Adherens junction

=0

= —
E-cadherin B-catenin a-catenin Vinculin Actin
Figure 5. Adherens junction (AJ) composition. Cells are connected to each other through Ajs

composed of cadherins, a-catenin and B-catenin. Additionally, a-catenin binds to
vinculin, bridging the junctions to the actin cytoskeleton.
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Recent advancements, such as fluorescence resonance energy transfer (FRET)
biosensors, have been used to measure forces at junctions within cells and tissues
(Haas etal., 2020; J. Wang et al., 2023). Additionally, customized cell—cell interactions
can be studied with synthetic cell adhesion molecules with adhesion properties similar
to native interactions. It will be interesting to see how coupling synthetic cadherins or
catenins to integrins changes tension and mechanotransduction signalling pathways,
providing insights into the dynamic nature of cell-cell junctions and cell-ECM
adhesions (Stevens et al., 2023). Recently, it has been shown that force transmission
can also occur via -catenin. In the absence of a-catenin, B-catenin can directly interact
with vinculin in its open conformation, bearing physiological forces. Furthermore,
force-transmission at AJs can occur alternatively through a-catenin and B-catenin,
since both cooperatively interact with vinculin and B-catenin can prevent vinculin
autoinhibition in the presence of a-catenin, by occupying vinculin’s head-tail
interaction site (Morales-Camilo et al., 2024).ECM mediated mechanotransduction
occurs via FAs respond to mechanical stimuli by the force-sensitive proteins, such as
talin and vinculin, undergoing structural rearrangements or enzymatic modifications
(Franz et al., 2023; Gough et al., 2021; Rothenberg et al., 2018). In addition to sensing
tension, integrins are in a mechanically reserved state that provides mechanical
integrity to tissues. This mechanically reserved state has a mechanical load of 2—7 pN,
which is below the peak capacity of integrin heterodimers (A. C. Chang et al., 2016;
Tan et al., 2020). Mechanical stimuli can further strengthen mechanotransduction, as
for example mechanical stretching of cells leads to FA and cytoskeleton reinforcement
(Andreu et al., 2021). Moreover, physical pulling on FAs thats leads to the activation
of integrin signaling exhibits high specificity in ligand binding, allowing cells to
respond distinctively to mechanical stimuli based on the integrins present on their
surface. For example, both a5B1- and avf1-integrin bind ECM ligands with an RGD
motif, such as fibronectin, but with different tension thresholds (Jo et al., 2022). This
mechanical specificity ensures that cells can finely tune their responses to the unique
mechanical environments they encounter. Molecular tension is also required for FA
maturation and nuclear translocation of the mechanosensor YAP, at a threshold of
50 pN-54 pN (Chang Chien et al., 2022; Cooper & Giancotti, 2019). In addition to
mechanical stimuli, the geometric organization of FAs regulates mechanotransduction.
Dynamic changes in the orientational order of FAs can fine-tune cell sensitivity to the
ECM. For instance, av-integrins and actin exhibit precise changes in the orientational
order mediated by ECM-activated integrins and these changes are sensitive to ECM
density but myosin-II-independent (Grudtsyna et al., 2023).

The crosstalk between cell-ECM- and cell-cell-mechanotransducers allows cells
to integrate mechanical and biochemical cues, ensuring coordinated responses to
environmental changes. Integrin- and cadherin-based adhesions are very similar to
each other and together form an integrated network via shared binding partners such
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as vinculin. For instance, vinculin can directly bind talin, a-actinin and actin, all of
which are part of focal adhesions and also part of AJs (Hadjisavva et al., 2022;
Humphries et al., 2007; Peng et al., 2010). The diversity in integrin subtypes
contributes to cell-type-specific mechanical responses in addition to crosstalk
between integrins and cadherins. This crosstalk is necessary for collective migration
in morphogenesis. During development and wound healing, cells need to rearrange,
migrate and form stratified epithelia while maintaining connections with
neighboring cells and the ECM. Integrins and cadherins work together to balance
adhesion and movement, enabling cells to move in a coordinated manner while
sensing mechanical stimuli (Ly et al., 2024; S. Wang et al., 2021).

243 Oncogenic functions of mechanosensitive
transcriptional mediators

Mechanosensitive transcription factors demonstrate the importance of being in the
correct place at the right time. These mechanosensors have been shown to shuttle
between cellular compartments, such as the nucleus and the cytoplasm to regulate
gene transcription. This dynamic localization initiates complex signalling pathways
through transcription in response to mechanical cues. In addition to changes in
localization, transcription can be prevented by degradation of the mechanosensitive
transcriptional mediators at distinct subcellular localizations. Transcriptional
mediators like YAP/TAZ, MRTFs and [B-catenin exemplify how cells convert
mechanical signals into biochemical responses, thereby influencing cell behavior
through regulation of gene expression (Wagh et al., 2021).

YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-
binding motif) are the most well recognized examples of mechanically regulated
transcriptional co-activators. The YAP/TAZ complex is part of the Hippo-signalling
pathway and it converts mechanical stimuli into biochemical reponses by activating
downstream signalling pathways in the nucleus, affecting cell proliferation, survival
and differentiation. The Hippo pathway is a highly conserved signalling cascade (Y.
Chen et al., 2020; Gerri et al., 2023). It is activated by various upstream signals,
including mechanical cues, polarity, and receptors/scaffolding molecules such as a-
catenin, G-protein-coupled receptors (GPCRs) and neurofibromin 2 (NF2) (Dupont
et al., 2011; Hamaratoglu et al., 2006; Schlegelmilch et al., 2011; F.-X. Yu et al.,
2012). The key kinases in the Hippo pathway are MST1/2 (Mammalian sterile 20-
like kinase 1/2), which upon activation phosphorylate and activate LATS1/2 (Large
tumor suppressor kinase 1/2). Activated LATS1/2 kinases therein phosphorylate and
inhibit the downstream effectors, YAP and TAZ. YAP/TAZ are inhibited by their
retention in the cytoplasm and degradation (Zhong et al., 2024). When the pathway
is inactive and YAP/TAZ are not phosphorylated, they translocate to the nucleus,

39



Jasmin Kaivola

where they interact with transcription factors, such as TEADs (Transcriptional
enhanced associate domain), to promote gene expression. TEADs are a family of
transcription factors that bind to specific DNA sequences, MCAT elements, in the
promoters of target genes, driving their transcription (Currey et al., 2021). TEADs
require coactivators like YAP /TAZ to effectively initiate gene transcription, as
TEADs alone have limited transcriptional activity (Chan et al., 2009).

YAP activation by external physical forces such as mechanical loading and
substrate stiffness, drives its nuclear translocation and subsequent transcription of
target genes, such as AXL, CTGF, CYR61, THBS1 and TEAD (Pocaterra et al.,
2020; Scott et al., 2021). YAP target gene transcription is partly regulated by liquid-
liquid phase separation (LLPS). YAP forms nuclear and cytoplasmic condensates
with a distinct set of proteins, which contribute to both its ability to redistribute into
the nucleus and its role in transcriptional control. Furthermore, nuclear Y AP droplets
reorganize the genome, driving long-term expression of YAP target genes (Cai et al.,
2019). YAP activity depends on its localization, which is modulated by mechanical
stimuli (Figure 6). Active YAP is found in the nucleus under conditions of a stiff
ECM, stretched cells and large cell areas without contact inhibition. Whereas it is
inactive and located in the cytoplasm on soft ECM, small surface areas and in cell
crowding (Figure 6). However, YAP is not found to be in one explicit localization
at a time, rather the ratio on nuclear to cytoplasmic levels determine gene activity.
Cell-ECM adhesions and cell-cell contacts in crowded monolayers regulate this ratio
and can result in contact inhibition and the nuclear exit of YAP (Dupont et al., 2011).
For instance, mechanical stretching of E-cadherin-based cell-cell junctions leads to
YAP nuclear accumulation and cell cycle re-entry (Benham-Pyle et al., 2015). The
Rho family GTPases have been identified as regulators of YAP, essential for its
activation and downstream effects on cellular responses to mechanical cues.
Moreover, upregulation and overactivation of YAP has been reported in multiple
cancer, in addition to its interaction with the TEAD/TEF family of transcription
factors, which is crucial for its role in tumor growth and metastasis (Zanconato et al.,
2016). YAP expression is essential for development, double knockdown of YAP
leads to failed embryonic axis assembly (Sousa-Ortega et al., 2023) and live-imaging
of mouse embryos exhibit nuclear YAP expression patterns in pre- and post-
implantation (B. Gu et al., 2022). In pluripotent stem cells (PSCs) YAP-TEAD
pathway controls PSCs mechanics independently of cell—cell contacts. PSC cell
colonies on micropatterned surfaces sustain transcriptional activity of YAP target
genes regardless of cell density. However, contact inhibition can be restored by a
negative upstream regulator of YAP, angiomotin (AMOT) (Pagliari et al., 2021).
Though Y AP has been studied in many different tissues and settings, all research has
not been uniform. There are encounters with differing findings from the general
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consensus, most likely owning to the fact that YAP/TAZ can function as a tumour
suppressor in addition to its role as a oncogene (Baroja et al., 2024).

Stiff ECM Soft ECM
Large surface area Small surface area
<« —>
Mechanical stimulus No mechanical stimulus
Contact inhibition No contact inhibition

Figure 6. Regulation of YAP/TAZ activity via mechanical and topological cues. YAP is
inactive on soft substrates, small surfaces, under contact inhibition and in the absence
of mechanical stimuli. YAP translocates to the nucleus and is active on stiff substrates,
large surfaces, in sparse spacing and under mechanical stimulation. Modified from
https://www.mbi.nus.edu.sg/mbinfo/what-is-the-hippo-yap-taz-tumor-suppressor-
pathway/

The serum response factor (SRF) and myocardin-related transcription factor
(MRTF) are tanscription factors that regulate genes involved in actin dynamics, thus
impacting cytoskeletal structure and function. MRTFs, such as MRTF-A and
MRTF-B, act as coactivators of SRF by enhancing its transcriptional activity (Gau
& Roy, 2018). The SRF-MRTF pathway is regulated by actin polymerisation; under
conditions where actin is predominantly in its monomeric G-actin form, MRTFs are
sequestered in the cytoplasm. Activation of RhoA leads to changes in the actin
cytoskeleton, promoting actin polymerization into filamentous F-actin and thus
reducing G-actin availability. As G-actin levels drop, MRTFs are released from
G-actin and translocate to the nucleus, binding to SRF. The SRF-MRTF complex
binds to CArG boxes in the promoters of target genes, initiating their transcription
(Miralles et al., 2003; D.-Z. Wang et al., 2001).

MRTFs also signal through the Hippo pathway and consequantly, cellular
signalling of these transcription factors and YAP/TAZ is co-dependent. MRTFs can
bind the YAP WWW domain via a conserved PPXY motif, allowing MRTF to
regulate YAP transcriptional activity (T. Kim et al., 2017). In addition, indirect
crosstalk takes place through changes in cytoskeletal dynamics as MRTFs are critical
regulators of the actin cytoskeleton by controlling the expression of actin and actin-
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associated proteins (Foster et al., 2017; Sidorenko & Vartiainen, 2019). In cancer
cells, MRTFs enhance cell motility and invasive capabilities largely through the
transcriptional activation of genes such as RhoA and RhoC, which are involved in
cytoskeletal reorganization (Lawson & Ridley, 2018). These Rho family GTPases in
addition to the TEAD family of transcription factors are some of the regulators
shared with YAP/TAZ (O. M. Yu et al., 2016). MRTFs can also increase YAP
activity through regulating TAZ transcription (C.-Y. Liu et al., 2016). In addition,
MRTFs control the cytoskeletal gene a-SMA, which is highly expressed in CAFs,
further supporting their ongogenic functions (S. Werner et al., 2019). MRTFs
interact with various signaling pathways that are highly involved in uncontrolled cell
growth leading to tumorigenesis, such as the TGF-B- and MAPK/ERK-signalling
pathways (Du et al., 2021; Girard et al., 2020; Miranda et al., 2017). MRTF
mechanotransduction is activated by various stimuli, for example, external physical
forces such as mechanical streching and matrix stiffness, leading to its nuclear
accumulation and subsequent activation and transcription of target genes (Dai et al.,
2019; Hoffman et al., 2020; Melcher et al., 2022). The SRF-MRTF pathway is
implemented in lung fibrosis, as it promotes the expression of genes involved in
ECM production and cell migration (Sisson et al., 2015). Moreover, MRTF acts as a
crucial regulator of matrix stiffness-mediated EMT (Dai et al., 2019).

B-catenin has a dual role, function as a junctional protein in adherens junctions
and as a transcription factor in the nucleus, where it activates the canonical Wnt-
signalling pathway. The canonical Wnt-signalling pathway is dependent on [-
catenin activity, while its activity is determined by nuclear to cytoplamic shuttling
(Qin et al., 2024). In the absence of Wnt-signaling, cytoplasmic -catenin is short-
lived as it is kept at low levels through a destruction complex consisting of
adenomatous polyposis coli (APC), Axin, glycogen synthase kinase 3 beta (GSK-3[3)
and casein kinase 1(CK1). This complex phosphorylates B-catenin in the cytoplasm,
targeting it for ubiquitination and subsequent proteasomal degradation (Lybrand et
al., 2019; Nong et al., 2021). Otherwise, Wnt-ligand binding to the Frizzled and
LRP5/6 receptors activates Wnt-signalling, leading to inhibition of the destruction
complex. Consequently, f-catenin is stabilized and accumulates in the cytoplasm.
B-Catenin then translocates to the nucleus, where it interacts with T-cell
factor/lymphoid enhancer factor (TCF/LEF) transcription factors to activate the
expression of target genes (J. Liu et al., 2022). In cancer, the nuclear localization of
B-catenin and subseguent gene transcription activation is what makes it function as
an oncoprotein (Shang et al., 2017). Mutations in the APC gene prevent B-catenin
degradation, leading to f-catenin nuclear accumulation and transcription activation.
This aberrant activation results in the overexpression of oncogenic target genes such
as c-MYC and cyclin DI(D. Zhang et al., 2024). B-catenin activation is one of the
primary causes of colorectal cancer, particularly in cases of familial adenomatous

42



Review of the Literature

polyposis (FAP), where APC mutations are inherited (Talseth-Palmer, 2017). The
nuclear-cytoplasmic shuttling of B-catenin is also mediated by mechanical stimuli,
making it a mechanosensitive protein. Increasing B-catenin activity in normal canine
kidney cells (MDCK cells) combined with stretching triggers cells in S/G2- phase to
divide (Benham-Pyle et al., 2016). In colon cancer, mechanical stimulation of APC
deficient mouse colon tissue leads to B-catenin phosphorylation and increased
nuclear localization (Whitehead et al., 2008). In addition, fluid shear stress on colon
cancer cells increases nuclear B-catenin levels without affecting total levels
(Avvisato et al., 2007). Ongoing research is exploring various strategies to inhibit
B-catenin signaling in colorectal cancer, including small molecules, antibodies and
(proteolysis-targeting chimeras (PROTACs) that degrade B-catenin (S.-Y. Hwang et
al., 2016; Liao et al., 2020; Roth et al., 2023).
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3 Aims

Biomechanical research has primarily focused on non-motile tissues, such as the
breast, prostate, liver and pancreas, where aberrant ECM in cancer leads to tissue
stiffening that further supports tumour growth. However, a variety of other
mechanical properties present in homeostasis can be lost in cancer. Biomechanics in
tissues under continuous mechanical stress in homeostasis, might differ in their
mechanosensing properties compared to non-motile tissues. By investigating the loss
of mechanical stimuli in vocal fold cancer, this thesis seeks to elucidate the diverse
mechanisms through which mechanical forces influence cancer progression. The
insights gained will contribute to a broader understanding of how different
biomechanical TMEs impact cancer development. In addition to cancer cells
interacting with the extracellular tumour matrix, other cell types in the TME, such
as CAFs and CAAs, can regulate cancer cell signalling. CAFs remodel the ECM and
secrete growth factors that can enhance tumorigenesis. Moreover, CAAs and
dysregulated adipocytes secrete cytokines and other bioactive molecules that
influence cancer cell metabolism and growth. Here, I have investigated the
mechanism by which normal mammary adipocytes provide a barrier to breast cancer
invasion. Additionally, I have explored a new strategy for selectively targeting and
killing a broad spectrum of KRAS-mutant cancers using hyperactivation-induced
cell death.

The specific aims of the thesis were:

1. Characterization of external mechanical stimuli and ECM mechanics in
vocal fold tissue homeostasis and cancer progression.

II.  Investigation of hyperactivation-induced cell death to treat KRAS-mutant
cancers by disrupting the interaction between SHANK3 and KRAS.

II.  Uncovering the protective role of mammary adipocytes in the TME.
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4 Materials and Methods

The experimental procedures in which I have been highly involved in are described.
This includes conceptualizing, designing and performing the experiments. Detailed

description of methodology is available in the original publications (I-I1I).

4.1 Cell culture (1, 11, 1)

Cell lines and their culture media are listed in Table 2. All cell lines were maintained
in a humified incubator (37°C, 5% CO.) and regularly tested for mycoplasma
(MycoAlertTM Mycoplasma Detection Kit, LT07-418 Lonza; MycoAlertTM Assay
Control Set, LT07-518 Lonza). Cells were enzymatically detached with 0.25% trypsin-
EDTA solution (L0932, Biowest). Cell lines were acquired from the American Type
Culture Collection (ATCC) excluding patient-derived UT-SCC-11 and UT-SCC-103
cell lines, which were acquired from Auria Biobank (AB22-7195). Cell lines used in

original publication II were authenticated by the Leibniz Institute DSMZ.

Original
publication

Table 2. Cell lines and culture media used in the original publications (I-Ill). DMEM = Dulbecco’s
Modified Eagle’s Medium; RPMI = Roswell Park Memorial Institute; FBS = Fetal bovine
serum; NEAA = non-essential amino acid.

Cell line Culture medium

A549 DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

ARPE-19 DMEM: F12 supplemented with 10% FBS and 2 mM L-glutamine

AsPC-1 DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

BXPC-3 RPMI-1640 supplemented with 10% FBS and 2 mM L-glutamine

H441 RPMI-1640 supplemented with 10% FBS and 2 mM L-glutamine

HaCat DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

HCT-116 DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

HT-29 DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

MDA-MB-231 | DMEM (high-glucose) supplemented with 10% FBS and 100 mM L-glutamine.

MIA PaCa-2 | DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

PANC-1 DMEM (high-glucose) supplemented with 10% FBS and 2 mM L-glutamine.

Panc10.05 RPMI-1640 supplemented with 10% FBS, 10 Units/ml human recombinant insulin
and 2 mM L-glutamine

TIF DMEM (high-glucose) supplemented with 10% FBS and 100 mM L-glutamine.

UT-SCC-11 | DMEM (high-glucose) supplemented with 10% FBS, 1% NEAA and 2 mM L-glutamine.

UT-SCC-103 | DMEM (high-glucose) supplemented with 10% FBS, 1% NEAA and 2 mM L-glutamine.
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4.2 Plasmid DNA and siRNA transfections (ll)

A cationic lipid-based transfection was used to introduce 500 ng of plasmid DNA
(Lipofectamine 3000; L3000001, Thermo Fisher Scientific) and 30—67 nM siRNA
(Lipofectamine RNAIMAX Reagent, Thermo Fisher Scientific) into cells as per
manufacturer’s instructions in serum-reduced conditions (Opti-MEM™; 31985054,
Gibco). Transfection medium was changed to culture medium one day post-
transfection and cells were used in experiments 24-96 h post-transfection.

Table 3. Plasmid DNA and siRNA oligonucleotides used in the original publication II.

Target Catalog number Source

Negative control PmCherry-C1 N/A Gift from Jeroen Pouwels
mCherry-SHANK3-SPN A01 nanobody | N/A Hybrigenics
mCherry-SHANK3-SPN-E01 nanobody | N/A Hybrigenics

Negative control siRNA 1027281 Qiagen

Human KRAS siRNA SMARTpool L-005069-00-0010 Dharmacon, Horizon Discovery
Human SHANKS3 siRNA_2 S100717710 Qiagen

Human SHANKS3 siRNA_7 J-024645-07 Dharmacon, Horizon Discovery
Human SHANK3 siRNA SMARTpool L-024645-00-0010 Dharmacon, Horizon Discovery

4.3 Antibodies and antibody detection (I, II, 1lI)

Antibody-based detection was used in immunofluorescence, western blotting and
immunohistochemistry. Moreover, blocking antibodies were used to study integrin
function. Primary antibodies used in original publications (I-III) are listed in Table
4. Target antigens were labelled in western blot assays with AzureSpectra-650 and
AzureSpectra-800 antibodies (Azure) against mouse, rabbit, rat and guinea pig.
Target antigens were visualized in immunofluorescence microscopy with
AlexaFluor-488, AlexaFluor-568 and AlexaFluor-647 antibodies (Invitrogen)
against mouse, rabbit, rat and guinea pig. In addition, DNA and filamentous actin
were visualized with DAPI (4',6-diamidino-2-phenylindole), AlexaFluor-488
phalloidin  (Invitrogen), phalloidinAtto-647 (Invitrogen) and SiR-actin
(Spirochrome).
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Table 4. Primary antibodies used in the original publications I-lll. WB = western blotting assay;
IF = Immunofluorescence; IHC = Immunohistochemistry.
Original
Antigen Application Catalog number | Source publication
AKT WB 9272 Cell Signaling Technology | II
AKT (phospho-S473) WB 9271 Cell Signaling Technology | I
Amotl2 IF, WB 23351-1-AP Proteintech |
B-catenin (E247) IF, WB ab32572 Abcam |
CD151 IF ab33315 Abcam |
COLXVII (EPR18614) IF, WB ab184996 Abcam |
E-cadherin (24E10) IF, WB 3195 Cell Signaling Technology | |
ERK1/2 WB 91025 Cell Signaling Technology | Il
ERK1/2 (phospho-T202/Y204) WB 4370 Cell Signaling Technology | II
FAK WB 610088 BD Biosciences l
FAK (phospho-Y397) WB 8556 Cell Signaling Technology | Il
Fibronectin WB F3648 Sigma-Aldrich |
GAPDH WB 5G4-6C5 Hytest I, 1
HSP70 WB ADI-SPA-815 Enzo 1,1
1gG Integrin 12-371 Millipore |
blocking control
ILK (EPR1592) IF, WB ab76468 Abcam |
Integrin a3 (ASC-1) IF ab228425 Abcam |
Integrin a3 WB ab131055 Abcam |
Integrin a3 (clone P1B5) Integrin a3 N/A In-house |
blocking
Integrin a6 (CD49F, clone GOH3) | IF MCAG699 Serotec |
Integrin a6 WB ab97760 Abcam Il
Integrin a6 (clone P5G10) Integrin a6 N/A In-house |
blocking
Integrin B1 (active, clone 12G10) | Integrin 31 N/A In-house |
blocking
Integrin B1 (inactive, clone Integrin B1 N/A In-house |
mAb13) blocking
Integrin 34 IF, WB MAB1964 Millipore |
Keratin 14 IF, WB PRB-155P Covance |
Kie7 IHC M7240 Dako 11, 1
KRAS WB WH0003845M1 Sigma-Aldrich Il
MLC2 (phospho-T18/S19) IF 3674 Cell Signaling Technology | |
PARP1 (cleaved) WB, IHC ab4830 Abcam Il
SHANKS3 WB HPA003446 Atlas antibodies Il
SHANKS3 WB sc-30193 Santa Cruz Il
Vinculin IF, WB V9131 Sigma-Aldrich |
YAP IF, WB sc-101199 Santa Cruz |
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4.4 Gene and protein expression (1, 1)

4.4.1 Quantitative real-time PCR (Il)

RNA was extracted from cells using NucleoSpin RNA -kit (#740955.250,
Macherey-Nagel) and from CAM and mouse tumours using TRIsure (BIO-38032,
Bioline Ltd) as per the manufacturer’s instructions. Total RNA concentration was
measured with Nanodrop (Thermo Fischer Scientific) and complementary DNA was
synthesized by reverse transcription as per the manufacturer’s instructions (high
capacity cDNA Reverse Transcription Kit, Thermo Fisher Scientific). Target gene
expression levels were measured with QuantStudio™ 12K Flex Real-Time PCR
System (Thermo Fisher Scientific) and normalized to GAPDH levels.

4.4.2 RNA sequencing (1)

RNA was extracted from cells seeded on coated BioFlex® plates using NucleoSpin
RNA -kit (#740955.250, Macherey-Nagel) as per the manufacturer’s instructions.
RNA quality was verified using Agilent Bioanalyzer 2100, and final concentrations
were measured using Qubit®/Quant-IT® Fluorometric Quantitation (Life
Technologies). [llumina stranded total RNA prep library was prepared using 100 ng
of RNA as per the manufacturer’s instructions (Illumina Stranded mRNA
Preparation and Ligation kit, Illumina) and sequenced with Novaseq 6000 (S4
instrument, [llumina, v1.5).

44.3 Western blot assay (I, II)

Cells were kept on ice for a wash with cold PBS and lysed with +90 °C TX- lysis
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5% Triton-X, 0.5% glycerol, 1%
SDS, complete protease inhibitor (SigmaAldrich), and phos-stop tablet (Sigma-
Aldrich)). Lysed cells were boiled for 5 min at +90 °C, followed by a 10 min
sonication and a 10 min centrifugation at 13000 rpm at +4 °C. Protein concentrations
were determined from the supernatant with the DC Protein assay (Bio-Rad) as per
the manufacturer’s instructions. Samples were boiled at +90 °C for 5 min prior to
protein separation using precast SDS-PAGE gradient gels (4-20% Mini-PROTEAN
TGX, Bio-Rad) and transferred onto nitrocellulose membranes with a semi-dry
Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked with
AdvanceBlock-Fluor blocking solution (AH Diagnostics) diluted 1:1 in PBS for 1 h
at room temperature and incubated over night at +4 °C with primary antibodies (see
Table 4) diluted in AdvanBlock-Fluor blocking solution. Membranes were washed
for 5 min three times with TBST (Tris-buffered saline and 0.1% Tween 20) and
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incubated 1:2500 with fluorophore-conjugated Azure secondary antibodies (Azure)
in AdvanBlock-Fluor blocking solution for 1 h at room temperature. Membranes
were washed three times with TBST for 5 min at room temperature and scanned
using an infrared imaging system (Azure Sapphire RGBNIR Biomolecular Imager).
Band intensities were analysed using Image Studio Lite (Licor) by normalizing target
signal to GAPDH or HSP70.

4.5 Methods to study cell growth (I, II)

4.51 Proliferation assay (I, Il)

Softwell® Easy Coat (Matrigen) or plastic (Corning) 24-well plates were coated with
10 pg/ml collagen 1 (C8919, Sigma) and 10 pg/ml fibronectin (341631, Sigma)
diluted in PBS or 10 pg/ml growth factor reduced Matrigel (354230, Corning®)
diluted in PBS, and incubated in a humified incubator for 1 h (37 °C, 5% CO).
Coated plates were washed three times with PBS prior to seeding cells (10 000 cells
per well) in culture medium (original publication I). In addition, cells were seeded
on a 96-well plate (5000 cells per well) and transfected with siRNAs on the following
day, as described above (original publication II). Time-lapse live-imaging was
performed using IncuCyte S3 or ZOOM Live-Cell Analysis System for 96 h with
2 h imaging intervals (10x objective), changing the medium every second day.
Relative proliferation was analysed with IncuCyte S3 or ZOOM software.

45.2 Viability assay (I, Il)

Cell viability was measured with CCKS cell counting kit (ab228554, abcam) as per
manufacturer’s instructions. Cells were seeded on a 96-well plate (5000 cells per
well) in culture medium. DMSO (D265, Sigma), YAP-TAZ-TEAD inhibitors K-975
(HY-138565, MedChemExpress) or IK-930 (HY-153585, MedChemExpress) were
added at different concentrations the following day. Cells were incubated with CCKS8
reagent for 2 h at +37 °C prior to measuring viability, 48 h after inhibitor treatment,
as absorbance at 450 nm (original publication I). Additionally, 3D spheroid
formation assay cell viability was measured with CCKS8 at the final timepoint
(original publication II).

453 Flow cytometry (ll)

Cells were cultured to 70% confluence and stained with Annexin V apoptosis kit
(BMSS500FI-300, Thermo Fisher Scientific Inc) as per manufacturer’s instructions.
Annexin V-FITC/propidium iodide labelling was used to evaluate proportion of
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apoptotic and necrotic cell death in cells transfected with plasmid DNA or siRNA.
Labelled cells were detected 1-4 days post-transfection using BD LSR Fortessa™
analyser (BD Biosciences). Live and apoptotic/necrotic cell populations were
quantified using Flowing software.

454 3D spheroid formation assay (I, Il)

3D spheroid formation was assessed by embedding cells between two layers of
Matrigel (Corning, 354230) in an angiogenesis 96-well p-plate (89646, Ibidi
GmbH). The bottom of the well was coated with 10 pl of 50% Matrigel diluted in
culture medium and centrifuged at +4 °C (200 g for 20 min). The centrifuged
Matrigel layer was incubated for 1 hour in a humified incubator (37 °C, 5% CO»).
Next, 20 pl of single-cell suspension in 25% Matrigel diluted in culture medium
(500-1000 cells/well) was added to each well, centrifuged at +4 °C (100 g for
10 min) and incubated for 4 h in a humified incubator (37 °C, 5% CO,). Next, wells
were filled with culture medium supplemented with 10 pg/ml function blocking
antibodies or IgG control; mouse anti-IgG (31903, Invitrogen), mouse anti-human
a3 integrin (P1B5, In-house hybridoma), mouse anti-human a6 integrin (P5G10, In-
house hybridoma) and rat anti-human B1 integrin (mAbl3, In-house hybridoma)
(original publication I) or unsupplemented culture medium (original publication II).
Spheroid formation was monitored for 10-12 days with IncuCyte S3 Live-Cell
Analysis system (10x objective), changing culture medium every 2—3 days. Analysis
of spheroid growth was performed using OrganoSeg software and ImageJ software.

4.6 Methods to study cell migration and invasion (I)

4.6.1 Migration assay (l)

50 kPa Softwell Easy Coat (Matrigen) 24-well plates were coated with PBS-diluted
10 pg/ml fibronectin (341631, Sigma) and 10 pg/ml collagen I (C8919, Sigma) for
1 h in a humified incubator (37 °C, 5% CO,). Next, plates were washed three times
with PBS prior to seeding 1000 cells in culture medium. Time-lapse live-imaging
was performed using Nikon Eclipse Ti2-E (10%/ 0.3 objective) for 24 h with 10 min
imaging intervals. Single-cell tracking was performed using TrackMate plugin in
ImagelJ software.

4.6.2 Wound healing assay (l)

Cells were seeded (100 000 cells per well) on IncuCyte ImageLock 96-well plates
(Essen BioScience). The following day a scratch wound was made with the IncuCyte
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WoundMaker (Essen BioScience). Wells were washed with PBS to remove detached
cells and culture medium was added. Time-lapse live-imaging was performed to
monitor wound closure using IncuCyte ZOOM Live-Cell Analysis System for 96 h
with 2 h imaging intervals (10% objective). Wound closure was analysed with the
IncuCyte ZOOM software.

4.6.3 Invasion assay (l)

Cells were seeded (200 000 cells per well) in serum free medium on Matrigel
transwell inserts (354480, Corning) and placed in culture medium. After 45 h of
invasion, uninvaded cells in the inner well were wiped off with cotton buds and
invaded cells were fixed with 4% PFA (diluted in PBS) for 10 min at room
temperature. Inserts were washed 3 times with PBS and stained overnight with
DAPI. Invaded cells were assessed by confocal imaging (31 Marianas CSU-W1;
20%/0.8 objective) and quantifying the number of invaded cells per field of view in
ImageJ software.

4.7 In vivo methods (1, Il, II1)

4.7.1 Chick embryo chorioallantoic membrane assay (1)

Fertilised chicken eggs were washed with 70% ethanol and placed in in a humified
incubator (37 °C, 5% CO,). On day three, a small hole was made in the eggshell to
detach the chorioallantoic membrane (CAM) from the shell. On day 7 a plastic ring
was placed on the CAM and one million cells were implanted inside the ring in 20 pl
of 50% Matrigel (354230, Corning) diluted in PBS. After 4-5 days, the formed
tumours were dissected, weighed and fixed in 10% formalin.

4.7.2 Subcutaneous tumour xenograft (l1, I11)

Subcutaneous xenografts were performed using six- to eight-week-old athymic nude
mice (Foxnlnu; Envigo, UK/France) by injecting five million PANC-1 cells,
expressing dox-inducible SHANK3 shRNA (pool of clones 4S and 1C) resuspended
in 100 pl 50% Matrigel (Cat. no. 354230, Corning) diluted in PBS (original
publication II) or by co-injecting six million mT2-TIFs or TIFs IGFBP2-TIFs and
two million MDA-MM231 cells in PBS (original publication III). Mice were housed
in standard conditions (12-hour light/12-hour dark cycle) with food and water
available ad libitum. PANC-1 SHANK3 tumours were blindly randomized into two
groups, once tumour volume reached 100 mm?®. Mice with PANC-1 SHANK3
tumours were fed either a normal chow (control group; Teklad 2914 diet, Envigo) or
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dox-containing chow (SHANK3-depleted group; Teklad doxycycline-diet,
625 mg/kg, in 2014 diet base, irradiated (2914), colour red, Envigo). Additionally,
the mice received two intraperitoneal (i.p) injections of PBS or doxycycline
(80 mg/kg of body weight) on day one and two of doxycycline induction. Successful
induction of SHANK3 shRNA expression was confirmed using [VIS live-imaging.
PANC-1 SHANK3 tumour growth was monitored by palpation twice a week and
mice were sacrificed when tumour volume reached >500 mm? (original publication
IT). TIF mT2/IGFBP2 and MDA-MM231 tumour growth was tracked by palpation
until the tumour volume reached >300 mm? (original publication III). After reaching
final tumour volume the mice were euthanized and tumours were dissected, weighed
and snap-frozen in liquid nitrogen for RNA extraction. Quantification of local
invasion was performed in QuPath by quantifying the percentage of local invasion
in the xenograft (invaded cell areas divided by the total tumour area). All animal
experiments were performed in accordance with the Finnish Act on Animal
Experimentation (animal license numbers ESAV1/9339/2016, ESAVI/37571/2019
and ESAVI/12558/2021)

4.7.3 Patient samples (I)

Patient samples were obtained under the Finnish Biobank Act with written informed
consent from the sample donors (§279, 9/2001) at Turku University Hospital. Patient
samples were given an arbitrary identifier and no patient information, excluding age
and histopathological information were available or recorded. For further
processing, obtained tissue samples were snap frozen with liquid nitrogen and stored
at -80 °C.

4.8 Methods to study cell mechanics (I)

4.8.1 Cell stretching (1)

Polydimethylsiloxane (PDMS) stretch chambers (STB-CH-4W, STREX Cell
Stretching Systems) coated with 10 pg/ ml fibronectin (341631, Sigma) and 10 pg/
ml collagen I (C8919, Sigma) diluted in PBS for 2 hours in a humified incubator
(37°C, 5% COy). Coated chambers were washed three times with PBS prior to
seeding 200 000 cells per well in culture medium. Cells were stretched the following
day with STREX cell stretching system (STB-140-10) with 20% stretch (6.40 mm),
1 Hz frequency for varying periods (5 min, 30 min 1 h). Stretched cells were fixed
with 4% PFA for 10 min, washed three times with PBS at room temperature and
stored at +4 °C.
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4.8.2 Cell vibration (1)

Flexible-bottomed silicone elastomer plates (BF-3001U, BioFlex®) were coated
with 10 pg/ml fibronectin (341631, Sigma) and 10 pg/ml collagen I (C8919, Sigma)
diluted in PBS for 2 hours in a humified incubator (37 °C, 5% CO,). Coated
chambers were washed three times at room temperature with PBS prior to seeding
cells (500 000-900 000 cells per well) in culture medium. Cells were vibrated the
following day with a phonomimetic bioreactor (Kirsch et al., 2019) connected to a
Crown XLS 1502 amplifier. Stimulating sound files were played for varying periods
(5 min, 30 min 1 h, 6 h) with 1 min intervals (1 min on /1 min off) at a frequency
range of 50-250 Hz. Vibrated cells were fixed with 4% PFA for 10 min, washed
three times with PBS at room temperature and stored at +4 °C.

4.8.3 Cell growth on elastic surfaces ()

Hydrogels (Softwell Easy Coat, Matrigen) of varying rigidities were coated with
10 pg/ ml fibronectin (341631, Sigma) and 10 pg/ ml collagen I (C8919, Sigma)
diluted in PBS for 2 hours in a humified incubator (37 °C, 5% CO,). Coated
hydrogels were washed three times with PBS prior to seeding 200 000 cells per well
in culture medium and cell growth was monitored for 72—-96 hours. Cells were fixed
with 4% PFA for 10 min, washed three times with PBS at room temperature and
stored at +4 °C.

4.9 Imaging techniques (I, I1)

4.9.1 Immunolabeling (I, Il)

Fixed cells were permeabilized and blocked for nonspecific antibody-binding using
0.3% Triton-X-100 in 10% normal horse serum diluted in PBS for 20 min at room
temperature. Target proteins in cells were labelled with primary antibodies diluted
in 10% normal horse serum overnight at 4 °C. The following day cells were washed
three times for 5 min with PBS and incubated with secondary fluorescence-
conjugated antibodies diluted in PBS for 1 h at room temperature, followed by three
5-min washes with PBS. Samples were either imaged right away or stored at 4 °C
protected from light until imaging. Antibodies used for immunolabeling are listed in
Table 4.
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492 Imaging fixed samples (1)

Fixed samples were imaged with a 3i spinning disk confocal microscope (Marianas
spinning disk imaging system with a Yokogawa CSU-W1 scanning unit on an
inverted Carl Zeiss Axio Observer Z1 microscope, Intelligent Imaging Innovations,
Inc., Denver, USA). Objectives used for imaging: 10x Zeiss Plan-Apochromat
objective (without immersion, 2mm working distance, 0.45 numerical aperture), 40x
Zeiss LD C-Apochromat objective (water immersion, 0.62 mm working distance,
1.1 numerical aperture) and 63 Zeiss Plan-Apochromat objective (oil immersion,
0.19 mm working distance, 1.4 numerical aperture). Image analysis was performed
using ImagelJ software.

4.9.3 Live imaging (1, I1)

Live imaging was performed using Nikon Eclipse Ti2-E (Hamamatsu sCMOS Orca
Flash4.0, Lumencor Spectra X LED excitation) with a 20x objective (Nikon CFI S
Plan Fluor ELWD, NA 0.45, WD 8,200 um) or the IncuCyte Live-Cell Analysis
System (S3 and ZOOM). Image analysis was performed using ImagelJ software or
IncuCyte software.

4.10  Genomic databases ()

4.10.1  The Cancer Genome Atlas (TCGA) (I)

TCGA head and neck squamous cell carcinoma (HNSCC) dataset was retrieved and
filtered for patient IDs with laryngeal cancer as primary tumour site. Pathology
reports were reviewed to assess tumour subsite (glottic larynx) and vocal fold
involvement. Raw  files were downloaded from xena  browser
(https://xenabrowser.net/). Differentially expressed genes (FDR <0.05) were
determined using Bioconductor R package ROTS (v.1.14.0).

4.10.2 Cancer Dependency Map (DepMap) (1)

A pan cancer search identifying the top 20 co-dependencies in the CRISPR DepMap
Public 23Q2+Score Chronos dataset was performed to survey YAP dependency hits
(Pearson’s correlation, r1). Data files were downloaded from DepMap
(https://depmap.org/portal/).
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4.11 Statistical analysis (1, II)

Statistical analyses and data visualization were performed using GraphPad Prism.
Outliers were identified with 0.1% ROTS and distribution was determined with
D'Agostino-Pearson normality test. Two-sample testing was performed using
Student's t-test with Welch’s correction (normally distributed data) or nonparametric
Mann-Whitney U-test (non-normally distributed data). Multiple comparisons were
performed using ANOVA with Holm-Sidak's post hoc test for normally distributed
data and Dunnett’s post hoc test for non-normally distributed data. Data are
presented as dot plots or column graphs (mean+s.d.) with p-values less than 0.05
considered to be statistically significant.
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5 Results

5.1 Tumour reversion by mechanical stimuli in
vocal fold cancer (l)

The vocal folds are a biomechanically interesting tissue for in homeostasis they are
under regular mechanical stimulation; phonation is induced by vibration and the
vocal folds open as one breathes and close when swallowing and speaking. The vocal
folds are made up of the vocalis muscle, the BM, lamina propria and the epithelial
layer. Each layer is characterized by its ECM composition (Gray, 2000). In vocal
fold cancer, a squamous cell carcinoma arises in the epithelial layer. Early stages of
cancer (T1-T2) are confined by the BM, but in later stages (T3—T4) the cancer cells
breach the BM invading the surrounding tissues. In addition to invasion to the
underlying muscle and tissues of the neck, VFC progression is characterized by its
mobility status based on TNM-status; T1-T2 vocal folds move normally, whereas in
T3-T4 are mechanical fixed (I, Fig. 1A and B). Despite the interesting mechanical
homeostasis that is lost in cancer as the tissue becomes immobile (Knudsen et al.,
2019), biomechanics in the vocal folds remain underexplored. Here using patient-
derived VFC cell lines, we uncover a mechanophenotype that can revert its
oncogenic properties in response to external mechanical stimuli. Moreover, VFC
patient samples reveal an increase in tissue stiffness as well as extensive tumour
matrix remodelling. Finally, vulnerability to YAP-TEAD inhibition in vitro
uncovers a promising therapeutic pathway to explore for cancer intervention.

5.1.1 ECM remodelling and increased rigidity supports
migration and invasion in VFC

Intrigued by the immobility in VFC, we aspired to investigate a possible role for the
ECM. We analysed vocal fold RNA-sequencing data generated by The Cancer
Genome Atlas (TCGA), comparing normal (n=12) and cancer (T1-T4, n=54)
samples to identify differentially expressed genes (false discovery rate, FDR < 0.05).
The analysis revealed upregulation of 2041 genes and downregulation of 1629 genes
in cancer samples compared to normal tissue. ECM and collagen-related GO-terms
(Gene ontology) were enriched among the upregulated genes in cancer (I, Fig. 1C).

56



Results

Furthermore, Matrisome AnalyzeR identified all differentially expressed collagens
to be upregulated, such as collagens I, III, IV and V that are present in the different
vocal fold layers (I, Fig. 1E). Moreover, 53 ECM glycoprotein genes were
upregulated (I, Fig.1F), including fibronectin (FN) and laminin-332 chains
(LAMA3, LAMB3 and LAMC2). Additionally, 59 ECM regulator genes were
upregulated (I, Fig. 1G), such as lysyl oxidases (LOXs) and metalloproteinases.
Next, we sought to investigate whether the increased ECM production impacted
tissue stiffness. Atomic force microscopy (AFM) on non-cancerous (NC) (n=3) and
cancer (n=2) patient samples (obtained from vocal fold surgery) confirmed a 3.2-fold
increase in the cancerous tissue stiffness (2.441 = 1.479 kPa) compared to normal
tissue (0.751 + 0.341 kPa) (I, Fig. 1H and I).

As increased ECM production and stiffness can promote cell proliferation, we
next aimed to explore whether the changes seen in vocal fold patient tissue samples
influence VFC on the cellular level. For the in vitro experiments, we compared T1
(UT-SCC-11) and T3 (UT-SCC-103) patient-derived VFC cell lines, generated at
the University of Turku, to non-cancerous (NC) (HaCaT) cells. Live-cell imaging
of T1 and T3 cell proliferation for 4 days on hydrogels of varying stiffnesses and
on plastic (coated with collagen 1 and fibronectin or Matrigel) exhibited
significantly higher proliferation of T3 cells compared to T1 cells (I, Fig. 3A-C;
Fig. S3A-C). Additionally, single-cell migration of T3 cells demonstrated
increased speed, accumulated distance and directionality compared to T1 cells on
50 kPa hydrogels (I, Fig. 3D and E). Collective cell migration of T3 cells was
significantly greater in speed compared to T1 cells (I, Fig. S3F and G) as was
invasion efficiency (I, Fig. 3F and G). Taken together, these results demonstrate
increased ECM composition and stiffness in VFC and consequent elevated VFC
proliferation. migration and invasion.

5.1.2 Laminin-binding integrins modulate VFC monolayer
dynamics and cell clustering

Following our findings on the ECM, we next explored the role of IACs in VFC, as
they mediate adhesion to the ECM in addition to functioning as mechanosensors.
The afore mentioned TCGA results indicated upregulation of several genes encoding
IACs, notably the laminin-binding integrins a3, a6, 1 and 4. These integrins are
found either in hemidesmosomes as a a6p4 heterodimer or in FAs as a dimer with
integrin B1 (I, Fig. 2A and B). To determine integrin expression in our cell model,
we used mass cytometry for high-dimensional phenotypic analysis of the cell-surface
expression of 19 integrins, revealing a heterogeneous single-cell surface expression
of integrins a6 and B4 in cancer cells compared to NC cells (I, Fig. 2C) The
observation was further confirmed by confocal immunofluorescence imaging (I, Fig.
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2D). Expression of hemidesmosome components BP180 (COLXVII) and keratin 14
reflected a similar heterogeneity and loss of hemidesmosome structures in T3 cells.
Single-cell surface expression of FA integrins a3 and B1 was also heterogeneous in
both T1 and T3 cells (I, Fig. 2E). Confocal immunofluorescence imaging affirmed
that the changes in surface expression levels were likely due to a difference in
subcellular integrin localization (I, Fig. 2F), as integrin a3 localized in cell-cell
junctions in NC and T1 cells (I, Fig. 2G). However, integrin a3 was predominantly
localized in endosome-like intracellular structures in T3 cancer cells (I, Fig. 2G). We
observed similar changes in CD151 localization, a teraspanin present in both FAs
and hemidesmosomes (I, Fig. 2H). Furthermore, T1 and T3 cells exhibited an
increased number of smaller vinculin- and active integrin f1 (12G10)-positive cell-
ECM adhesions compared to NC cells (I, Fig. 2I and J).

The aforementioned changes in cell-cell and cell-ECM adhesion, led us to
investigate the functional role of laminin-binding integrins in VFC. We treated
sparse cell clusters with integrin a3- (P1B5), a6- (P5G10) and B1 (mAb13)-blocking
antibodies and performed live-cell imaging. Dual inhibition of integrins a3 and a6
resulted in slowing cell movement in addition to retraction of junctional and cell-
edge lamellipodia (Videos 13-15). Inhibition of E-cadherin had an opposing effect
as the weakened cell-cell adhesions caused cell scattering and elongation (Videos
16-18). Inhibiting the laminin-binding integrins (a3+a6 and B1) in 3D-spheroids
increased growth of NC and T1 cells (spheroid area) compared to IgG control
treatment (I, Fig. 4A and B), likely due to reduced spheroid compaction and
increased cell dissociation (I, Fig. S4a). While integrin inhibition had clear effects
on NC and T1 cells, T3 cells grew rapidly into large spheroids regardless of treatment
and did not show increased cell dissociation compared to IgG control (I, Fig. 4A and
B). These finding are concordant with the differences in cellular localization of
laminin-binding integrins.

To further investigate the role of cell-cell junctions in VFC, we analysed
junction morphology based on confocal immunofluorescence staining of
E-cadherin and B-catenin. T3 cell junctions were linear, indicating low junctional
tension, whereas NC and T1 cells had protrusive finger-like junctions that are
linked to higher junctional tension (I, Fig. 4C). Analysis of junction morphology
(straight, reticular and finger-like) confirmed presence of reticular junctions in all
cells, whereas finger-like-junctions were lost in T3 cells in addition to a larger
proportion of straight junctions in T3 cells (I, Fig. 4C). Overall, these data
demonstrate that laminin-binding integrins contribute to cell-ECM and cell-cell
adhesion dynamics in VFC.
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5.1.3 Uncovering a previously unobserved motility state in
VFC cells

In homeostasis, cells cease and undergo a jamming phase transition (PT) when
reaching a critical cell density. This is regulated by cell-cell and cell-ECM adhesion
mechanics and functions as a tumour-suppressive mechanism. However, cancer cells
can undergo unjamming and flocking PTs to promote collective invasion (Ilina et
al., 2020; Oswald et al., 2017). In fluid-like flocking, cells move in a coordinated
manner without being tightly bound to each other, allowing them to rearrange and
adapt their movements. Contrarily, in solid-like flocking, cells stick closely to one
another, forming a more rigid structure as cells move as a whole. To explore PTs in
VFC monolayer dynamics treated with integrin inhibitors, we performed PIV
(Particle image velocimetry) analysis on live-cell movies. While untreated NC cells
exhibited a progressive reduction in cell motility (I, Fig. 4C), inhibiting integrins a3,
a6 and Bl significantly reduced their collective motion; the inhibitor treatments
accelerated the transition towards a jamming state (I, Fig. S4B). Cell motility in
untreated T1 and T3 cells remained constant, and greater than the final velocity of
NC cells (I, Fig. 4F and M). Though inhibition of integrin 1 or integrins a3 and a6
together reduced T1 cell velocity, T3 cell motility was insensitive to integrin
inhibition; T3 cells exhibited a complete loss of correlation in motility and T1 cells
an intermediate loss, suggesting that T1 and T3 monolayers are far from reaching a
jammed state (I, Fig. 4] and M). Moreover, T1 cells had cohesive and coordinated
movement with aligned cell velocities and maintained long-range coordinated
motion despite anti-integrin treatments (I, Fig. 4K). Similar motion was detected in
T3 cells to a lesser extent (I, Fig. 4N). These data imply a solid-like flocking PT in
VFC, characterized by long-range coordinated motility and absence of local cell
rearrangements. Interestingly, solid-like flocking has not yet been observed
experimentally in mammalian cells. These findings suggest that VFC cells exploit a
solid-like flocking state to enhance long-distance collective motion and thus
advancing cancer invasion and metastasis.

Next, we set out to mimic the early step of local dissemination by spreading of
3D spheroids onto ECM-coated substrate in a “wetting” transition. This transition is
dependent on the cohesive cell-cell tensional state and viscoelastic properties of the
spheroids, in addition to the cell-ECM interactions. Both T1 and T3 spheroids
showed a significant increase in wetting velocity compared to NC cells: T1 spheroids
rapidly and uniformly wetted the surface, consistent with the solid-like flocking
motion and elevated monolayer velocity (I, Fig. 4G and I), while T3 spheroids wetted
the surface by extending protruding clusters with contractile local regions, consistent
with their high contractility and reduced monolayer velocity (I, Fig. S4C and D). In
NC spheroids, inhibition of integrins a3, a6 and 1 caused an evident reduction in
wetting velocity. Conversely, no marked effects were observed in T1 and T3 wetting
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spheroids treated with integrin inhibitors (I, Fig. 4J and K; Fig S4. E and F),
suggesting that VFC wetting is independent of cell-ECM adhesion receptors and
directed by the bulk mechanical properties of the 3D spheroids.

5.1.4 Mimicking mechanical stimuli in the vocal folds
induces cytoskeletal changes, junctional alterations
and cell extrusion

We next sought to determine differences in response to mechanical stimuli. To
mimic the mechanical forces in the vocal folds, we subjected the cells to stretching
and vibration. Uniaxial cyclic cell stretching (1 Hz, 20% stretch) for 1 h induced
perpendicular actin cytoskeleton alignment (coherency) to the stretch direction in
NC and T1 cells (I, Fig. 5SA and B). T3 cells did not exhibit visible actin alignment,
though alignment analysis showed a significant increase (I, Fig. 5B). Similarly,
vibration stimulus matching the frequency of human adult vocal folds during normal
phonation (50-250 Hz, 1 min off/on) induced visible formation of actin stress fibers
(I, Fig. 5C) and monolayer remodelling in NC and T1 cells. Furthermore, 6-hours of
vibration of T3 cells induced a significant increase in extrusion of contractile,
pMLC-positive cells (I, Fig. SE-G; Fig. S5C). Thus, reintroducing mobility in T3
cells causes cell extrusion likely as a means to ensure homeostasis.

Next, we explored the outcomes of mechanical manipulation on cell-cell
junctions. We firstly noticed that B-catenin was not only located at cell-cell junctions,
but present in the nucleus in T1 and T3 cells, where it acts as a transcription factor
promoting tumorigenesis (I, Fig. SF and G). Uniaxial cyclic stretching (1 Hz, 20%
stretch) for 1 hour resulted in junction alignment in NC and T1 cells (I, Fig. S5D).
Interestingly, stretching caused a significant reduction in nuclear and total B-catenin
levels in T1 and T3 cells (I, Fig. 5SH and I; Fig. S5E). This reduction in oncogenic
nuclear B-catenin expression occurred also in vibrated cells (I, Fig. 5J and K; Fig.
S5F). Together these data demonstrate that NC and VFC cells differ in their response
to mechanical stimuli, notably in the regulation of oncogenic nuclear B-catenin
(Figure 7).

5.1.5 Mimicking mechanical stimuli in the vocal folds
decreases nuclear and total YAP levels

In addition to B-catenin, YAP is another oncoprotein that shuttles between the
cytoplasm and nucleus, activating oncogenic signalling cascades in the nucleus.
Total YAP RNA and protein expression levels (I, Fig. 6A—C) did not show
significant changes in VFC cells compared to NC cells. However, RNA expression
levels of YAP downstream targets Ankyrin Repeat Domain 1 (ANKRD1), AXL,
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macrophage colony stimulating factor (CSF1) and Cysteine-rich angiogenic inducer
61 (CYRG61) were increased in VFC cells (I, Fig. 6D) indicative of pathway activity.
We next assessed the effect of vibration on YAP levels, showing that vibration
decreased total and nuclear YAP levels in a time-dependent manner in all cell lines
(I, Fig. 6E-QG). Intrigued by our results implying that vibration primarily regulates
YAP levels rather than its nucleocytoplasmic shuttling, we next conducted a YAP
pan cancer search identifying the top 20 co-dependencies in the CRISPR DepMap
Public 23Q2+Score Chronos dataset in DepMep. We found the strongest
dependency hits (Pearson’s correlation, r) with Angiomotin-like protein 2
(AMOTL2, r= -0.28), Rho Guanine Nucleotide Exchange Factor 7 (ARHGEF7,
=0.29), TEA Domain Transcription Factor 3 (TEAD3, r=0.29), TEA Domain
Transcription Factor 1 (TEAD1, r=0.29) and Tankyrase 2 (TNKS2, r =0.28) (I, Fig.
6H). As AMOTL2 has a strong negative co-dependency to YAP based on the survey,
we next investigated the relationship between YAP and AMOTL2 in VFC.
AMOTL2 has previously been shown to retain YAP within the cytoplasm by direct
interaction (B. Zhao et al., 2011). AMOTL2 RNA levels showed no changes between
the cell lines (I, Fig. 61). However, AMOTL protein levels were significantly lower
in VFC cells compared to NC cells (I, Fig. 6 J and K). Moreover, vibration
significantly increased AMOTL?2 total and nuclear levels in VFC cells (I, Fig. 6L-N;
Fig. S6B), which coincides with the decrease in YAP levels (I, Fig. 6F-G).
Collectively, these results demonstrate that mechanical forces support tissue
homeostasis by decrease oncogenic nuclear YAP levels in VFC cells (Figure 7).

Vibration Stretching
[ ~.:,-,~ - ol
decreased decreased
nuclear/total YAP nuclear/total 3-catenin

Figure 7. Mechanical stimuli downregulates oncogenic YAP and B-catenin signalling in
vocal fold cancer. Vibrating and stretching vocal fold cancer cells reverts cellular
oncogenic properties by decreasing nuclear and total YAP and 3-catenin expression.
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5.1.6 Therapeutic potential of YAP-TEAD inhibition

To explore our in vitro findings in patient samples, we built a laryngeal cancer
tumour microarray (TMA) with cancer patient samples from T1 to T4 (n=218).
Analysis of multiplex immunohistochemistry staining revealed a high correlation
between ECM related proteins (FN, Col I, SMA, laminin and vinculin) (I, Fig. S7A).
We assigned an ECM score (median values of stromal ECM related proteins in the
patient cohort) and applied it to each patient; ECM-scores ranged from zero to five
based on how many of the five ECM proteins were expressed above average level.
Thus, ECM score 0 indicates that all ECM proteins are expressed below average,
and ECM score 5 indicates that all ECM proteins are expressed above average. These
scores were further divided into two groups; ECM-low (ECM scores 0-2) and ECM-
high (ECM score 3-5). Analysis of the implemented ECM score and patient data
revealed a significant correlation between ECM score and T-status, with lower ECM
scores being associated with lower T-status (I, Fig. 7A). Similar scoring regarding
above and below average expression was applied to YAP to determine whether YAP
expression correlates with T-status and the ECM score. Interestingly, we discovered
that patients with higher T-status (T3—4) expressed high levels of YAP in tumours
in addition to increased nuclear YAP levels in tumours correlating with higher ECM
scores (I, Fig. 7B—D). Moreover, nuclear YAP was predictive of disease-specific
survival (I, Fig. 7E). Based on our TMA findings on YAP, we next investigated
whether inhibition of YAP/TAZ/TEAD pathway would impair VFC viability by
treating NC and VFC cells with two YAP-TAZ-TEAD inhibitors; K-975 and IK-
930. Both inhibitors caused a significant and dose-dependent decrease in cell
viability, notably in T3 VFC cells (I, Fig. 7F-I). Together, these findings imply
clinical potential for YAP/TAZ/TEAD inhibition as a targeted treatment option for
VEC.

5.2 Signalling overdose to target KRAS-mutant
cancers ?II)

Mutations in the KRAS (Kirsten rat sarcoma viral oncogene homolog) oncogene are
prevalent in a significant number of cancers, such as pancreatic, lung and colorectal
cancers (L. Huang et al., 2021). These mutations result in continuous activation of
proliferative signalling pathways, leading to uncontrolled cell growth and resistance
to standard therapies. Despite recent advancements in developing mutation-specific
inhibitors, there remains a substantial gap in effective treatments for most KRAS-
mutant cancers. As SHANK3 was discovered to have a Ras-association domain
(Lilja et al., 2017), we sought to explore whether expression and signalling of the
scaffolding protein SHANK3 could modulate KRAS activity. We focused on
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KRAS-mutant cancers that have been particularly hard to target, though having great
interest as a potential target for cancer therapies (Punekar et al., 2022).

5.21 SHANKS's interaction with active KRAS and
modulation of MAPK/ERK signalling

Previous research has shown that the SHANK3 N-terminus, containing a Ras-
association (RA) domain-like SPN structure, interacts with active (GTP-bound)
KRAS mutants (Lilja et al., 2017). Microscale thermophoresis (MST) and isothermal
titration calorimetry (ITC) confirmed this interaction with low micromolar affinity,
while no interaction occurred with inactive (GDP-bound) KRAS (II, Fig. 2B-D).
Co-immunoprecipitation and FLIM-FRET (Fluorescence lifetime microscopy and
fluorescence resonance energy transfer) experiments in cells demonstrated that
SHANK3 specifically binds to KRAS through conserved R12 and K22 residues (I,
Fig. 2E and F). Mutations in these residues disrupted the interaction, confirming their
importance (II, Fig 2G). Additionally, re-expression of wild-type (WT) SHANKS3,
but not a KRAS-binding-deficient mutant, restored cell viability in SHANKS3-
silenced KRAS-mutant cancer cells, highlighting the crucial role of SHANKS3-
KRAS interaction in supporting cell survival (II, Fig. 2 H).

KRAS must associate with the plasma membrane and recruit effector proteins
such as RAF for active signalling (Simanshu et al., 2017). GFP-SHANK3 and
endogenous SHANK3 both localize to the plasma membrane and overlap with
mutant mCherry-KRASG12V, suggesting an interaction (II, Fig. 3A). Simulations
showed that SHANK3 SPN and ARR domains interact with the negatively charged
plasma membrane, similar to RAF's Ras-binding domain (RBD) (II, Fig. 3B-E).
Structural analysis indicated that SHANK3 competes with RAF for KRAS binding
on the membrane, potentially limiting KRAS signalling (II, Fig. 3B and C). In vitro
competition assays confirmed that increasing SHANK3 SPN concentrations reduced
KRAS binding to RAF-RBD (II, Fig 3D). Isothermal titration calorimetry (ITC)
measurements showed SHANK3 and RAF-RBD have similar affinities for KRAS,
supporting the competition hypothesis (II, Extended Data Fig. 3F). In cells,
SHANK3 silencing enhanced RAF-KRAS interaction, indicating SHANKS3
competes with RAF for KRAS binding and influences downstream signalling.
SHANK3’s ability to compete with RAF was tested in KRAS-mutant cells.
Overexpression of SHANK3 SPN WT reduced ERK 1/2 phosphorylation and nuclear
translocation, while a KRAS-binding-deficient mutant did not (II, Fig. 3F and G).
Furthermore, SHANK3 SPN WT restrained KRAS-driven tumour growth in
xenografts (II, Fig. 3H). Together these findings demonstrate that SHANKS3
competes with RAF for active KRAS binding, thereby limiting MAPK/ERK
signalling and oncogenic activity.
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522 SHANKS in KRAS-mutant cancer cell viability

As we established that SHANK3 interacts with active KRAS, we next sought out to
understand SHANK3's role in cancer cell viability using RNA interference (RNA1)
to deplete SHANKS3 in various KRAS-mutant cancer cell lines, including pancreatic
ductal adenocarcinoma (PDAC), non-small cell lung cancer (NSCLC) and colorectal
cancer (CRC). SHANK3 depletion significantly impaired proliferation in all 12
tested KRAS-mutant cell lines, with inhibition rates ranging from 38% to 81% (I,
Fig. 1A). In contrast, cancer cell lines with WT KRAS showed no significant
reduction in proliferation (I, Fig. 1A). Further, SHANK3 silencing reduced colony
growth by about 90% in KRAS-mutant pancreatic (PANC-1) and lung cancer (A549)
cells (I, Extended Data Fig. 1B). In 3D cultures, growth inhibition was also evident
in KRAS-mutant pancreatic and lung cancer spheroids (II, Fig. 1B). Furthermore,
we generated PANC-1 cell clones with doxycycline (dox)-inducible sShRNA against
SHANKS3 (1II, Fig, 5A), and dox-induced SHANK3 depletion halted the growth of
3D spheroids (II, Fig, 5C-D). These findings demonstrate that SHANK3 depletion
effectively blocks cell proliferation in KRAS-mutant cancers.

5.2.3 SHANKS depletion leads to tumour suppression in
Vivo

Prompted by our in vitro findings, we performed in vivo experiments using xenograft
models to assess SHANK3's role in tumour growth. Firstly, SHANK3 depletion in
KRAS-mutant PANC-1 and A549 xenografts on chick embryo chorioallantoic
membranes (CAMs) led to reduced tumour weight and fewer proliferating cells,
while WT KRAS tumours remained unaffected (II, Fig. 1C-E). We next evaluated
whether SHANK3 is essential in maintaining tumour growth. Dox-inducible PANC-
1 cells were implanted into flanks of athymic nude mice (Foxnlnu) and dox-induced
SHANKS3 depletion was initiated once tumours of 100 mm?® in volume were
established. SHANK3 depletion significantly inhibited tumour growth compared to
controls (II, Fig. 5I and J). Moreover, the tumours showed sustained suppression of
SHANK3 mRNA and reduced mass by the end of the experiment (II, Fig. 5 K and
L). These findings suggest that targeting SHANK3 could be an effective anti-cancer
strategy for KRAS-mutant tumours.

524 SHANKS-induced cell death via RAS-MAPK pathway
hyperactivation

Recent studies suggest that MAPK/ERK activity must be precisely balanced in
tumour cells to promote growth without triggering apoptosis (Leung et al., 2019;
Unni et al., 2018). SHANK3 depletion in KRAS-mutant pancreatic (PANC-1) and
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lung (A549) cancer cells led to a marked increase in ERK1/2 phosphorylation,
without significantly affecting AKT activity (II, Fig. 4A; Fig. 5B; Extended Data
Fig. 4A). This hyperactivation was not observed in KRAS WT cells (II, Extended
Data Fig. 4B and C). Using an ERK kinase translocation reporter (ERK-KTR),
increased ERK activity was confirmed in SHANK3-silenced PANC-1 cells (II, Fig.
4B). SHANK3 depletion also elevated cleaved-PARP1 levels and the number of
Annexin V/Pl-positive apoptotic cells, specifically in KRAS-mutant cells (II, Fig.
4C and D, Fig. 5B and F), while impairing PANC-1 spheroid formation and
increasing apoptosis in 3D models and in vivo (II, Fig. 4E; Fig. SC-E). Further,
higher cleaved caspase-3 levels were detected in SHANKS3 depleted A549 tumours
and PACN-1 cells (II, Fig. 4F; Fig. 5F). To determine whether these effects were
due to MAPK/ERK hyperactivation, PANC-1 cells were treated with MEK
inhibitors trametinib and selumetinib, as well as the ERK inhibitor SCH772984.
These inhibitors reduced ERK activity and partially rescued the proliferation defect
caused by SHANK3 silencing (II, Fig. G-K). KRAS silencing partially reduced ERK
activation and modestly improved cell viability (Extended Data Fig. 6D—F). These
findings indicate that the loss of SHANK3 in KRAS-mutant cells leads to
dysregulated MAPK/ERK activity, resulting in reduced cell viability and increased
apoptosis (Figure 8).

525 Therapeutic potential of targeting the SHANK3-KRAS
interaction

To explore SHANK3 as a therapeutic target, we developed nanobodies that disrupt
the SHANK3-KRAS interaction and tested their effects on KRAS-mutant cancer
cells. From a phage display library, two nanobodies (AO1 and EO1) targeting the
SHANK3 SPN domain were identified; EO1 exhibited strong binding affinity to
SHANK3 (138 + 1.2 nM), while A01 also bound SHANK3 but with lower affinity
(I, Extended Data Fig.11). Both nanobodies effectively inhibited the SHANKS3-
KRAS interaction in vitro (II, Fig. 6A and B). When expressed in KRAS-mutant
pancreatic and lung cancer cells, the nanobodies co-precipitated endogenous
SHANK3 and significantly increased apoptosis, as indicated by higher Annexin V
staining (II, Fig. 6C-D). In a CAM xenograft model, nanobody overexpression
reduced KRAS-driven tumour growth (II, Fig. 6F). Together these results suggest
that disrupting the SHANK3-KRAS interaction, thereby hyperactivating the RAS-
MAPK pathway, could be a promising therapeutic approach for KRAS-mutant
cancers (II, Fig. 6G) (Figure 8).
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Figure 8. SHANKS depletion induces cell death in KRAS-mutant cancers. SHANK3 depletion
and inhibition of KRAS-SHANK3 SPN interaction with anti-SHANK3 SPN nanobodies
enables active KRAS interaction with RAF, leading to hyperactivation of the MAPK/ERK
signalling pathway. Modified from original publication II.

5.3 Mammary adipocytes restrict breast cancer
invasion (lIl)

In breast cancer, metastasis starts with a switch from non-invasive ductal carcinoma
(DCIS) to an invasive phenotype, driven by both intrinsic and extrinsic factors
through signalling between the tumour and its extracellular microenvironment (J.
Wang et al., 2024). Healthy mammary stroma, rich in adipocytes, contrasts with the
breast cancer microenvironment, characterized by high desmoplasia (Risom et al.,
2022). Dysregulated adipocytes and cancer-associated adipocytes have been shown
to contribute to breast cancer invasion and metastasis (Q. Wu et al., 2019). However,
the role of normal adipocytes in breast cancer remains poorly understood. Here we
reveal how normal mammary adipocytes can limit breast cancer invasion.

66



Results

5.3.1 IGFBP2 secretion inhibits cancer cell invasion

As cancer cells invade into adjacent blood and lymphatic vessels eventually leading
to metastasis, we set out to investigate cancer cell invasion into fibroblast-contracted
collagen I matrices toward human endothelial cells (from umbilical vein; HUVEC).
Surprisingly, co-culture of HUVECs and triple-negative breast cancer (TNBC)
MDA-MB-231 cells significantly inhibited cancer cell invasion without affecting
their proliferation (III, Fig. 1A—C), insinuating secretion of an anti-invasive factor
by HUVECs. This was affirmed by treating MDA-MB-231 cells with HUVEC-
derived medium in inverted invasion assays (IIl, Fig. 1D-F). To identify the anti-
invasive factor, published HUVEC secretomes were filtered against the tumour
suppressor gene database (TSGene 2.0) leading us to identify IGPFBP2 as a strong
candidate. Specificity of IGFBP2-mediated inhibition of invasion was confirmed by
silencing IGFBP2 in HUVECs and treating MDA-MB-231 cells with silenced
conditioned medium (III, Fig. 2A and B). Further experiments with telomerase-
immortalized fibroblasts (TIFs) engineered to overexpress IGFBP2 showed that
IGFBP2 secretion significantly hindered cancer cell invasion into collagen [ matrices
compared to the control cells expressing mT2 (fluorescent protein construct
mTurquoise2) (I, Fig. 2C-F).

5.3.2 IGFBP2 mechanism of action

To determine the IGFBP2 mechanism of action in inhibiting cancer invasion, we
first explored whether IGFBP2 binds to the surface of cancer cells or the ECM. Flow
cytometry confirmed no exogenous IGFBP2 binding in MDA-MB-213 cells treated
with concentrated IGFBP2 medium from TIFs, as fluorescence signal in clover-
tagged or untagged (negative control) IGFBP2 MDA-MB-231 cells compared to
MDA-MB-M231s stably expressing IGFBP2-Clover (positive control) did not show
an increase in signal (III, Fig. S3E and F). IGFBP2 has previously been shown to
bind to collagen IV, fibronectin, heparin, laminin and vitronectin in the ECM (Arai
et al., 1996; Russo et al., 2005). However, cell-derived matrices using TIFs stably
expressing IGFBP2-Clover or mT2 as a control indicated that [IGFBP2-Clover does
not bind to collagen or laminin fibers, nor did it affect ECM organization or
fibronectin deposition (III, Fig. S3G-J). Next, we sought to investigate the
interaction partners of soluble IGFBP2 in an unbiased mass spectrometry; MM-MB-
231 cells were incubated with IGFBP2-Clover produced by TIFs or recombinant
green fluorescent protein (rGFP; negative control) to isolate IGFBP2-binding
proteins using GFP-trap. Here we identified IGF-II as an IGFBP2-binding partner
(ITL, Fig. 4A and data S3) with anti-invasive capability when silenced in MDA-MB-
231 cells (II1, Fig. 4D and E). Moreover, blocking secreted IGF-II with an anti-IGF-
II antibody recapitulated the IGFBP2 anti-invasive effect (I11, Fig. 4F and G). A clear
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reduction in MM-MB-231 cell invasion was observed when cells were treated with
the anti-IGF-II blocking antibody and IGFBP2 (111, Fig. 4K). Together these data
imply that IGFBP2 binds to IGF-II, preventing it from interacting with its receptor
on the surface of breast cancer cells (Figure 9). Therefore, by sequestering IGF-II,
IGFBP2 blocks pathways supporting cancer cell invasion.

5.3.3 IGFBP2 expression limits invasion in vivo

To explore the role in IGFBP2 in vivo, we co-injected MDA-MB-231 cells and TIFs
expressing either control mT2 or IGFBP2 into athymic nude mice (Foxnl™) and
monitored tumour growth by palpation. Tumours were collected as their volume
reached >300 mm? to assess invasion to the surrounding stroma. As in the in vitro
experiments (III, Fig. S1A and B; Fig. S1G and H), we did not observe changes in
cancer cell proliferation (III, Fig. S2E). However, there was a clear reduction in
cancer cell invasion into the surrounding stroma in the TIF IGFBP2 co-xenografts
(11, Fig. 2G—H). This results further supports aforementioned findings of IGFBP2
having a protective role in the TME.

534 IGFBP2 secretion by mammary adipocytes and its
therapeutic implications

To validate the physiological relevance of IGFBP2 in breast cancer invasion,
IGFBP2 expression was assessed in a patient sample cohort of healthy mammary
gland, DCIS and IDC samples. Additionally, its expression was determined in
patient-derived stromal cells which were differentiated into mature adipocytes.
Staining of the cohort and differentiated mature adipocytes demonstrated that
IGFBP2 expression is prominently observed in adipocytes (III, Fig. 3A and B). To
investigate whether IGFBP2 is secreted into the breast microenvironment by
adipocytes, we assessed invasion of breast cancer cells when treated with medium
derived from primary adipocytes differentiated from healthy reduction
mammoplasty samples. These adipocytes exhibited high levels of IGFBP2
expression (III, Fig. 3D) and inhibited breast cancer cell invasion in comparison to
control medium (adipocyte growth medium or complete medium) (III, Fig. 3E and
F). Additionally, coculture of cancer cells with the IGFBP2-secreting adipocytes
significantly reduced cancer cell invasion into fibroblast-contracted collagen I
matrices (III, Fig. 3G and H).

We also examined the relationship between IGFBP2 levels and mammary
density, a known risk factor for breast cancer (Huo et al., 2015; Yaghjyan et al.,
2011). As mammary density increases, the number of adipocytes in the breast tissue
decreases (III; Fig. SA and B), leading to lower IGFBP2 levels (III; Fig. SC—F). This
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reduction in IGFBP2 creates an environment that is more conducive to cancer
invasion, providing a potential explanation for why women with dense breast tissue
are at a higher risk of developing invasive breast cancer. The in vivo findings were
corroborated by observations in human breast cancer tissues, where lower levels of
IGFBP2 were associated with more invasive and aggressive forms of the disease (111,
Fig. 5C-F). Together these results suggest that the secretion of IGFBP2 by normal
adipocytes serves as a barrier against invasive breast cancer progression, indicating
potential for therapeutic interventions that reintroduce the IGFBP2-mediated
protective mechanism into clinical settings (Figure 9).
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Figure 9. IGFBP2 secretion in the breast microenvironment limits cancer invasion. IGFBP2
secreted by mammary adipocytes inhibits breast cancer invasion by distrupting
proinvasive IGF-Il autocrine signaling in the breast microenvironment.
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6.1 Mechanical intervention as a therapeutic
approach (l)

Recent advancements in cancer research have shed light on the crucial role that
mechanical forces and their associated signalling pathways play in cancer
progression. The emerging understanding of these processes has opened up new
avenues for therapeutic interventions targeting the biomechanical properties of
tumours (Streibel et al., 2024). Mechanical forces within the TME are largely
dictated by the ECM stiffness, interstitial fluid pressure, and the physical interactions
between cells and their surrounding environment. Increased matrix stiffness is a
hallmark of many solid tumours and is associated with aggressive cancer phenotypes
(Mancini et al., 2024). Given the significant impact of mechanical forces on cancer
progression, targeting these forces and their downstream signalling pathways
presents a promising therapeutic strategy. Therapies aimed at modulating the ECM
to reduce stiffness have shown potential in preclinical studies (Liang & Song, 2023;
Mai et al., 2024). Enzymatic degradation of ECM components or inhibition of ECM
cross-linking enzymes such as LOX can decrease tissue stiffness, thus impairing the
mechanotransduction signals that promote cancer growth and metastasis (Saatci et
al., 2020). Directly targeting key components of mechanotransduction pathways
offers another therapeutic angle. Inhibitors of integrins, FAK, and ROCK have been
explored for their ability to disrupt the transmission of mechanical signals that
support cancer progression. For instance, FAK inhibitors have demonstrated the
ability to reduce tumour growth and sensitize tumours to chemotherapy by impairing
cell adhesion and survival signals (Tiede et al., 2018; Timbrell et al., 2021; B. Zhang
et al., 2021). Small molecules targeting YAP/TAZ or their upstream regulators are
currently under investigation in both preclinical and clinical settings (M. Luo et al.,
2022). Despite the promise of targeting mechanical forces in cancer therapy, several
challenges remain. One major hurdle is the heterogeneity of mechanical properties
within and between tumours, which complicates the development of universally
effective treatments. Additionally, the redundancy and adaptability of
mechanotransduction pathways may lead to resistance mechanisms, necessitating
combination therapies that target multiple pathways simultaneously. Furthermore,
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translating these findings into clinical practice requires a deeper understanding of the
interplay between mechanical forces and other tumorigenic factors, such as immune
responses and metabolic reprogramming. Therefore, future research should also
focus on identifying biomarkers that can predict tumour responsiveness to
mechanotherapy, enabling personalized treatment strategies.

Our research on vocal fold cancer biomechanics can serve to pave the way in
mechanotherapy as there are multiple tissues in the body that undergo involuntary
movements, such as peristalsis in the oesophagus, reflexes in the oropharynx and
movement of the tongue and lungs. Our finding of restoring a mechanophenotype to
revert malignant properties of cancer cells, may be a general phenotype in other
tissues under sustained mechanical stimuli that is lost in cancer. Integrins and
YAP/TAZ are the most well-known mechanoregulators (Kechagia et al., 2019a;
Piccolo et al., 2022). Nonetheless, there are presumable multiple other proteins with
mechanosensing properties yet to be discovered. For instance, AMOTL?2 has been
primarily researched in endothelial junctions and has been implied to have
mechanosensitive properties (Hildebrand et al., 2017; Hultin et al., 2017; Y. Zhang
et al., 2023). However, here we see AMOTL?2 located in the nucleus and exhibiting
sensitivity to mechanical stimulation by changes in its localization when subjected
to vibration. Further research is needed to establish the role of AMOTL2 in
mechanosensing, nevertheless, it is an interesting candidate due to it being a negative
regulator of YAP (W. Wang et al., 2011). Moreover, a recent study observed
downregulation of AMOTL2 in high-grade glioma tissues and high levels of
AMOTL2 expressing patients having a higher survival rate (X. Chen et al., 2021).
Additionally, the study showed that AMOTL2 can directly bind to B-catenin and
induce its nuclear translocation. This finding insinuates AMOTL2 as a regulator of
two important nucleocytoplasmic shuttling oncogenic transcription factors and
making it an interesting protein to study in tissue biomechanics.

Besides the importance of nucleocytoplasmic shuttling, such as with YAP/TAZ
and PB-catenin (Shang et al., 2017; Zanconato et al., 2016), protein localisation in
other cellular compartments can be crucial for distinction of normal function and
oncogenic activity. Reduced tension in epithelial cells can lead to endocytosis
(Thottacherry et al., 2018). In our study, we saw an increase in endosomal
localisation of mechanoregulators, integrin a3 and CD151, as well as junctional
proteins E-cadherin and B-catenin in VFC cells. Though we did not thoroughly
investigate or quantify all these changes (such as in the case of E-cadherin and [-
catenin), their endosomal compartmentalization might be an outcome of tissue
immobility in VFC. Both endosomal integrin and E-cadherin can enhance the
oncogenic properties of cells. Endosomal integrins have been show to support
anchorage independent growth, MMP production and metastasis, while dismantled
adherens junctions due to internalized E-cadherin promote EMT (Alanko et al.,
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2015; Miao et al., 2023; Miyashita & Ozawa, 2007; Palacios et al., 2005). Further
research on these proteins that exhibit endosomal localisation in T3 cancers, could
serve to discover novel biomarkers that indicate potential for biomechanical
intervention as a treatment option.

In the study we noticed a loss of hemidesmosome structures in VFC cells along
with an increase in FA count, which may account for the altered responses seen in
their biomechanics. Integrin f4-mutants have been shown to have increased traction
forces, elevated Y AP-expression and increased FA count (W. Wang et al., 2020).
Additionally, cells can switch from hemidesmosomes to focal contact in order to
acquire a more invasive phenotype in cancer (Schmidt et al., 2022; Wenta et al.,
2022). In our study we reveal an increase in LOX gene expression as well as an
increased FA count in VFC, insinuating a possibility of a positive feedback loop
between tissue remodelling and FAs. LOX-inhibition could serve to reduce both
cancer-driving changes in ECM architecture and FA dynamics. However, we cannot
conclude based on these interesting changes in the biomechanical properties of VFC
cells whether loss of mechanical stimuli is their driver that promotes tissue stiffening
and thereby gives rise to cancer, or whether tissue stiffening leads to lost mechanical
stimuli and further promotes tumorigenesis by altering mechanoresponsive
pathways.

The hallmarks of cancer have demonstrated the need to tackle multiple cancer
drivers for effective treatment, thus increasing the interest in researching the
combination of two or more therapeutic agents (Hanahan, 2022; Mokhtari et al.,
2017). Tissues with a mechanophenotype could benefit from combination treatment
targeting the afore mentioned pathways, such as YAP/TAZ, AMOTL?2, integrins,
LOXs and PB-catenin. In addition to combining treatment agents, other means to
benefit from the changes in the biomechanics could be used. For instance, it would
be intriguing to develop nanotechnology-based drug delivery systems that respond
to the mechanical environment of tumours. These systems could release therapeutic
agents in response to specific mechanical cues within the TME, providing targeted
treatment while minimizing side effects.

Solid tumours are primarily treated by operation, radiation therapy and
chemotherapy. For multiple under researched cancer types there is a lack of targeted
treatment options. However, it is important to also assess the negative outcomes of
standard patient care as changes in biomechanics can be due to treatments rather than
cancer progression. For instance, chemotherapy is used to treat pancreatic and breast
cancer, though it has been shown to induce changes in ECM composition, resulting
in resistance and recurrence (Fatherree et al., 2022; Guarin et al., 2022). Thus, it
would be interesting to follow-up on the study by staining TMA-patient samples or
retrieving TCGA-patient data and comparing chemotherapy treated vs non-treated
patients and their survival and changes in ECM component expression. Additionally,
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as chemotherapy in breast cancer mouse and patient samples resulted in increased
collagen IV expression, it would be intriguing to assess whether the changes in our
study are linked to chemotherapy since all the 28 collagens in our VFC TCGA-data
were upregulated.

Currently early stage laryngeal cancers can be treated with Cetuximab, a
monoclonal antibody that inhibits EGFR activity, in combination with radiotherapy
(Bonner et al., 2016). Combining Cetuximab with an inhibitor targeting mechanical
pathways may present an interesting path to venture. Though in this study we did not
explore the role of EGF and EGFR, there are some hints that indicate it playing a
role in VFC. For instance, epithelial cells have linear stable adherens junctions and
EGF treatment was shown to cause dot-like adherens junctions or strands
perpendicular to cell boundaries (Zhitnyak et al., 2020). We see a shift from linear
adherens junctions in the non-cancerous cells and T1 VFC cells, to dot-like structures
in T3 VFC cells. EGF has been linked to EMT and partial EMT has been indicated
to play a role in head and neck cancers, which includes cancer of the vocal folds (J.
Kim et al., 2016; Pal et al., 2021; Sheng et al., 2017). However, both T1 and T3 VFC
cells showed no vimentin expression, which is an established EMT-marker (data not
included in publication). Nonetheless, our study suggested other possible EMT-
linked changes as the loss of classical looking hemidesmosome structures in T3 cells,
could be due to changes in B-catenin expression (Xue et al., 2024). Inhibition of the
wnt/B-catenin pathway disrupts hemidesmosome formation (Kosumi et al., 2022).

As in any research, ours presented some limitations. For instance, due to a lack
of the availability of a normal vocal fold cell line, we chose to work with a non-
cancerous squamous epithelial cell line (HaCat) that originates from the skin. The
skin is subjected to mechanical forces throughout one’s lifetime, as are the vocal
folds (Biggs et al., 2020). Nevertheless, cell line models are used to simplify research
and provide a tool to easily engineer and manipulate signalling pathways, in vitro
data must be validated in vivo as the enormous failure rate in clinical trials underscore
the importance of more complex study settings (D. Sun et al., 2022). The role of the
TME, as highlighted in this thesis, is crucial in cancer progression, and therefore
should be taken into consideration when designing a study. Additionally, due to a
limited access to fresh laryngeal cancer patient samples, our AFM measurements
would benefit from additional measurements. The heterogeneous nature of cancer
can easily skew results in a certain direction when samples size is not sufficient.
However, the increase in ECM component expression in the TCGA-data and
multiplex staining of our TMA patient cohort, provides strong evidence to support
the increase in tissue stiffness that we see in patient tissues. However, the absolute
elastic modulus values might show more variability in a bigger samples size. The
primary idea behind our study was to mimic mechanical cues present in homeostasis
that are lost in cancer to identify their role in VFC progression. Our study
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demonstrates the importance of focusing research on the shift from homeostasis to
pathology. The general consensus in cancer mechanobiology has been that
mechanical forces enhance tumorigenesis (S. Kumar & Weaver, 2009; Northcott et
al., 2018; Shieh, 2011). However, as most of these studies have been conducted in
non-motile tissues in homeostasis, they differ fundamentally to motile ones. Here,
the study set-up was the key component to investigating the shift from homeostasis
to pathology, focusing on the role of mechanical forces. We discover mechanical
restoration to be anti-oncogenic, and hopefully inspiring further research to focus on
mechanical stimuli in motile tissues.

In conclusion, targeting mechanical forces, the ECM and their associated
signalling pathways represents a novel and promising therapeutic approach in cancer
treatment. By disrupting the mechanical cues that drive cancer progression, it may
be possible to slow down cancer growth and enhance the efficacy of existing
therapies.

6.2 Exploiting targeted signalling overdose (ll)

We uncover a novel vulnerability in KRAS-mutant cancers by identifying SHANK?3
as a critical modulator of KRAS signalling. Our findings suggest that targeting the
SHANK3-KRAS interaction could serve as a broad-spectrum therapeutic strategy
for various KRAS-mutant cancers. We explore a novel approach to targeting KRAS-
mutant cancers by inducing hyperactivation-induced cell death. Several recent
studies have reported hyperactivation-induced cell death, particularly in the
MAP/ERK pathway, demonstrating that this may be a broader mechanism in various
cancers, not limited to KRAS signalling (Leung et al., 2019; Unni et al., 2018; Wood,
2023). The identification of SHANK3 as a binding partner for KRAS is a significant
finding as it adds a new layer to our understanding of KRAS signalling regulation.
Our study demonstrates that SHANKS3 directly interacts with active KRAS and plays
a crucial role in maintaining KRAS activity at levels that promote cell survival rather
than cell death. This interaction is particularly important in the context of KRAS-
mutant cancers, where KRAS is constitutively active and drives tumorigenesis (L.
Huang et al., 2021). The finding that SHANK3 limits excessive KRAS signalling
suggests that SHANK3 acts as a buffer to prevent the hyperactivation of KRAS
pathways that would otherwise trigger cell death.

The therapeutic potential of targeting SHANK3 in KRAS-mutant cancers is
highlighted by our results showing that SHANK3 depletion leads to hyperactivation
of KRAS signalling and subsequent cell death in multiple KRAS-mutant cancer cell
lines. The broad spectrum of KRAS mutations affected by SHANK3 depletion, as
observed across different cancer types, underscores the potential universality of this
approach. Additionally, our in vivo experiments demonstrate that SHANK3
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depletion significantly impairs tumour growth, further supporting the viability of this
strategy as a therapeutic intervention. The development of nanobodies that disrupt
the SHANK3-KRAS interaction is particularly promising. These nanobodies
provide proof-of-concept that pharmacological targeting of the SHANK3-KRAS
interaction can selectively induce apoptosis in KRAS-mutant cells. This strategy
could potentially overcome the limitations of current KRAS inhibitors, which are
often mutation-specific and prone to resistance (Johnson et al., 2022). Moreover, our
study contributes to the broader field of cancer research by identifying a new
vulnerability in KRAS-mutant cancers. The concept of inducing hyperactivation-
induced cell death by disrupting critical protein-protein interactions offers a novel
approach that could be applied beyond KRAS-mutant cancers. Additionally, the
research highlights the importance of exploring the functional roles of scaffold
proteins like SHANK3, which have traditionally been studied in the context of
neuronal function due to their abundance in the postsynaptic density, but are now
shown to play critical roles in cancer (Grasso et al., 2017; Hebert et al., 2020; Serwe
et al., 2023; Verpelli et al., 2012).

KRAS signalling has been extensively researched to develop inhibitors, as
KRAS mutations are the most common mutation type in cancer (L. Huang et al.,
2021). As with most signalling pathways linked to cancer, excessive signalling is
thought to be oncogenic by default (Lemmon et al., 2016). Our research showing
that signalling pathway hyperactivation can have the opposing effect, resulting in
selected cell-death, is highly against the general view, where research focuses on
shutting down KRAS signalling (Punekar et al., 2022). However, though initially
met with doubts, there are other studies arising with similar findings, providing
evidence that rather than halting signalling, an excess in signalling pathway activity
can be exploited as a therapeutic approach (Gutierrez-Prat et al., 2022; Ito et al.,
2021; Leung et al., 2019).

While the findings are compelling, there are limitations to our study that should
be addressed in future research. The reliance on in vitro and in vivo models does not
fully recapitulate the complexity of human tumours, such as involvement of other
cells in the TME. Additionally, the long-term effects of SHANK3 depletion on
normal tissues were not extensively studied, raising potential concerns about
toxicity. However, SHANK3 knockout (KO) mice are viable, exhibiting
neurological challenges such as symptoms of autism spectrum disorders likely owing
to the absence of SHANK3 in development. No major brain abnormality is
associated with SHANK3 KO mice (Peca et al., 2011). Therefore, future studies
should explore the potential emergence of resistance mechanisms in response to
SHANKZ3-targeting therapies. Future research may focus on refining the nanobody
approach, exploring its efficacy in combination with existing therapies and further
elucidating the mechanisms by which SHANK3 regulates KRAS activity. Our study
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opens the door to potential new treatments that could significantly impact patient
outcomes in cancers driven by KRAS mutations. Overall, our research provides a
strong foundation for the development of new therapeutic strategies targeting
KRAS-mutant cancers by exploiting the regulatory role of SHANKS3. Further
investigations into the safety, efficacy and resistance profiles of SHANK3-targeting
therapies will be crucial for advancing this promising approach toward clinical
application.

6.3 Secretion of barrier-reinforcing factors in
cancer (llI)

The results of our study shed light on the broader implications of the stroma's
composition in cancer biology, particularly in maintaining tissue homeostasis and
preventing malignancy. Our findings highlight IGFBP2 as a key adipocrine factor
that limits breast cancer invasion, contrasting with the previously established notion
that adipocytes in the microenvironment predominantly support cancer progression
(Bernard & Wellberg, 2021). However, these studies have mainly investigated
adipocytes in the TME, and it is plausible that these adipocytes are in fact
dysregulated cancer-associated adipocytes, exhibiting altered metabolic
reprogramming in comparison to adipocytes in a healthy microenvironment. The
discovery that IGFBP2 acts by binding to and sequestering IGF-II, a known promoter
of cancer cell invasion, underscores the importance of adipocyte-secreted factors in
maintaining tissue homeostasis and preventing cancer invasion. Moreover, our study
demonstrates that IGFBP2 secretion by both endothelial cells and fibroblasts also
contributes to its anti-invasive effects, suggesting a broader role for IGFBP2 in
various stromal compartments.

As the adipocyte population is diminished, such as in conditions of increased
mammary density, the levels of IGFBP2 are correspondingly reduced. This reduction
creates a permissive environment for the invasion and progression of breast cancer
cells, suggesting that IGFBP2 levels are directly linked to the aggressiveness of the
disease. Additionally, we observed IGFBP2 levels being linked to age, older patients
having decreased IGFBP2 expression. The risk of developing breast cancer increases
with age as for instance older people with an inherited BRCA1 or BRCA2 gene
mutation are at higher risk of developing cancer (Metcalfe et al., 2023). The observed
reduction in cancer cell invasion when IGFBP2 is reintroduced into the TME
presents a potential therapeutic avenue. By reactivating or mimicking the protective
effects of IGFBP2, it might be possible to develop treatments that slow or prevent
the transition of breast cancer from a non-invasive DCIS to an invasive IDC state.
Application of anti—-IGF-II antibody has already shown promising efficacy as an
anticancer agent in breast cancer xenografts (Tominaga et al., 2017). Moreover,
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strategies that aim to enhance IGFBP2 levels in the breast stroma could potentially
prevent the progression of DCIS to IDC, thereby reducing the risk of metastasis and
improving patient outcomes. Conversion of invasive breast cancer cells into
adipocytes has been shown to inhibit metastasis, arising an interesting option to
explore IGFBP2 secretion in these reprogrammed cells and a possible therapeutic
exploitation (Ishay-Ronen et al., 2019).Another option for utilizing our findings is
to assess whether IGFBP2 levels in breast tissue could serve as a biomarker for
predicting the risk of invasive breast cancer, as women with lower levels of IGFBP2
may be at a higher risk and could benefit from closer monitoring and preventative
interventions. Furthermore, the study highlights the potential for developing
therapies that mimic or enhance the function of IGFBP2, either through direct
supplementation or by targeting the pathways that regulate its secretion. Our findings
emphasize the importance of the breast adipose tissue microenvironment in cancer
progression and suggest that therapies enhancing IGFBP2 activity could be a novel
approach to prevent the invasive progression of breast cancer. Our study also raises
interesting questions about the relationship between mammary density and breast
cancer risk. While increased mammary density is typically associated with a higher
risk of breast cancer (Bodewes et al., 2022), the presence of IGFBP2 in healthy
adipocytes might offer a counterbalance, containing the invasive potential of
emerging tumours.

The use of in vitro models, while powerful, may not fully capture the complexity
of tumour-stroma interactions in vivo. Additionally, the focus on IGFBP2 and IGF-
II interactions leaves open questions about other potential mechanisms through
which normal healthy mammary adipocytes might influence cancer progression.
Future studies could explore these mechanisms and assess the therapeutic potential
of targeting IGFBP2 and other secreted factors in more detail.
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The purpose of this thesis was to explore the biomechanical tumour matrix in tissues
where homeostatic mechanical forces are lost in cancer, and to investigate the role
of normal, healthy adipocytes in breast cancer progression. Additionally, we sought
to unravel the functional consequences of the interaction between SHANK3 and
KRAS in KRAS-mutant cancers. Our findings demonstrate that restoring a
mechanophenotype in vocal fold cancer through mechanical stimulation reduces
oncogenic signalling activity. In breast cancer, we identified IGFBP2 as an anti-
invasive factor secreted by normal adipocytes. Finally, we propose a novel approach
to targeting KRAS-mutant cancers by disrupting the interaction between SHANK3
and KRAS.

Original publication |

The findings of this study discover restoring a mechanophenotype in vocal fold
cancer to promote tumour reversion. By comparing cancerous and normal vocal fold
tissue samples, an upregulation of multiple ECM components, including fibronectin
and collagens, was observed in cancerous tissues. Atomic force microscopy
measurements further confirmed a marked increase in tissue stiffness in vocal fold
cancer. The study also examined the effects of mechanical manipulation on non-
cancerous and patient-derived cancer cells, uncovering that cell stretching and
vibration leads to a reduction in oncogenic nuclear B-catenin levels in vocal fold
cancer cells. Additionally, vibration resulted in the downregulation of oncogenic
nuclear YAP levels. Furthermore, an analysis of a large cohort of vocal fold cancer
patients revealed a correlation between increased ECM content and advanced cancer
stage. High ECM content was positively associated with elevated nuclear YAP
levels, which, in turn, were linked to significantly lower disease-specific survival.
Collectively, this research demonstrates that mechanical stimulation can promote
reversion of vocal fold cancer cells toward a less malignant state.
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Original publication Il

This research identifies SHANK3 as a critical regulator of KRAS-mutant cancer cell
survival. The study demonstrates that SHANK3 interacts directly with active KRAS,
particularly in its GTP-bound state, to limit excessive oncogenic signalling, thus
maintaining it at non-lethal levels. Depleting SHANK3 leads to hyperactivation of
KRAS/ERK signalling, which in turn selectively induces cell death in KRAS-mutant
cancer cells. Importantly, the disruption of the SHANK3-KRAS interaction, either
through genetic silencing or pharmacological means, significantly impairs tumour
growth in various in vitro and in vivo models. This work suggests that targeting the
SHANK3-KRAS interaction offers a promising new therapeutic strategy that could
be applicable across a broad range of KRAS-mutant cancers, addressing the
limitations of current mutation-specific treatments. The findings open new avenues
for the development of pan-KRAS-targeted therapies, particularly for cancers
resistant to existing treatments.

Original publication Il

This study reveals that HUVEC-derived angiocrine factor IGFBP2 plays a crucial
role in inhibiting breast cancer cell invasion. The anti-invasive effect of IGFBP2 was
demonstrated through in vitro models, where its secretion by HUVECs and
mammary adipocytes significantly reduced cancer cell invasion without affecting
cell proliferation. IGFBP2 exerts this effect by sequestering pro-invasive IGF-IL,
disrupting its autocrine signalling pathway. Furthermore, IGFBP2 expression is
notably decreased in breast cancer patient samples, particularly in older individuals
and those with invasive ductal carcinoma. This reduction is linked to age-related
cancer progression, suggesting that maintaining stromal IGFBP2 levels could be
protective against breast cancer invasion. The findings highlight the importance of
stromal cells in maintaining tissue homeostasis and the potential of IGFBP2 as a
therapeutic target for preventing cancer progression or a biomarker to predict disease
progression.
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Abstract

Increased extracellular matrix (ECM) and matrix stiffness promote solid tumor progression.
However, mechanotransduction in cancers arising in mechanically active tissues remains
underexplored. Here, we report upregulation of multiple ECM components accompanied by
tissue stiffening in vocal fold cancer (VFC). We compare non-cancerous (NC) and patient-
derived VFC cells — from early (mobile, T1) to advanced-stage (immobile, T3) cancers —
revealing an association between VFC progression and cell-surface receptor heterogeneity,



reduced laminin-binding integrin cell-cell junction localization and a flocking mode of
collective cell motility. Mimicking physiological movement of healthy vocal fold tissue
(stretching/vibration), decreases oncogenic nuclear B-catenin and YAP levels in VFC.
Multiplex immunohistochemistry of VFC tumors uncovered a correlation between ECM
content, nuclear YAP and patient survival, concordant with VFC sensitivity to YAP-TEAD
inhibitors in vitro. Our findings present evidence that VFC is a mechanically sensitive
malignancy and restoration of tumor mechanophenotype or YAP/TAZ targeting, represents
a tractable anti-oncogenic therapeutic avenue for VFC.

The human vocal folds are composed of three layers (epithelial layer, basement membrane and
lamina propria) with distinct cellular and extracellular matrix (ECM) compositions’. Maintaining
proper ECM organization is essential for vocal fold epithelium viscoelasticity, as it has been shown
that the biomechanical and physiological performance of the vocal folds relies on ECM
homeostasis®>3. ECM alterations are also linked to numerous pathological conditions, such as
cancer*. Vocal fold cancer (VFC) remains a major clinical challenge with limited targeted therapy
options, and only a 34% 5-year survival rate for advanced T3-T4 disease. VFC arises in the stratified
squamous epithelium, and as it progresses, the squamous cells in the epithelial layer breach the
underlying basement membrane, invade into the collagen-rich lamina propria and further to the
underlaying muscle, leading to mechanical fixation*~, characteristic to T3 and T4 disease.

In recent years, there has been a growing appreciation of the role of ECM remodeling and increased
ECM deposition in cancer pathogenesis®® as the ensuing increase in tissue rigidity alters tissue
mechanics and drives cancer progression'®-'3, Integrins, the main cellular ECM receptors', act as
mechanosensors by probing the physical properties of their surroundings and transducing this
information via the cytoskeleton into intracellular biochemical signals and transcriptional changes'®-
7. Among the key oncogenic signals triggered by increased tissue rigidity and integrin engagement,
is stabilization and nuclear translocation of the hippo-signaling pathway transcription factors YAP
and TAZ'8'9, YAP/TAZ are upregulated in various cancers and influences tumor initiation,
progression and therapeutic resistance®®2?2, Importantly, this signaling is reciprocal with YAP
positive control of focal adhesion (FA) assembly?® and integrin adhesion to the ECM regulates
YAP/TAZ in the squamous epithelium?*. However, it remains unknown whether changes in ECM
and cell mechanics play a role in VFC. Further, it is not known whether immobility caused by fixation
contributes to VFC malignancy or correlates with patient outcome.

The role of ECM and mechanical forces in tumor development, have predominantly been
investigated in solid tumors arising from non-motile tissues such as the mammary gland, brain, and
pancreas with a focus solely on the outcomes of increased rigidity. Recently, continuous dynamic
mechanical challenge to the lung epithelium was shown to increase nuclear YAP in ventilated rat
lungs® and cell stretching was shown to trigger changes in heterochromatin architecture and
nuclear softening?®. In contrast, the role of mechanical stimuli on cancer progression in mechanically
active organs, which are under continuous biomechanical stress, has not been explored. Due to the
unique biomechanical properties of the vocal fold, we sought to understand the role of cell-matrix-
and cell-cell adhesion and their mechanical regulation in VFC. We predicted that vocal fold epithelial
cell responses to dynamic mechanical vibration and stretching, akin to the situation in vivo, would
deviate significantly from currently established principles of cell mechanobiology. Moreover, we set
out to explore whether mechanical stimuli would be essential not only for phonation but for tissue
homeostasis and whether restoration of mechanical stress in advanced mechanically fixed VFC,
would reverse the oncogenic properties of these cells.



Results

Vocal fold cancer is associated with elevated gene expression of ECM components and
stiffening of tissue.

Earlier studies have demonstrated that vocal fold trauma, such as scarring, can lead to fibronectin
and collagen accumulation in the tissue®27. Moreover, VFC progression causes vocal fold immobility
as the squamous cell carcinoma invades the underlying muscle and tissues of the neck. VFC staging
is based on the mobility status of the vocal folds and invasion of surrounding tissues; in T1-T2 the
vocal folds move normally, whereas in T3-T4 mechanical fixation renders the vocal fold(s) immobile
(Fig.1a & b). We aimed to investigate the ECM composition and stiffness of VFC tissue compared
to normal tissue in patient samples. First, we analyzed head and neck cancer RNA-sequencing data
generated by The Cancer Genome Atlas (TCGA) research?®, focusing specifically on samples with
patient reports mentioning involvement of the vocal fold tissue (glottic larynx). Considering the low
number of T1 and T2 cancer samples (n=4), we pooled all cancer samples together. Normal (n=12)
and cancer (T1-T4, n=54) samples were compared to determine differentially expressed genes;
2041 genes were upregulated and 1629 downregulated in cancer samples compared to normal
tissue (false discovery rate, FDR < 0.05). Gene ontology (GO) enrichment analysis?®3° revealed
ECM and collagen-related GO-terms such as collagen-containing extracellular matrix, basement
membrane and protein complex involved in cell adhesion, over-represented in the upregulated
genes in cancer (Fig.1c). Conversely, over-represented GO-terms in the downregulated genes were
linked to cell junctions and apical regions of the cell (Fig.1d). We further determined the genes
encoding ECM and ECM-associated proteins in the data set using Matrisome AnalyzeR3"-32,
Strikingly, all differentially expressed collagens were upregulated including collagens I, 11, IV and V
that are abundant in the vocal folds®® (Fig.1e). Among the 76 differentially expressed ECM
glycoprotein genes, 53 were upregulated and 23 downregulated (Fig.1f; Extended data Fig.1a).
The upregulated genes included fibronectin (FN) and laminin-332 chains (LAMA3, LAMB3 and
LAMC2), which can function as autocrine tumor promoters in squamous cell carcinoma3* through
laminin-binding integrins a6B4 and a3p1. Moreover, 59 ECM regulator genes were upregulated
(Fig.1g) and 28 downregulated (Extended data Fig.1b). The upregulated lysyl oxidases (LOXs)
(LOX, LOXL, LOX2, and LOXL3), which covalently crosslink collagens to elastin, and
metalloproteinases (MMP14, MMP2, MMP10, MMP1, MMP7, MMP19, MMP9, MMP12, MMP11,
MMP13, MMP3, MMP17, MMP16 and MMP8) collectively allude to extensive ECM remodeling and
stiffening in the cancerous tissue compared to normal tissue.

To further investigate the changes in ECM composition on the cellular level, we compared T1 (UT-
SCC-11; 58-year old male) and T3 (UT-SCC-103; 51-year old male) patient-derived VFC cell lines,
generated at the University of Turku3%-%7, to non-cancerous (NC) (HaCaT) cells. Western blot
analysis confirmed fibronectin upregulation in T3 cancer cells in comparison to NC cells and T1
cancer cells (Extended data Fig.1c & d). Several collagens were also upregulated in our RNA-
sequencing analysis (Extended data Fig.1e). To investigate if the altered ECM production impacted
tissue stiffness, we performed atomic force microscopy (AFM) on patient NC (n=3) and cancer (n=2)
samples (obtained from vocal fold surgery). Measurements of the elastic modulus confirmed a 3.2-
fold increase in stiffness in cancer tissue (2.441 + 1.479 kPa) in comparison to normal tissue (0.751
+ 0.341 kPa) (Fig. 1h & i). Taken together, these results demonstrate ECM component over-
expression and significant tissue stiffening in VFC.
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Fig. 1. | Vocal fold cancer is associated with elevated gene expression of ECM components and
stiffening of tissue

a, Schematic of changes in vocal fold mobility and invasion of transformed squamous cells through the
basement membrane in VFC progression from T1 to T4. Ep= epithelium, BM= basement membrane, LP=
lamina propria. b, Representative hematoxylin and eosin staining of T1-T4 vocal fold squamous cell
carcinoma (CA) in patient tissue with arrows highlighting invasion. Scale bar 0.200 mm ¢ & d, Over-
represented GO-terms in upregulated (c) and downregulated (d) differentially expressed genes in VFC (T1-
T4, n=54) compared to normal (n=12) patient tissue (TCGA-data, FDR < 0.001). e-g, Differentially
upregulated (fold change, log2) collagens (e), ECM glycoproteins (f) and ECM regulators (g) in VFC (T1-T4,



n=54) compared to normal (n=12) patient tissue (TCGA-data, FDR < 0.05) annotated with Matrisome
analyzer®'. h, Tissue stiffness (Pa) of normal (n=3) and cancer (n=2) vocal fold patient tissue measured by
AFM. i, Representative immunofluorescence staining (dapi, laminin, K14) of normal vocal fold tissue. Scale
bar 30 um. Data are mean (+s.d.). FDR was used for assessment of statistical significance for differentially
expressed genes and Mann-Whitney U-test for AFM measurements.

Expression and subcellular localization of laminin-binding integrins is altered in vocal fold
cancer

Guided by the differentially regulated genes identified in the TCGA-data associated with cell
adhesion (Fig. 1c), we set out to explore the role of integrin adhesion complexes (IACs) in VFC.
The patient data indicated upregulation of several genes encoding integrin adhesome proteins38:39,
including an increase in laminin-binding integrins a3, a6 and 4. Integrin-a6p4 heterodimer is found
in hemidesmosomes whereas integrins a3 and a6 form dimers with integrin B1in focal contacts*0-4!
(Fig. 2a & b). To determine whether these changes were recapitulated in the patient-derived cell
lines, we used mass cytometry for high-dimensional phenotypic analysis of the cell-surface
expression of 42 adhesion and signaling receptors, including 19 integrins, on a single-cell level. The
NC cells had largely homogenous expression profiles, whereas the cancer cell lines showed a high
degree of variation (Extended data Fig.2a). The integrins a6 and B4 cell surface expression levels
were heterogenous, ranging from high to very low, in cancer cells compared to NC cells based on
mass cytometry analysis (Fig. 2c; Extended data Fig.2b) and confocal immunofluorescence
imaging (Fig. 2d). Staining of a6B4-associated hemidesmosome components BP180 (COLXVII)
and keratin 14 reflected a similar heterogeneity and indicated a clear overall loss of
hemidesmosomes and their associated intermediate filament cytoskeleton in the T3 cancer cells.
Similar changes were also detected on bulk mMRNA and protein levels of a6, B4, BP180 and keratin
14 (Extended data Fig.2c-e). Cell-surface expression of integrins a3 and (1 was also
heterogeneous in cancer cells (Fig. 2e) and confocal immunofluorescence imaging demonstrated
that this was linked to a striking difference in subcellular integrin localization rather than absolute
changes in protein expression (Fig. 2f). Integrin a3 unexpectedly localized predominantly in cell-cell
junctions in NC and T1 cells, whereas junctional localization was significantly decreased, and shifted
to endosome-like intracellular structures in T3 cancer cells (Fig. 2g). The same was evident for the
tetraspanin CD151, which interacts with a3B1 integrin with high affinity, localizing to focal contacts
and hemidesmosomes*243 (Fig. 2h). Furthermore, the cancer cells had an increased number of
smaller vinculin-, active integrin 1 (12G10)- and integrin-linked kinase (ILK)-positive cell-matrix
adhesions compared to NC cells (Fig. 2i & j; Extended data Fig.2g & h). Intriguingly, in addition to
junctional localization, integrin a3 also localized in cryptic lamellipodia, which regulate epithelial cell
migration**, in NC and T1 cells (Fig.2g). These marked changes in laminin-binding integrins imply
that cell-cell and cell-matrix adhesion are altered in VFC.
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Fig. 2. | Expression and subcellular localization of laminin-binding integrins is altered in vocal fold
cancer

a, Differentially upregulated and downregulated (fold change, log2) adhesome®3° genes in VFC (T1-T4,
n=54) compared to normal (n=12) patient tissue (TCGA-data, FDR < 0.05). b, Schematic of laminin-binding
integrins in hemidesmosomes (a6p4) and focal contacts (a6B1 and a3B1) connecting epithelial cells to the
keratin cytoskeleton via BP180 and plectin or actin cytoskeleton via ILK and vinculin. ¢, t-distributed
stochastic neighbor embedding (t-SNE) visualization of ITGA6 and ITGB4 single-cell surface expression
(MassCytof) in NC cells and vocal fold T1 and T3 cancer cells. d, Representative ITGA6, ITGB4, BP180 and
K14 confocal immunofluorescence images of NC cells and VFC T1 and T3 cells (n=3). Scale bar 10 um. e,
t-SNE visualization of ITGA3 and ITGB1 single-cell surface expression (MassCytof) in NC cells and vocal
fold T1 and T3 cancer cells. f, Representative ITGA3, active ligand-engaged ITGB1 (12G10), CD151 and
vinculin confocal immunofluorescence images of NC cells and vocal fold T1 and T3 cancer cells (n=3). Scale
bar 10 um. g & h, Quantification of junctional ITGA3 (g) and CD151 (h) in NC (ITGA3 n= 200, CD151 n=209)
cells and vocal fold T1 (ITGA3 n=200, CD151 n=199) and T3 (ITGA3 n=199, CD151 n=205) cancer cells. i
& j, Quantification of FA number (count) (left) and size (right) using vinculin (i) and active ITGB1 as markers
in NC cells (vinculin n=29-30, ITGB1 n= n=28-30), and VFC T1 (vinculin n=30, ITGB1 n=30) and T3 (vinculin
n=30, ITGB1 n=29-30) cells. Data are mean box plots or tukey mean-difference plots. n is the total number
of cells/ average FA count/size per cell in field of view (FOV) pooled from three independent experiments.
FDR was used to asses statistical significance of differentially expressed genes and Kruskal-Wallis test
followed by post hoc Dunn's multiple comparisons test was used to asses statistical significance of junctional
and FA proteins.

Stiffening of vocal fold tissue supports increased cell proliferation, migration and invasion
As we detected an increase in patient tissue stiffness and ECM expression in cancer, we set out to
determine whether changes in stiffness influence VFC cell proliferation. We monitored cell
proliferation for 4 days on collagen | and fibronectin- or Matrigel- (mainly composed of laminin and
collagen V) coated hydrogels of varying stiffnesses (0.5 kPa, 25 kPa and 50 kPa) and on plastic.
T3 cell proliferation on collagen | and fibronectin-coated plates was significantly higher than those
of T1 cells. Both T1 and T3 cells proliferated better on stiffer matrices (Fig. 3a-b; Videos 1-6) with
more active B1-integrin in adhesions and better cell spreading on stiff (Extended data Fig.3d).
Similar data were obtained on Matrigel-coated plastic and hydrogels (Extended data Fig.3a-c;
Extended data Fig.3e; Videos 7-12). As single cells, T3 cells demonstrated increased speed,
accumulated distance and directionality compared to T1 cells on collagen | and fibronectin-coated
50 kPa hydrogels (Fig. 3d & e). Moreover, T3 collective cell migration (as a sheet in wound healing
experiments) was significantly faster compared to T1 cells both on collagen | and fibronectin-
(Extended data Fig.3f-g) and Matrigel-coated plastic plates (Extended data Fig. 3h-i).
Accordingly, T3 cells invaded effectively through Matrigel transwell inserts (45h), whereas only a
small number of T1 cells were able to invade (Fig. 3f & g). Taken together, these data indicate VFC
proliferation and migration are positively regulated by increased ECM rigidity.
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Fig. 3. | Stiffening of vocal fold tissue supports increased cell proliferation, migration and invasion

a, Representative actin confocal immunofluorescence images of T1 and T3 VFC cells on 0.5 and 50 kPa
hydrogels and plastic coated with collagen | and fibronectin (n=3). Scale bar 50 ym. b & ¢, Proliferation (b)
of T1 and T3 VFC cells on hydrogels of varying stiffnesses (0.5 kPa, 25 kPa, 50 kPa) and plastic and
confluence at end-point (c). d & e, Representative outlines (d) of T1 and T3 VFC single-cell migration on 50
kPa hydrogels at different timepoints (0 min, 60 min, 120 min and 240 min) and quantification (e) of speed
(um/min), distance (um) and directionality (n=2). f, Representative nuclei (dapi) confocal
immunofluorescence images (transwell pores visible in images as dots) and number of invaded T1 and T3
VFC cells per FOV in a Matrigel invasion assay (45h). Scale bar 20 ym. (n=2). Data are mean (+s.d.) or
tukey box plots. Statistical significance was assessed using Kruskal-Wallis test followed by post hoc Dunn's
multiple comparisons test or Mann-Whitney test.

Inhibition of laminin-binding integrins modulates monolayer dynamics and disrupts cell
clustering in 3D-spheroids

a3B1-integrin localization to cell-cell junctions in normal squamous cells was reported more than
two decades ago*®. While the role of a3B1-integrin in mediating cell-matrix adhesion and controlling
cell polarity in stratified epithelia is well-established in vitro and in vivo*®, the functional role of this
receptor in intercellular adhesion of epidermal squamous cells has been controversial and the
molecular details remain elusive*’. To explore the functional role of laminin-binding B1-integrins in
VFC, we treated cells with integrin a3- (P1B5), a6- (P5G10) and B1 (mAb13)-blocking antibodies.
Live-cell imaging of sparse cell clusters revealed retraction of junctional and cell-edge lamellipodia
with a concomitant slowing of cell movement in all cell lines, most notably NC cells, after dual
inhibition of integrins a3 and a6 (Videos 13-15). Blocking E-cadherin had the opposite effect;



weakened cell-cell adhesions supported the scattering of cell colonies by reducing cell-cell
coordination and increasing cell elongation and movement (Videos 16-18).

In a 3D-spheroid model, blocking the subunits of laminin-binding integrins; the common 1 subunit,
a3 alone or in combination with integrin a6 all resulted in increased spheroid area primarily in NC
and T1 cancer cells when compared to IgG control (Fig. 4a & b). The observed increase in size was
due to reduced spheroid compaction and significantly more dissociated cells (Extended data
Fig.4a). These data imply a functional role for integrins in the cell-cell junctions in NC and T1 cells
(Fig. 2f & g). The T3 spheroids grew rapidly into large spheroids and integrin inhibition did not trigger
marked spheroid dissociation, concordant with intracellularly localized integrins.

These data prompted us to investigate VFC cell-cell junctions in more detail. T3 cells exhibited
straight junctions (E-cadherin and B-catenin immunofluorescence staining), indicative of less tensile
adhesions, whereas NC and T1 cells had protrusive finger-like junctions, indicative of more tensile
adhesions (Fig. 4c). To quantitatively capture these differences, we divided junctions into three
categories (straight, reticular and finger-like) based on morphology. Most notably, while reticular
adhesions were a prominent feature in all cells, there was a near absence of finger-like-junctions
and a larger proportion of straight junctions in T3 cells compared to NC cells and T1 VFC cells (Fig.
4c). Overall, these data indicate that cell-cell junctions are altered in VFC cell lines and that integrins
contribute to junctional dynamics in NC and T1 VCF.
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Fig. 4. | Inhibition of laminin-binding integrins modulates monolayer dynamics and disrupts cell
clustering in 3D-spheroids

a & b, Representative phase contrast images (a) and quantification (b) of spheroid size of NC cells and VFC
T1 and T3 cells in 3D Matrigel cultures treated with IgG-control or integrin blocking antibodies (anti-a3, anti-
a6, anti-a3a6 and anti-B1) for 11 days (n=3). Scale bar 50 pym. ¢, Representative 3-catenin and E-cadherin
confocal immunofluorescence images and quantification of junction morphology of NC and VFC T1 and T3
cells (n=3). Scale bar 10 ym. d-i, Quantification of total RMS velocity (d) and correlation length of NC (d &
e)and VFC T1 (f & g) and T3 (h & i) cells treated with IgG-control or integrin blocking antibodies (anti-a3,
anti-a6, anti-a3a6 and anti-B1) for 24h. j & k, Representative phase-contrast images (j) and normalized area
and average speed (um/h) (k) of NC and VFC T1 and T3 cells treated with IgG-control or integrin blocking
antibodies (anti-a3, anti-a6, anti-a306 and anti-31) undergoing wetting (n=3). Data are mean box plots
(xs.d.). Statistical significance was assessed using Kruskal-Wallis test followed by post hoc Dunn's multiple
comparisons test.

VFC cells exhibit a previously unobserved solid-like flocking state ensuring long-range
motility

Cell-cell and cell-matrix adhesions are critical determinants of the mechanics and dynamics of
multicellular, normal and tumorigenic cell assemblies. At a critical cell density, motility of normal
epithelia ceases and cells undergo a jamming phase transition (PT) which is considered a tumor-
suppressive mechanism*84°, whereas PTs through unjamming and flocking motion, in turn, have
been shown to promote collective modes of cancer invasion®-53. Thus, we next investigated
monolayer dynamics of NC and VFC cells and the impact of integrin inhibition. PIV (Particle Image
Velocimetry; see Materials and Methods for details) analysis revealed that untreated NC cells
exhibited a progressive reduction in cell motility, quantified by the Root Mean Square velocity viys.
(Fig. 4d). We also characterized the jamming transition by extracting the velocity correlation length
& (expressing the size of a cluster of cells moving together), as well as the drift-corrected total RMS
velocity vS,s(t) (Fig. 4e; Video 19), used to isolate the disordered velocity component, minimizing
the effects of drifts. NC monolayers show for all treatments the expected behavior i.e. initially large
& and RMS velocities that simultaneously decrease over time across the jamming transition3+5°
Inhibiting a3 (P1B5), a6 (P5G10) and 31 (mAb13) integrins significantly and robustly reduced the
collective motion, resulting in an accelerated transition toward a jamming state, characterized by a
progressive loss of degree of alignment in the cell velocity (Extended data Fig.4b; Videos 20-23).

Similar analyses were conducted on T1 and T3 cells. In both cases, the total RMS velocity (Fig. 4f
& h; Videos 24 & 29) remained constant in time with values consistently larger than the final velocity
for the NC cells. For T1 cells, inhibition of integrin b1 or integrins a3 and a6 together, were most
efficient in reducing the total RMS velocity, suggesting a relevant role for these integrins in collective
cell motility. In contrast, T3 cell motility was insensitive to integrin inhibition. Plotting the velocity
correlation length ¢ vs the drift-corrected total RMS velocity, v5,5(t) (Fig. 4g & I; Videos 25-28 &
30-33) revealed a complete loss of correlation for T3 cells, and an intermediate behavior for T1 cells,
suggesting that in both cases the tissues are far from a dynamically arrested, jammed state.
Consistently, T1 VFC cells displayed cohesive and coordinated movement like bird flocking, with
aligned cell velocities spanning the entire field of view (Extended data Fig.4c). Interestingly, these
cells maintain long-range coordinated motion even when exposed to anti-integrin treatments. Similar
flocking behavior was detected in the T3 cells, albeit to a lesser extent (Extended data Fig.4d). The
absence of mutual cell rearrangements in VFC collective motility point to a mode of PT via a flocking
solid transition, characterized by long-range coordinated motility in the absence of local cell
rearrangements. Interestingly, flocking solid transition has been predicted by numerical simulation
but has thus far not been observed experimentally in mammalian cells® 5. Collectively, our data




suggest that VFC cells exploit a solid flocking-state to enhance long-distance collective motion,
possibly contributing to invasion and metastasis in the cancer setting®. However, this remains to
explored in future studies.

In keeping with this finding, we directly tested the ability of NC and VFC 3D spheroids to spread and
diffuse onto ECM-coated substrate by undergoing a “wetting” transition5%-63. This assay is thought
to mimic the early step of local dissemination and depends on both the cohesive tensional state and
viscoelastic properties of the cell aggregates and the cell-ECM interactions. Both T1 and T3
spheroids on FN-coated plates displayed a significant increase in wetting velocity compared to NC,
but with a notable difference in morpho-dynamics. T1 spheroids rapidly wetted the surface,
spreading with an elevated and uniform radial velocity consistent with the flocking solid mode of
motion and elevated velocity correlation length ¢ of the monolayer motility (Fig.4j & k). T3 spheroids,
however, wetted the surface by extending irregular fronts, with protruding clusters and apparently
contractile local regions, consistent with their high contractility and the reduced velocity correlation
length ¢ of the monolayer motility (Fig.4j & k). In NC spheroids, inhibition of a3 (P1B5), a6 (P5G10)
and B1 (mAb13) integrins caused a notable reduction of wetting velocity. Conversely, only marginal
effects on the wetting of both T1 and T3 spheroids were observed under these conditions (Fig. 4j &
k; Extended data Fig. 4e & f), suggesting that VFC wetting was largely independent of cell-matrix
adhesion receptors and likely dominated by the bulk mechanical properties of the 3D spheroids.

Mechanical stimuli induce cytoskeletal and junctional alterations and cell extrusion in VFC
Prompted by the striking cell-intrinsic differences in the adhesive and mechanical properties
observed between VFC and NC cells, we sought to determine if these alterations extended to the
cellular response to mechanical stimuli. To recapitulate the mechanical forces in the vocal folds, we
subjected the cells to two types of mechanical stimuli: stretching to mimic opening and closing of
the vocal folds, and vibration, which occurs during phonation. Uniaxial cyclic stretching of cells (1Hz,
20% stretch) for 1 hour induced alignment (coherency) of the NC and T1 cancer cells perpendicularly
to the stretch direction as exemplified by the visualization of actin filaments and phosphorylated
myosin light chain (pMLC) (Fig.5a & b, Extended data Fig.5a-b). The poorly organized T3 cell
monolayers did not show visible alignment, albeit their actin alignment (coherency) was significantly
increased similarly as in NC and T1 cells (Fig. 5b). For the vibration, we chose a stimulus matching
the frequency of human adult vocal fold during normal phonation® (50-250 Hz, 1 min off/on). This
induced actin stress fibers (Fig.5¢) and caused marked remodeling of the monolayer. Furthermore,
continued vibration for 6 hours induced a significant increase in extrusion of highly contractile,
pMLC-positive cells in the T3 VFC, but not in the NC or T1 cells (Fig. 5e-g; Extended data Fig.5c).
This suggests that vocal fold-like mobility in the T3 cell layer induces extrusion of cells akin to
ejection of cells from crowded epithelia as a mechanism to ensure epithelial homeostasis and
epithelium integrity®.

Next, we investigated whether mechanical manipulation would cause changes in cell-cell junctions.
Prior to stimulation, we noticed that B-catenin was significantly more nuclear in T1 and T3 cells
compared to the NC cells (Fig.5f-g). This was particularly interesting, since nuclear 3-catenin acts
as a transcription factor activating signaling pathways that promote tumor formation®8-67. Uniaxial
cyclic stretching (1 hz, 20% stretch) for 1 hour caused alignment of 3-catenin-positive junctions in
NC and T1 cells (Extended data Fig.5d), and a significant reduction in nuclear and total $-catenin
levels in the T1 and T3 cells (Fig. 5h & i; Extended data Fig.5e), which was also evident in vibrated
cells (Fig. 5j & k; Extended data Fig.5f). Collectively, these data indicate that the cellular
mechanoresponses under cyclic uniaxial stretch or vibration are different between NC and VFC



cells, and mechanical stimulation of T3 cells, which represent the mechanically immobile stage of
VFC in vivo, triggers cell extrusion and downregulation of oncogenic nuclear B-catenin.
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Fig. 5. | Mechanical stimuli induce cytoskeletal and junctional alterations and cell extrusion in VFC

a, Representative actin confocal immunofluorescence images of NC cells and VFC T1 and T3 cells subjected
to stretching (n=3). Scale bar 10 pm. b, Quantification of actin coherency (alignment) in stretched NC cells
and vocal fold T1 and T3 cells (n=3). ¢ & d, Representative actin confocal immunofluorescence images (c)
and quantification of extruded (d) NC cells and VFC T1 and T3 cells subjected to vibration (n=3). Scale bar
50 um. e, Representative actin and pMLC confocal immunofluorescence images of extruded T3 VFC cells



subjected to vibration (n=3). Scale bar Scale bar 10 ym. f-h, Representative (3-catenin confocal
immunofluorescence images (f) and quantification of nuclear expression (integrated density per number of
nuclei in FOV) of NC cells and VFC T1 and T3 cells in non-stretched conditions (g) and subjected to stretching
(h) (n=3). Scale bar 20 ym. i-k, Representative (-catenin confocal immunofluorescence images (i) and
quantification of nuclear expression (integrated density per number of nuclei in FOV) of NC cells and VFC
T1 and T3 cells in non-vibrated conditions (j) and subjected to vibration (k) (n=3). Scale bar 20 ym.

Phonomimetic mechanical stimuli decreases nuclear and total YAP levels

In addition to -catenin, another key mechanosensitive oncoprotein in cancer is Yes-associated
protein (YAP), which shuttles between the cytoplasm and nucleus, where it can activate downstream
signaling pathways that maintain oncogenic signaling cascades®®. Total YAP RNA (Fig.6a) and
protein (Fig.6b-c) expression levels showed no significant changes in VFC cell lines compared to
NC cells, but RNA expression of YAP downstream targets Cysteine-rich angiogenic inducer 61
(CYR61), Ankyrin Repeat Domain 1 (ANKRD1), AXL and macrophage colony stimulating factor
(CSF1) were increased in VFC cells (Fig.6d), suggesting elevated pathway activity. Importantly,
similarly to B-catenin, vibration decreased total and nuclear YAP levels in a time-dependent manner
with prolonged vibration (6 hours) having a more significant effect than the acute 30 min stimulation.
Concordant with these kinetics, the effect on the nuclear to cytoplasmic ratio, which is under acute
mechanical control in many cell types, was less prominent and not significant in the T3 cells (Fig.
6e-g and Extended data Fig.6a). These data imply that cell vibration primarily regulates YAP levels
rather that YAP mechanoresponsive shuttling to the nucleus.

To further understand the role of YAP in squamous cell carcinoma, we surveyed YAP1 cancer
dependency maps on DepMap®®. A pan cancer search identifying the top 20 co-dependencies in
the CRISPR DepMap Public 23Q2+Score Chronos dataset found the strongest dependency hits
(Pearson’s correlation, r) with Rho Guanine Nucleotide Exchange Factor 7 (ARHGEF7, r=0.29),
TEA Domain Transcription Factor 3 (TEAD3, r=0.29), TEA Domain Transcription Factor 1 (TEAD1,
r=0.29), Tankyrase 2 (TNKS2, r =0.28) and Angiomotin-like protein 2 (AMOTL2, r= -0.28) (Fig.6h).
Moreover, integrin-linked kinase, which had increased FA localization in cancer cells, was one of
the top 10 positive dependency hits (ILK, r=0.26) (Extended data Fig.2g & h).

Intrigued by these findings we sought to investigate the relationship between YAP and AMOTL2 in
our cell model. AMOTL2 is a negative YAP regulator and has been shown to directly interact with
YAP, retaining it within the cytoplasm’®-73, AMOTL2 RNA levels were not significantly different
between the cell lines (Fig.6i). However, AMOTL2 protein levels were significantly lower in VFC
cells compared to NC cells (Fig.6 j & k). Vibration significantly increased AMOTL2 total and nuclear
levels in VFC cells (Fig.6l-n; Extended data Fig.6b), coinciding with the decreased YAP levels
(Fig. 6f-g). In summary, these results suggest that mechanical stimulation may decrease oncogenic
nuclear YAP levels through an AMOTL2-dependent regulatory mechanism and the findings further
support the notion of vocal fold mechanics contributing to tissue homeostasis, and having anti-
oncogenic effects in VFC.
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Fig. 6. | Phonomimetic mechanical stimuli decreases nuclear and total YAP levels

a, Quantification of relative YAP mRNA expression (gene count) in NC cells and VFC T1 and T3 cells (n=3).
b & ¢, Representative immunoblot (b) and quantification (¢) of relative YAP protein expression in NC cells
and VFC T1 and T3 cells (n=3). d, Quantification of relative RNA expression of YAP target genes CYRG61,
ANKRD1, AXL and CSF1 in NC cells and VFC T1 and T3 cells. e, Representative YAP confocal
immunofluorescence images of NC cells and VFC T1 and T3 cells subjected to vibration (50-250 Hz, 1 min
on/off) for 30 min or 6h compared to non-vibrated control (n=3). Scale bar 20 pm. f, Quantification of total (f)
and nuclear (g) YAP intensity (integrated density) in NC cells and VFC T1 and T3 cells subjected to vibration
(50-250 Hz, 1 min on/off) for 30 min or 6h compared to non-vibrated control (n=3). h, Quantification of Pan
cancer YAP1 CRISPR codependency (DepMap) as Pearson’s correlation. i, Quantification of relative
AMOTL2 mRNA expression (gene count) in NC cells and VFC T1 and T3 cells (n=3). j & k, Representative
immunoblot (j) and quantification (k) of relative AMOTL2 protein expression in NC cells and VFC T1 and T3
cells (n=3). I, Representative AMOTL2 confocal immunofluorescence images of NC cells and VFC T1 and
T3 cells subjected to vibration (50-250 Hz, 1 min on/off) for 30 min or 6h compared to non-vibrated control
(n=3). Scale bar 20 um. m & n, Quantification of total (m) and nuclear (n) AMOTL2 intensity (integrated
density) in NC cells and VFC T1 and T3 cells subjected to vibration (50-250 Hz, 1 min on/off) for 30 min or
6h compared to non-vibrated control (n=3). Data are illustrated as tukey box plots or mean box plots + s.d.
(average of 8 FOV'’s pooled from three independent experiments). Ordinary one-way Anova followed by post
hoc Dunnett's multiple comparisons test or Kruskal-Wallis test followed by post hoc Dunn's multiple
comparisons test was used to asses statistical significance.

High YAP levels correlate with high ECM expression and poor disease specific survival

To translate the in vitro findings into a more clinically relevant setting, we investigated the in vivo
relevance of the identified mechanoregulators using multiplex histology and patient sample cohorts. We
generated a custom laryngeal cancer tumor microarray (TMA) with cancer patient samples from T1 to
T4 (n=218). We first noticed that there is a high correlation between all stromal ECM proteins (Extended
data Fig.7a) and therefore implemented an ECM score, which considers median values for all the ECM
and ECM-related proteins (FN, Col I, SMA, Laminin and Vinculin) in the tumor stroma across the patient
cohort. Each patient was assigned an ECM score based on how many of the five ECM proteins were
expressed at above-average levels, with scores ranging from 0 (all ECM proteins below average) to 5
(all ECM proteins above average). Scores of 0-2 were then classed as “ECM-low” while scores of 3-5
were classed as “ECM-high”. The analysis revealed a significant correlation between ECM score and
T-status, with lower ECM scores being associated with lower T-status (Fig.7a; Extended data Fig.7b-
d), but no significant correlation with patient survival (Extended data Fig.7f).

To determine whether YAP expression correlates with T-status (Extended data Fig.7g&h) and ECM
score (Extended data Fig.7h&j) we calculated the median per-patient epithelial YAP-value in the
dataset, and classified samples as either YAP-high or YAP-low based on this threshold. We found that
YAP-high tumors tended to have higher staging, and patient-level nuclear YAP levels increased with
higher ECM scores in tumors (Fig.7b-d). Moreover, we observed high YAP expression in T3-4 samples
and identified nuclear YAP alone as being predictive of disease-specific survival (Fig.7e). Having
established that patients with high ECM scores in the stroma have higher nuclear YAP in their tumor
and a worse clinical outcome, we set out to explore whether inhibition of YAP-TEAD would affect cell
viability. Treating cells with a YAP-TAZ-TEAD inhibitor, K-975, that covalently binds to a palmitate-
binding pocket of TEAD and inhibits YAP function™, resulted in a significant and dose-dependent
decrease in cell viability with the T3 VFC cells showing the highest sensitivity to the drug (Fig.7f &g).
Another YAP-TAZ-TEAD inhibitor, IK-930, which is in phase | clinical trials for advanced solid tumors”®
also showed increased sensitivity in VFC cells (Fig.7h & i). Taken together, these findings reveal clinical
potential for YAP-TAZ-TEAD inhibition as a treatment option for VFC (Fig.7j).
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Fig. 7. | High YAP levels correlate with high ECM expression and poor disease specific survival

a, Representative composite immunofluorescence images of TMA core stained for YAP/collagen-
I/fibronectin/dapi or vinculin/laminin/SMA/dapi. Scale bar 100 ym. b, Quantification of correlation between
ECM-score (median patient-level expression of stromal fibronectin, collagen-I, SMA, laminin and vinculin)
and T-status in TMA multiplex histology. ¢, Quantification of correlation between YAP-score (median patient-
level expression of epithelial YAP) and T-status in TMA multiplex histology. d, Representative YAP and
collagen | staining of T1 and T3 cancer cells in YAP-low & ECM-low sample and YAP-high and ECM-high
sample. Scale bar 100 ym. e, Quantification of correlation between ECM-score and mean nuclear YAP
expression. f, Disease specific survival of YAP-high and YAP-low patients. g & h, Representative phase
contrast images (f) and viability (g) of NC cells and vocal fold T1 and T3 cancer cells treated with YAP-TEAD
inhibitor 1IK-930 for 48h. Scale bar 50 ym. i & j, Representative phase contrast images (i) and viability (j) of
NC cells and vocal fold T1 and T3 cancer cells treated with YAP-TEAD inhibitor K-975 for 48h. Scale bar 50
pum. k, Graphical illustration of mechanical intervention of VFC cells as a therapeutic treatment option. Data
are mean box plots (+ s.d.). Statistical significance was assessed using Kruskal-Wallis test followed by post
hoc Dunn's multiple comparisons test or with Log-rank test for Kaplan-Meier analysis.

Outlook

Cells sense the biophysical features of their surrounding tissue, and the ensuing biomechanical
signaling controls epithelial homeostasis, malignant progression, directed cell migration and drug
sensitivity'376-78_ The vast majority of research in this area, however, draws from solid carcinomas
arising from immobile tissue, such as the mammary gland, and the role of altered tissue mechanics
in homeostasis and oncogenic properties of constantly moving epithelia remain poorly understood.
Here we used cell culture models recapitulating key features of vocal fold epithelia including ECM
rigidity, tissue stretching and vibration. We show that, concordant with the vocal fold epithelia
becoming mechanically fixed and invasive with increasing T-status, VFC upregulates expression of
multiple ECM components, is stiffer than normal vocal fold and proliferates in a stiffness dependent
manner. Unlike kinetically arrested, densely packed (jammed) NC squamous epithelia, patient
derived VFC cells are in a flocking, hyper-motile state, similar to the one previously established for
invasive breast carcinomas*®®! in line with their high invasive capacity.

Cell cycle re-entry of arrested epithelia is regulated by nuclear translocation and transcriptional
activity of YAP and B-catenin”. Malignant HNSCC tissues have higher YAP1 expression in
comparison to benign patient samples, and YAP1 activation drives oral SCC tumorigenesis and
correlates with poor patient survival®®-83, However, YAP and B-catenin have not been explored in
the molecularly distinct VFC®. We find that mechanical stretch and vibration, mimicking normal-like
vocal fold mobility, downregulates nuclear B-catenin and nuclear YAP levels with a concomitant
induction of the YAP inhibitor AMOTL2 in VFC cells derived from increasingly immobile tumors?.
Moreover, high YAP correlates with a high ECM signature and poor clinical outcome in patient
samples and VFC cells are increasingly sensitive to clinically tested’® YAP-TEAD small molecule
inhibitors. Thus, normal tissue mechanics, mimicked in our cell culture systems by stretching and
vibration, downregulate the activity of two relevant and synergistically acting oncogenic pathways™®.
These insights into the role of tissue mobility in maintaining homeostasis and suppression of
malignancy may extend to other carcinomas arising from mobile epithelia and broaden our horizon
on mechanical control of cancer progression.



Material and methods

The Cancer Genome Atlas (TCGA) data acquisition and analysis. The Cancer Genome Atlas
(TCGA) HNSCC dataset was retrieved and filtered for patient ID’s with laryngeal cancer as tumor
primary site. Pathology reports were then reviewed to asses tumor subsite and involvement of vocal
folds. Raw files were downloaded from xena browser (https://xenabrowser.net/). Differentially
expressed genes were assessed using Bioconductor R package ROTS (v.1.14.0), defining genes
with FDR < 0.05 as differentially expressed®®. Gene ontology was performed using ClusterProfiler
(v. 4.8.3)in R¥,

Patient samples. Patient samples were obtained at the Department of Otorhinolaryngology-Head
and Neck Surgery at Turku University Hospital under the Finnish Biobank Act with written informed
consent from the sample donors (§279, 9/2001). Upon collection, the samples were given an
arbitrary identifier and no patient identifiers, excluding patient age, and histopathological features of
were available or recorded. Tissue samples were snap frozen with liquid nitrogen and stored at -
80°C until further processing.

Atomic force microscopy. Atomic Force Microscopy (AFM) measurements of patient tissues were
performed on freshly cut 16 um snap frozen cryosections with JPK NanoWizard 4 (Bruker Nano)
microscope mounted on an Eclipse Ti2 inverted fluorescent microscope (Nikon) and operated via
JPK SPM Control Software v.6. Tissue sections were equilibrated in PBS with 1X protease inhibitors
and measurements were performed within 30 minutes post thawing the sample. MLCT triangular
silicon nitride cantilevers (Bruker) were used to access basement membrane stiffness. Forces of up
to 3 nN were applied at 20 micron per second constant cantilever velocity. All analyses were
performed with JPK Data Processing Software v.6 (Bruker Nano) by first removing the offset from
the baseline of raw force curves, then identifying the contact point and subtracting cantilever bending
before fitting the Hertz model with correct tip geometry to quantitate the Young’s Modulus.

Cell lines and culture. HaCat (human immortalized squamous cells, ATCC), UT-SCC-11 (T1
human glottic laryngeal cancer, Turku University hospital), UT-SCC-103 (T3 human glottic laryngeal
cancer, Turku University hospital) cells were cultured in DMEM (Dulbecco’s modified Eagle’s
medium, Sigma-Aldrich) supplemented with 10% FBS (Sigma-Aldrich), 2 mM I-glutamine (Sigma-
Aldrich) and 1% MEM nonessential amino acid solution (Sigma-Aldrich) at +37 °C, 5% CO2. UT-
SCC-11 and UT-SCC-103 cell lines generated at Turku University Hospital have undergone
scientific evaluation by Auria Biobank with a positive decision of release (AB22-7195) to be used in
the study. All cell lines were regularly tested for mycoplasma with MycoAlertTM Mycoplasma
Detection Kit (LT07-418, Lonza) and MycoAlertTM Assay Control Set (LT07-518, Lonza) to ensure
mycoplasma-free culturing. Cells were washed with Phosphate-buffered saline (PBS) (Gibco™) and
detached enzymatically with 0.25% trypsin-EDTA solution (L0932, Biowest).




Proliferation assay. Plastic (Corning) or Softwell® Easy Coat (Matrigen, stiffness range: 0.5 kPa,
25 kPa and 50 kPa) 24-well plates were coated with 10 ug/ml collagen | (C8919, Sigma) and 10
pg/ml fibronectin (341631, Sigma) diluted in PBS or 10 pg/ml growth factor reduced Matrigel
(354230, Corning®) diluted in PBS, at +37 °C for 1 h. Coated plates were washed three times with
PBS prior to seeding 10 000 cells in culture medium. Time-lapse live-imaging was performed using
Incucyte S3® or ZOOM Live-Cell Analysis System for 96h with 2h imaging intervals (10x objective).
Medium was changed every second day.

Migration assay. 50 kPa Softwell® Easy Coat (Matrigen) 24-well plates were coated with 10 pg/ml
collagen | (C8919, Sigma) and 10 ug/ml fibronectin (341631, Sigma) diluted in PBS, at +37 °C for 1
h. Coated plates were washed three times with PBS prior to seeding 1000 cells in culture medium.
Time-lapse live-imaging was performed using Nikon Eclipse Ti2-E (10x/ 0.3 objective) for 24h with
10 min imaging intervals. Single-cell tracking was performed using TrackMate plugin in FIJI
(National Institutes of Health; NIH).

Invasion assay. 200 000 cells were seeded in serum free medium on Matrigel transwell inserts
(354480, Corning) and placed in culture medium. After 45h of invasion, uninvaded cells in the inner
well were wiped off with cotton buds and invaded cells were fixed with 4 % PFA diluted in PBS for
10 min at RT. Inserts were washed 3 times with PBS and stained overnight with Dapi. Invaded cells
were assessed by confocal imaging (3i Marianas CSU-W1; 20x%/0.8 objective) and quantifying the
number of invaded cells per field of view (FIJI).

Viability assay. 5000 cells were per 96-plate well in culture medium. DMSO (D265, Sigma) or YAP-
TAZ-TEAD inhibitors K-975 (HY-138565, MedChemExpress) or [IK-930 (HY-153585,
MedChemExpress) were added at 10 nM, 30 nM, 100 nM, 300 nM, 1uM, 3uM 10 yM, 30 uM and
100 pM concentrations the following day. Relative cell viability was measured as absorbance at 450
nm after a 2-hour incubation with a cell counting kit at +37°C as per the manufacturer’s instructions
(Cell Counting Kit 8, ab228554) 48 h after addition of inhibitor treatment.



Western blotting. Cells were kept on ice and washed with cold PBS and lysed with heated (+90
°C) TX- lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5% Triton-X, 0.5% glycerol, 1% SDS,
Complete protease inhibitor [SigmaAldrich], and phos-stop tablet [Sigma-Aldrich]). Lysed cells were
scraped into an Eppendorf tube and boiled for 5 min at +90 °C followed by 10 min sonication and
10 min centrifugation at 13000 rpm at +4°C in a microcentrifuge. Protein concentrations were
determined from the supernatant with DC Protein assay (Bio-Rad) as per the manufacturer’s
instructions. Samples were boiled at +90 °C for 5 min prior to protein separation using precast SDS-
PAGE gradient gels (4—20% Mini-PROTEAN TGX, Bio-Rad) and transferred onto nitrocellulose
membranes with the semi-dry Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were
blocked with AdvanceBlock-Fluor blocking solution (AH Diagnostics) diluted 1:1 in PBS for 1h at
room temperature (RT) and incubated over night at +4°C with primary antibodies diluted in
AdvanBlock-Fluor blocking solution. Membranes were washed for 5 min three times with TBST (Tris-
buffered saline and 0.1% Tween 20) and incubated 1:2500 with fluorophore-conjugated Azure
secondary antibodies (AH Diagnostics) in blocking solution for 1 h at RT. Membranes were washed
three times with TBST for 5 min at RT. Membranes were scanned using an infrared imaging system
(Azure Sapphire RGBNIR Biomolecular Imager) and band intensities were analyzed using Image
Studio Lite (Licor) by normalizing the signal to GAPDH or HSP70, which were used as a loading
controls.

Particle-image velocity analysis (PIV). A custom PIV algorithm was developed in Python to
measure cell velocities within monolayers and derive different indicators of cellular motility. Velocity
fields were first extracted by processing sequences of images. In short, each image is divided in
square regions of interest (ROI), for each ROl located at position X the local cell displacement AF is
quantified by cross correlating the intensity of two ROIl-images separated by At, which allows

estimating the local velocity as v,(%) = % , Where the index t corresponds to the time of the frame
pair used to compute the velocity field. We used ROls of size 80 x 80 px?, which are slightly larger
than the typically observed cell size of ~ 50 px, with a spatial overlap factor between different ROIs
of 50%. To improve statistics, we also performed a temporal average of the so-obtained velocity
fields over chunks of length 20 frames (200 minutes), again with a temporal overlap of 50%. The
previous parameters were carefully optimized to find the best tradeoff between increasing the
spatiotemporal resolution and averaging a sufficient number of data samples to obtain smoother

velocity maps, which will be indicated in the following with ¥,(x). We then followed Garcia et al.% to
compute the total root mean square (RMS) velocitiy viys(t) = ,/(l?t(i’)lz)f and the drift corrected

RMS velocity v%%,4(t) = [(|§;’C(f)|2); as spatial averages of the velocity fields, where we have

introduced the drift collected velocity %¢¢(X) = ¥ ,(*) — (¥.(X))z. In cell lines with no strong collective
motion, ¥ ,(¥) and v4¢(X) are similar, but in the presence of collective motion these two quantities
can differ substantially. As suggested by Garcia et al.’5, we used the drift-corrected velocity to
calculate the radial velocity-velocity correlation function, obtained as

(U (% + 6%) - 91 (X))x
—de = [2
(i@ =
ox
and we fitted this function to a model exponential e ¢ to extract the spatial correlation length & of
the velocity field, quantifying the size of regions with similar velocities once the average monolayer
velocity has been removed. Finally, to better visualize spatial correlations in the velocity field, we

followed Malinverno et al.?¢ and calculated the alignment index a,(X) as the cosine of the angle
between the average velocity vector of a single velocity field with every other velocity vector.

C‘UV(S‘x’ t) = <
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Cell stretching assay. Stretch chambers (STB-CH-4W, STREX Cell Stretching Systems) were
autoclaved and coated with 10ug/ml collagen | (C8919, Sigma) and 10ug/ml fibronectin (341631,
Sigma) diluted in PBS at +37 °C for 2 h. Coated chambers were washed three times with PBS prior
to seeding 200 000 cells per well in culture medium. Cells were stretched the following day with
STREX cell stretching system (model # STB-140-10) with 20 % stretch (6.40mm), 1 Hz frequency
for varying periods (5 min, 30 min 1 h).

Cell vibration assay. Flexible-bottomed silicone elastomer plates (BF-3001U, BioFlex®) were
coated with 10ug/ml collagen | (C8919, Sigma) and 10ug/ml fibronectin (341631, Sigma) diluted in
PBS for 2h at +37 °C. Coated chambers were washed three times with PBS prior to seeding
500 000-900 000 cells in culture medium. On the following day, stimulation sound files were played
for varying periods (5 min, 30 min 1h, 6h) 1 min off /1 min on at a frequency range of 50-250 Hz with
a phonomimetic bioreactor® connected to a Crown XLS 1502 amplifier.

3D spheroid assay. Spheroid formation in a 3D environment was assessed by embedding cells
between two layers of Matrigel (Corning, 354230). Firstly, the bottom of an angiogenesis 96-well p-
plate (89646, Ibidi GmbH) was coated with 10 ul of 50% Matrigel diluted in culture medium and
centrifuged at +4°C, 200 g for 20 min followed by 1-hour incubation at +37°C. Next, wells were filled
with 20 pl of cell suspension in 25% Matrigel diluted in culture medium (500 cells/well), centrifuged
for 10 min at 100 g and incubated at +37°C for 4h. Wells were filled with culture medium
supplemented with 10 pg/ml function blocking antibodies or IgG control; mouse anti-lgG (31903,
Invitrogen), mouse anti-human a3 integrin (P1B5, In-house hybridoma), mouse anti-human a6
integrin (P5G10, In-house hybridoma) and rat anti-human 31 integrin (mAb13, In-house hybridoma).
Spheroid formation was imaged for 10 days with IncuCyte S3 Live-Cell Analysis system (10x
objective). Culture medium was changed every 2-3 days. Analysis was performed using OrganoSeg
software®® and ImageJ.

Wetting assay. Cells were seeded in a low attachment round bottom 96-well plate to allow the
formation of spheroids. The following day, spheroids were transferred to a multiwell plate previously
coated with 10ug/ml Fibronectin (diluted in PBS, incubated overnight at +4°C, and washed twice
with PBS). Spheroids were monitored as they wet the substrate by time lapse imaging for 48h using
iXplore live Microscope (Olympus Evident) (4x Objective, 10 min timeframe). Analysis of spreading
area over time was performed using Imaged. The data were normalized to the area of the spheroid
at time 0. To evaluate the impact of Integrin perturbations, spheroids were treated with the blocking
antibodies described above before starting the wetting experiment.

Immunostaining. Coated (as previously mentioned) p-slide 8-well chambered coverslips (Ibidi),
standard culture plates (Corning) or Softwell® Easy Coat (Matrigen) were fixed at indicated endpoint
with 4% PFA in culture medium for 10 min at RT. Cells were washed with PBS three times for 5 min.
Permeabilization and blocking was performed using 0.3% Triton-X-100 in 10% normal horse serum
diluted in PBS for 20 min at RT. Cells were stained with primary antibodies diluted in 10% normal
horse serum overnight at 4°C. Cells were washed three times for 5 min with PBS and incubated with
secondary antibodies diluted in PBS for 1h at RT, followed by three 5-min washes with PBS.
Samples were either imaged right away or stored at 4°C covered from light until imaging.



Imaging. Confocal imaging was performed with a 3i spinning disk confocal (Marianas spinning disk
imaging system with a Yokogawa CSU-W1 scanning unit on an inverted Carl Zeiss Axio Observer
Z1 microscope, Intelligent Imaging Inno-vations, Inc., Denver, USA) with 10x Zeiss Plan-
Apochromat objective (without immersion, 2mm working distance,0.45 numerical aperture), 40x
Zeiss LD C-Apochromat objective (water immersion, 0.62mm working distance, 1.1 numerical
aperture) and 63x Zeiss Plan-Apochromat objective (oil immersion, 0.19 mm working distance, 1.4
numerical aperture). Widefield imaging was performed with Nikon Eclipse Ti2-E (Hamamatsu
sCMOS Orca Flash4.0, Lumencor Spectra X LED excitation). Live imaging was performed with
Incucyte S3 or ZOOM Live-Cell Analysis System.

Mass Cytometry. Cells were grown on a 10 cm plate to 90% confluence, washed once with PBS
and detached with cell dissociation buffer (#13150-016, Gibco). Detached cells were dispensed into
15 ml falcon tubes, centrifuged at 300 x g for 5 min followed by removal of supernatant and mixing
the pellet by pipetting. Cells were resuspended in 1 ml of serum free medium. 1 ml of 1uM cisplatin
in serum free medium was added to cells for 5 min, mixed well by pipetting and incubated for 5 min
at room temperature. The mixture was quenched with Cell Staining Buffer (Maxpar®), 5x vol of the
stained cells. Cells were centrifuged at 300xg for 5 min, the supernatant aspirated and cells
resuspended by pipetting. Cells were washed with 4 ml of Cell Staining Buffer (Maxpar®). Cells
were counted and 3 million cells aliquoted into 5 ml polypropylene tube followed by centrifugation at
300xg for 5 min. The supernatant was aspirated and cells gently mixed by pipetting. Cells were
resuspended in 50 ul of Cell Staining Buffer (Maxpar®). Cells were then stained with the antibody
panel, starting with Fc-blocking. Fc Receptor Blocking Solution was added 1:100 to each tube and
incubated 10 min at room temperature. 50 ul of the prepared antibody cocktail was added to each
tube and gently mixed by pipetting and incubated at room temperature for 15 min. Samples were
gently vortexed and incubated for an additional 15 min at room temperature. After a total of 30 min
incubation, samples were washed by adding 2 ml Cell Staining Buffer (Maxpar®) to each tube,
centrifuged at 300xg for 5 min and the supernatant was removed. Sample wash was repeated three
times and cells were resuspended in residual volume by gently vortexing after final wash and
aspiration. Cells were fixed with 1 ml of 1.6% FA diluted in PBS and gently vortexed before 10 min
incubation at room temperature. Samples were centrifuged at 800x g for 5 min and the supernatant
was removed. Samples were gently vortexed to resuspend in residual volume. After cell staining, 1
ml of cell intercalation solution was prepared for each sample by diluting Cell-ID Intercalator-103Rh
1:1000 into Fix and Perm Buffer (Maxpar®) and mixed by vortexing. 1 ml of intercalation solution
was added to each tube and gently vortexed. Samples were incubated 1h at room temperature or
left overnight at + 4°C (up to 48h). Before acquisition with Helios (WB Injector) cells were at 800 x g
for 5 min and washed by adding 2 ml of Cell Staining Buffer (Maxpar®), followed by another round
of centrifugation. The supernatant was removed and samples gently vortexed to resuspend cells in
residual volume. Cells were washed by adding 2 ml of CAS to each tube and gently vortexed before
counting and transferring 1 million cells into a new tube. Tubes were centrifuged at 800 x g for 5
min, followed by careful aspiration of supernatant. Cells were gently vortexed to resuspend in
residual volume and finally 1 million cells were resuspended in 900 ul CAS. Cells were filtered into
cell strainer cap tubes. Sufficient volume of 0.1X EQ beads to re-suspend all samples in the
experiment were prepared by diluting 1-part beads to 9-parts CAS. Cells were left pelleted until
ready to run on Helios. Immediately prior to data acquisition, cell concentration was adjusted to 1.0
x 106 cells/ml diluted EQ bead solution. Cells were filtered into cap tubes. Samples were run and
data acquired with Helios CyTOF. Mass cytometry antibodies were either purchased from Fluidigm
or self-conjugated.




Table1 list antibodies used for Mass Cytometry.

Table 1.

Metal tag
106CD
110CD
111CD
112CD
113CD
114CD
116CD
89Y
141PR
142ND
143ND
144ND
145ND
146ND
147SM
148ND
149SM
150ND
151EU
152SM
153EU
154SM
155GD
156GD
158GD
159TB
160GD
161DY
162DY
163DY
164DY
165HO
166ER
167ER
168ER
169TM
170ER
171YB
172YB
173YB

Target protein

al1 integrin

HER3

a3 integrin (CD49c)
EGFR

CD10

av integrin (CD51)
HER4

allb integrin (CD41)
EpCAM (CD326)
PETA-3 (CD151)
N-Cadherin (CD325)
Syndecan-4
Syndecan-1 (CD138)
b3 integrin (CD61)
ALCAM (CD166)
HER2 (ErbB2/EGFR2)
CD34

avb3 integrin (CD51/61)

ICAM-2 (CD102)
avbb integrin

b6 integrin

Notch1

a8 integrin

b1 integrin (CD29)
E-Cadherin (CD324)
LAT1 (CD98)

a5 integrin (CD49e)
a2 integrin (CD49b)
b7 integrin

a1 integrin (CD49a)
a6 integrin (CD49F)
Notch2

CD44

Notch3

a9b1 integrin

CD24

ICAM-1 (CD54)
CD9

Neuropilin-1 (CD304)
b4 integrin (CD104)

Conjugation
Self-conjugated
Self-conjugated
Self-conjugated
Self-conjugated
Self-conjugated
Self-conjugated
Self-conjugated
3089004B
3141006B
3142011B
3143016B
Self-conjugated
3145003B
3146011B
Self-conjugated
3148011A
3149013B
3150026B
3151015B
Self-conjugated
Self-conjugated
Self-conjugated
Self-conjugated
3156007B
3158018B
3159022B
3160015B
3161012B
3162026B
3163015B
3164006B
3165026B
3166001B
Self-conjugated
3168013B
3169004B
3170014B
3171009B
Self-conjugated
3173008B



174YB a4 integrin (CD49d) 3174018B

175LU b8 integrin Self-conjugated
176YB NCAM (CD56) 3176001B
2098BI CD47 3209004B

RNA-sequencing. RNA was isolated from three biological replicates of cells seeded on coated
BioFlex® plates. Cells were washed with cold PBS followed by RNA extraction using NucleoSpin
RNA -kit (#740955.250, Macherey-Nagel) as per the manufacturer's instructions. Total RNA
concentration was measured with Nanodrop and samples were normalized by diluting with RNAse
free water. Sample quality was verified using Agilent Bioanalyzer 2100, and final concentrations
were measured using Qubit®/Quant-IT® Fluorometric Quantitation (Life Technologies). lllumina
stranded total RNA prep library was prepared using 100 ng of RNA) as per the manufacturer’s
instructions (lllumina Stranded mRNA Preparation and Ligation kit, (lllumina) and sequenced with
Novaseq 6000 (S4 instrument, v1.5 (lllumina), 2x50 bp, SP flow cell, 2 lanes (650-800 M reads).
Library quality was verified using Advanced Analytical Fragment Analyzer. The sequencing data
read quality was ensured using the FastQ (v.0.11.14) and MultiQC (v.1.5) tools®. Differentially
expressed genes were assessed using Bioconductor R package ROTS (v.1.14.0) defining genes
with FDR < 0.05 as differentially expressed.

Tissue microarray (TMA). TMA blocks with duplicate core biopsies were made from formalin-fixed,
paraffin-embedded tissue samples using a TMA Grand Master (3DHISTECH, Budapest, Hungary)
at Helsinki University hospital. A total of 218 patients with known TNM staging and survival end-
points were included in the study.

Primary antibodies
Table 2: Details of primary antibodies used in the study. IF= immunofluorescence, MP= multiplex
fluorescence immunohistochemistry, WB= western blot.

Reagent Dilution Application Supplier Catalog
number
4',6-Diamidino-2-Phenylindole, 1:2000 IF Life technologies D1306
Dihydrochloride (DAPI)
Sir-Actin 1: 1000 IF Tebu-Bio SC001
Mouse anti-f1 integrin 1:1000 WB BD Biosciences 610468
Mouse anti-a3 integrin (ASC-1) 1:100 IF Abcam ab228425
Rabbit anti-a3 integrin 1:1000 MP Abcam ab131055
Rabbit anti-a3 integrin 1:1000 WwB Abcam ab131055
Mouse anti-f34 integrin 1:100 IF, WB Millipore MAB1964
Rat anti-34 integrin 1:100 MP Abcam ab95583
Rat anti-a6 integrin (CD49f, cloneGoH3) | 1:100 IF Serotec MCA699
Rat anti-a6 integrin 1:500 MP Novus 85747
Rabbit anti-a6 integrin 1:1000 WB Abcam ab97760
Rabbit anti-B-catenin (E247) 1:100 IF Abcam ab32572
Mouse anti-f3-catenin 1:500 MP Cell Marque 224M-14

Mouse anti-CD151 1:100 IF Abcam ab33315




Rabbit anti-phospho-MLC 2 1:100, 1:1000, IF, MP, WB Cell Signaling 3674
(Thr18/Ser19) 1:1000 Technology

Rabbit anti-COLXVIlI (EPR18614) 1:100, 1:500, 1:1000 IF, MP, WB  Abcam ab184996
Mouse anti-vinculin 1:100, 1:1000 IF, WB Sigma V9131

Rat anti-Hsc70/Hsp73 1:1000 WB Enzo ADI-SPA-815
Guinea pig anti-keratin 14 1: 100, 1:1000 IF, WB Covance PRB-155P
Guinea pig anti-keratin 14 1: 1000 MP Progen GP-CK14
Mouse anti-pan cytokeratin 1:150 MP Abcam ab7753
Mouse anti-pan cytokeratin 1: 100 MP Invitrogen MA5 13156
Rabbit anti-Fibronectin 1:1000, 1:1000 MP, WB Sigma F3648
Rabbit anti-Collagen | 1:1000 MP Novus NB600-408
Rabbit anti-pan-laminin 1:100 MP Sigma L9393
Mouse anti-E-cadherin 1:200 MP BD Biosciences 610182
Mouse anti-a-SMA 1:2000 MP DAKO M0851
Rabbit anti-AMOTL2 1:100, 1:1000 IF, WB Proteintech 23351-1-AP
Mouse anti-YAP 1:100, 1:50 IF, MP Santa Cruz sc-101199

Multiplexed fluorescent immunohistochemical staining and imaging. Multiplexed fluorescent
immunohistochemical staining and imaging was performed in three cycles as previously described®’
for two sets of seven to eight antibodies and the nuclear marker DAPI (Table 2), stained on two
serial TMA sections. After the first-round staining and whole-slide imaging of the TMAs, the
fluorescence signal was bleached, and the antibodies from the first-round staining were denatured,
after which the second-round staining was performed. The process was repeated for the third round
of staining. Imaging was performed using a Zeiss Axio Scan.Z1 slide scanner, with each round of
staining recorded as an independent .CZI image file containing up to five fluorescent channels.

Image analysis of multiplexed TMA datasets. Images of individual TMA cores were extracted
from the whole-slide images using the TMA dearrayer functionality in QuPath%. Images from the
three staining rounds were registered using an affine image registration method operating through
the pyStackReg Python dependency®, aligning the DAPI channels of the three staining rounds.
Autofluorescent signal from red blood cells and other histology artefacts (e.g. wrinkled or folded
tissue section areas) were removed using a pixel classifier in llastik®*. Nuclei were segmented from
the DAPI channel using a trained StarDist model®®. The nuclear regions of interest (ROIs) were
expanded by 6 pixels to generate extra-nuclear ROls. Pan-epithelial staining was used to threshold
cells into epithelial and stromal compartments. A custom python script was then used to calculate
fluorescence intensity in all channels for the relevant nuclear or extra-nuclear ROI in the relevant
tissue compartments. Finally, patient-level average expression values were calculated for all cells
and all TMA cores originating from the same patient.

Calculation of ECM and YAP scores. For ECM scores, the median patient-level expression of
stromal Fibronectin, Collagen-I, SMA, Laminin and Vinculin was determined across the full patient
dataset. Next, each patient was assigned one point for each instance that the expression of each of
the above markers was above the dataset median. The sum of all points was determined as that
patient's ECM score. YAP scores were determined in the same way, with patients being assigned



into the “YAP-High” group if their mean nuclear YAP expression in the tumor epithelium fell above
the dataset median. All other patients were assigned into the “YAP-Low” group.

Survival analysis. Kaplan-Meier analysis was used to compare survival outcomes between patient
groups with different phenotypic signatures, with Log-rank test used to measure statistical
significance. P < 0.05 was used as a cut-off for statistical significance.

Quantification and statistical analysis. GraphPad Prism (version 9.3.1) was used for all statistical
analyses. Outliers were identified with 0.1 % ROTS and distribution was determined with D'Agostino-
Pearson normality test. Two-sample testing was performed using Student's t-test (unpaired, two-
tailed) with Welch’s correction (normally distributed data) or nonparametric Mann—-Whitney U-test
(non-normally distributed data). Multiple comparisons were performed using ANOVA with Holm-
Sidak's post hoc test (normally distributed data) or Dunnett’s post hoc test (non-normally distributed
data). Data are presented as column graphs or dot plots (meants.d.). P-values less than 0.05 were
considered to be statistically significant.

Data and material availability. Data supporting the findings of this study are available within the
paper and its supplementary information files.
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Video 1: T1 VFC cell proliferation (single cells) on 0.5 kPa Collagen-Fibronectin coated
hydrogel. Imaged using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.
Video 2: T3 VFC cell proliferation (single cells) on 0.5 kPa Collagen-Fibronectin coated
hydrogel. Imaged using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.
Video 3: T1 VFC cell proliferation (single cells) on 50 kPa Collagen-Fibronectin coated
hydrogel. Imaged using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.
Video 4: T3 VFC cell proliferation (single cells) on 50 kPa Collagen-Fibronectin coated
hydrogel. Imaged using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.
Video 5: T1 VFC cell proliferation (single cells) on Collagen-Fibronectin coated plastic.
Imaged using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.

Video 6: T3 VFC cell proliferation (single cells) on Collagen-Fibronectin coated plastic.
Imaged using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.

Video 7: T1 VFC cell proliferation (single cells) on 0.5 kPa Matrigel coated hydrogel. Imaged

using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.



Video 8: T3 VFC cell proliferation (single cells) on 0.5 kPa Matrigel coated hydrogel. Imaged
using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.

Video 9: T1 VFC cell proliferation (single cells) on 50 kPa Matrigel coated hydrogel. Imaged
using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.

Video 10: T3 VFC cell proliferation (single cells) on 50 kPa Matrigel coated hydrogel. Imaged
using Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.

Video 11: T1 VFC cell proliferation (single cells) on Matrigel coated plastic. Imaged using
Incucyte (ZOOM) every 2 hours 116 hours, 10x magnification.

Video 12: T3 VFC cell proliferation (single cells) on Matrigel coated plastic. Imaged using
Incucyte (ZOOM) every 2 hours for 116 hours, 10x magnification.

Video 13: NC cell proliferation (colony) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-a3a6 antibody (P1B5 and P5G10, 10 pg/ml) at 17h. Imaged
using Incucyte (S3) every 60 minutes for 23 hours, 20x magnification.

Video 14: T1 VFC cell proliferation (colony) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-a3a6 antibody ((P1B5 and P5G10, 10 pg/ml) at 17h.
Imaged using Incucyte (S3) every 60 minutes for 23 hours, 20x magnification.

Video 15: T3 VFC cell proliferation (colony) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-a3a6 antibody (P1B5 and P5G10, 10 ug/ml) at 17h. Imaged
using Incucyte (S3) every 60 minutes for 23 hours, 20x magnification.

Video 16: NC cell proliferation (colony) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-E-cadherin antibody (DECMA-1) at 17h. Imaged using
Incucyte (S3) every 60 minutes for 23 hours, 20x magnification.

Video 17: T1 VFC cell proliferation (colony) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-E-cadherin antibody (DECMA-1) at 17h. Imaged using
Incucyte (S3) every 60 minutes for 23 hours, 20x magnification.

Video 18: T3 VFC cell proliferation (colony) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-E-cadherin antibody (DECMA-1) at 17h. Imaged using
Incucyte (S3) every 60 minutes for 23 hours, 20x magnification.

Video 19: NC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-lgG antibody (10 pg/ml). Imaged using Incucyte (S3) every
10 minutes for 24 hours, 20x magnification.

Video 20: NC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-a3 integrin antibody (P1B5, 10 pg/ml). Imaged using

Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.



Video 21: NC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-a6 integrin antibody (P5G10, 10 pyg/ml). Imaged using
Incucyte (S3) every 10 minutes for 24hours, 20x magnification.

Video 22: NC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-a3a6 integrin antibody (P1B5 and P5G10, 10 pg/ml).
Imaged using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 23: NC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic. Growth
medium supplemented with anti-B1 integrin antibody (mAb13, 10 pg/ml). Imaged using
Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 24: T1 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-IgG antibody (10 pg/ml). Imaged using Incucyte
(S3) every 10 minutes for 24 hours, 20x magnification.

Video 25: T1 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-a3 integrin antibody (P1B5, 10 yg/ml). Imaged
using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 26: T1 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-a6 integrin antibody (P5G10, 10 ug/ml). Imaged
using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 27: T1 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-a3a6 integrin antibody (P1B5 and P5G10, 10
pg/ml). Imaged using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.
Video 28: T1 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-B1 integrin antibody (mAb13, 10 ug/ml). Imaged
using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 29: T3 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-IgG antibody (10 pg/ml). Imaged using Incucyte
(S3) every 10 minutes for 24 hours, 20x magnification.

Video 30: T3 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-a3 integrin antibody (P1B5, 10 ug/ml). Imaged
using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 31: T3 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-a6 integrin antibody (P5G10, 10 ug/ml). Imaged

using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.




Video 32: T3 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-a3a6 integrin antibody (P1B5 and P5G10, 10
pg/ml). Imaged using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Video 33: T3 VFC cell proliferation (monolayer) on Collagen-Fibronectin coated plastic.
Growth medium supplemented with anti-B1 integrin antibody (mAb13, 10 ug/ml). Imaged

using Incucyte (S3) every 10 minutes for 24 hours, 20x magnification.

Extended data Figures

a ) c d
Downregulated ECM glycoproteins - F >0 FN1
0 |_| FN1 5 w5
S 75 flamay #o -, | HSC70 =
o x 1
Sod fiiiicyaLb c 224 ns
= P00z iy s kR 25
0 §¥*-y4<—x.x* £ 0
2 R - ST 2
& PP Eo%o: 291
S 4 * O 5 a
el (>1<)0
[} *
w *
6 H NC T1 T3
QN 9. . O O s g 37 . e e
o Z (@) LUl < ~ O o Zo
CERESS2R0288E>0L 88390889
wzZeyz nYJdpag ERIITLTSIF=E
= %) % 14 8<§ [Ofy= =] 2
b o
Downregulated ECM regulators
0
< |—*-||_||_"_”_||_”_|L_”_”_”_”_||_||_| Upregulated collagens
s PP oxoxoxx * ¥ % 2
2 -2 ¥ ox * k¥ ox x % ¥ ¥ OFN - =
a * * - * **:1‘-):4‘4: 2
= * ::g*k;:z:** 8’1 3 - & E] Fr
$ a- R R T od* : < 1
s x s T - LI M NC
S i 31 i = T
S 64 o 8 _ T3
=} X c -2 : 4
| X [ b
-8 . O3
' T T T T T T T T 1T 17T 1T 17T T 1T T 17T T T T T 17 T 1T T T1TT1T°T1 I 1 I 1 1 1 I I
BBzLiRPERTIE38405032222525¢485 s Jizgge
0P E2EERS g2 Z FFOOZZZEFoaJEZF 23833333
AF % ST zhesd 0 °© o f e o os
» 37 < 8 A R Z

Extended Data Figure 1 | Vocal fold cancer is associated with elevated gene expression of
ECM components and stiffening of tissue

a & b Differentially downregulated (fold change, log2) ECM glycoproteins (a) and ECM regulators
(b) in VFC tissue (T1-T4, n=54) compared to normal tissue (n=12) in patients (TCGA-data, FDR <
0.05). ¢ & d, Representative immunoblot (¢) and quantification (d) of fibronectin protein expression
(meants.d., n=3) in NC cells and vocal fold T1 and T3 cancer cells. e, Upregulated gene count
(log10, RNA-seq) of collagens in NC cells and vocal fold T1 and T3 cancer cells (n=3). Data are
mean (£ s.d.). FDR was used to asses statistical significance of differentially expressed genes and
ordinary one-way Anova followed by post hoc Dunnett's multiple comparisons test was used to asses
statistical significance of protein expression.
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Extended Data Figure 2 | Expression and subcellular localization of laminin-binding integrins
is altered in vocal fold cancer

a, t-SNE visualization of ITGA1, ITGA2, ITGA2b, ITGA4, ITGA5, ITGAS, ITGA9B1, ITGA11, ITGAV,
ITGAVB3, ITGAVBS5, ITGB3, ITGB6, ITGB7 and ITGBS8 single-cell surface expression (MassCytof)
in NC cells and vocal fold T1 and T3 cancer cells. b, Violin plot representation of mean ITGA6 and
ITGB4 single-cell surface expression (MassCytof) in NC cells and vocal fold T1 and T3 cancer cells.
c, Relative ITGAG, ITGB4, BP180 and K14 mRNA expression levels (gene count) in NC cells and
vocal fold T1 and T3 cancer cells (n=3). d & e, Representative immunoblots (d) and quantification
(e) of relative ITGAB, ITGB4, BP180 and K14 protein expression levels in NC cells and vocal fold T1
and T3 cancer cells (n=3). f, Violin plot representation of mean ITGA3 and ITGB1 single-cell surface
expression (MassCytof) in NC cells and vocal fold T1 and T3 cancer cells. g, Representative ILK
confocal immunofluorescence images of NC cells and VFC T1 and T3 cells (n=3). Scale bar 10 ym.
h, Quantification of FA number (count) (left) and size (right) using ILK as a marker in NC cells (n=28),
and VFC T1 (n=29-30) and T3 (n=28-30) cells. Data are mean box plots (+s.d.) or tukey box plots.
n is the total number of average FA count/size per cell in FOV pooled from three independent
experiments Statistical significance was assessed using Kruskal-Wallis test followed by post hoc
Dunn's multiple comparisons test.
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Extended Data Figure 3 | Stiffening of vocal fold tissue supports increased cell proliferation,

migration and invasion

a, Representative actin confocal immunofluorescence images of T1 and T3 VFC cells on 0.5 and 50
kPa hydrogels and plastic coated with Matrigel (n=3). Scale bar 50 um. b & ¢, Proliferation (b) of T1
and T3 VFC cells on hydrogels of varying stiffnesses (0.5 kPa, 25 kPa, 50 kPa) and plastic and
confluence at end-point (¢). d & e, Representative active ITGB1 (12G10) confocal
immunofluorescence images of T1 and T3 VFC cells on 50 kPa hydrogels coated with collagen and
fibronectin (d) or Matrigel (e) (n=3). Scale bar 50 um. f & g, Representative phase-contrast images
of T1 and T3 VFC cells wound healing assay at different timepoints (Oh, 30h and 60h) on collagen |
and fibronectin (f) or Matrigel (g) coated plates. Scale bar 100 ym. (n=3). h & i, Relative wound
density of T1 and T3 VFC cells on collagen | and fibronectin (h) or Matrigel (i) coated plates. (n=3).
Data are mean ( s.d.). Statistical significance was assessed using Kruskal-Wallis test followed by
post hoc Dunn's multiple comparisons test.
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Extended Data Figure 4 |
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Inhibition of laminin-binding integrins modulates monolayer

dynamics and disrupts cell clustering in 3D-spheroids

a Quantification of cell dissociation index in NC and VFC T1 cells treated with anti-a3a6 or anti-31
integrin blocking antibodies (n=3). b-d, Graphic visualization of cell velocity alignment index in NC
(b), VFC T1 (c) and T3 (d) cells treated with anti-a3a6 or anti-B1 integrin blocking antibodies. e & f,
Quantification of normalized wetting area (e) and average wetting speed (um/h) (f) of NC and VFC
T1 and T3 cells (n=3). Data are mean +s.d. Statistical significance was assessed using Kruskal-
Wallis test followed by post hoc Dunn's multiple comparisons test.
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Extended Data Figure 5 | Mechanical stimuli induce cytoskeletal and junctional alterations
and cell extrusion in VFC

a, Representative pMLC confocal immunofluorescence images of NC cells and VFC T1 and T3 cells
subjected to stretch (n=3). b, Quantification of pMLC coherency of NC cells and vocal fold T1 and
T3 cells subjected to stretching (n=3). ¢, Representative pMLC confocal immunofluorescence
images of NC cells and VFC T1 and T3 cells subjected to vibration (n=3). Scale bar 20 ym. d,
Quantification of B-catenin coherency of NC cells and VFC T1 and T3 cells subjected to stretching
(n=3). e & f, Quantification of total B-catenin intensity of NC cells and VFC T1 and T3 cells subjected
to stretching (e) or vibration (f) (n=3). Data are illustrated as tukey box plots or violin blots (average
of 8 FOV’s pooled from three independent experiments). Kruskal-Wallis test followed by post hoc
Dunn's multiple comparisons test was used to asses statistical significance.
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Extended Data Figure 6 | Phonomimetic mechanical stimuli decreases nuclear and total YAP
levels

a, Quantification of YAP nuclear to cytoplasmic ratio in NC cells and VFC T1 and T3 cells subjected
to vibration (50-250 Hz, 1 min on/off) for 30 min or 6h compared to non-vibrated control. b,
Quantification of AMOTLZ2 nuclear to cytoplasmic ratio in NC cells and VFC T1 and T3 cells subjected
to vibration (50-250 Hz, 1 min on/off) for 30 min or 6h compared to non-vibrated control. Data are
illustrated as tukey box plots (average of 8 FOV’s pooled from three independent experiments).
Ordinary one-way Anova followed by post hoc Dunnett's multiple comparisons test was used to
asses statistical significance.
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Extended Data Figure 7 | High YAP levels correlate with high ECM expression and poor

disease specific survival

a, Patient-level correlation of epithelial (pMLC, ITGA3, ITGB4, ITGA6, BP180, PanEpi, K14, dapi,
vimentin, YAP and vinculin) and stromal (vimentin, YAP, fibronectin, COL |, SMA, laminin and
vinculin) marker mean expression in TMA multiplex histology. b, ECM-score by T-status illustrated
as number of samples (N). ¢, ECM score by T-statusillustrated as percentage of samples (%). d,
ECM group by T-status illustrated as number of samples (N). e, ECM group (ECM-low and ECM-
high) by T-status illustrated as percentage of samples (%). f, Disease specific survival of ECM-high
and ECM-low patients. g & h, YAP score by T-status illustrated as number of samples (N) (g) and
percentage of samples (%) (h). i & j, ECM score by YAP score illustrated as number of samples (N)
(i) and percentage of samples (%) (j). Data are mean expression and statistical significance of
Kaplan-Meier analysis was assessed with Log-rank test.
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The KRAS oncogene drives many common and highly fatal malignancies. These
include pancreatic, lung, and colorectal cancer, where various activating KRAS
mutations have made the development of KRAS inhibitors difficult. Here we
identify the scaffold protein SH3 and multiple ankyrin repeat domain 3
(SHANK3) as a RAS interactor that binds active KRAS, including mutant forms,
competes with RAF and limits oncogenic KRAS downstream signalling, main-
taining mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) activity at an optimal level. SHANK3 depletion breaches this
threshold, triggering MAPK/ERK signalling hyperactivation and MAPK/ERK-
dependent cell death in KRAS-mutant cancers. Targeting this vulnerability
through RNA interference or nanobody-mediated disruption of the
SHANK3-KRAS interaction constrains tumour growth in vivo in female mice.
Thus, inhibition of SHANK3-KRAS interaction represents an alternative strategy
for selective killing of KRAS-mutant cancer cells through excessive signalling.

Aberrant KRAS activity has been identified in >20% of human
cancers' with a substantially higher incidence in some of the most
inherently therapy-resistant cancer types, including non-small cell
lung cancers (NSCLC; 30% incidence), colorectal cancer (CRC; 50%

incidence), and pancreatic ductal adenocarcinoma (PDAC; 95%
incidence)'%. Oncogenic mutations in KRAS induce the constitutive
activation of proliferative signalling cascades, promoting cancer
progression and conferring resistance to standard-of-care
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treatments®”. Unfortunately, the survival of patients with KRAS-
mutated NSCLC or PDAC has barely improved over the past few
decades®, highlighting the urgent need to broaden our view on tar-
geting oncogenic KRAS.

KRAS is a plasma membrane-associated small GTPase, active in its
GTP-bound form and inactive in its GDP-bound state’. Active KRAS
interaction with its effector RAF switches on downstream pathways
such as the mitogen-activated protein kinase (MAPK)/extra-
cellular signal-regulated kinase (ERK) signalling axis, triggering a pro-
survival response in cancer cells through transcription factors that
promote cell growth®®. Given the central role of oncogenic KRAS as a
driver mutation in many cancer types, pharmacological inhibition of
KRAS has been a major research area for decades. Through the accrued
knowledge of the structural and biochemical characteristics of differ-
ent KRAS mutants, the field has seen a recent development of
mutation-specific drugs with promising preclinical and clinical
efficacy’®™®. The only approved allele-specific inhibitors target
KRASGI12C, a mutation found in ~12% of all KRAS-driven
tumours'*2° leaving ~88% of patients without a KRAS-targeted
treatment option. In addition, various resistance mechanisms have
already been reported, indicating significant limitations of mutation-
specific inhibitors in heterogeneous tumours? . To address a broader
patient population, vast efforts are being made in several new pan-
KRAS approaches targeting all KRAS mutants'®**%, These include
pharmacological manipulation of KRAS upstream activators, such as
SHP2 and SOS1**%, and attempts to develop pan-KRAS protein
degradation strategies, such as proteolysis-targeting chimeras
(PROTACSs)?. These Pan-KRAS inhibitors hold promise for patients for
whom targeted therapy remains elusive.

A common precision medicine approach has been to treat cancer
by inhibiting specific oncogenic mutations or pathways. Recently,
however, deliberate MAPK/ERK pathway hyperactivation by ERK2
overexpression or inhibition of ERK phosphatases DUSP4 and 6 was
shown to reduce NRAS and BRAF mutant cell viability** 2 and a gain-of-
function oncogene activation screen demonstrated that hyperactiva-
tion of oncogenic pathways can trigger context-specific lethality
across cancer cell lines®.

We and others previously showed that the multidomain
scaffold protein SH3 and multiple ankyrin repeat domain 3
(SHANK3) adopts a RAS-association (RA) domain-like fold, within
its N-terminal Shank/ProSAP (SPN) domain, with high affinity for
GTP-bound RAS and Rap small GTPases***. SHANK3 was initially
identified in the excitatory synapses of the central nervous
system®. We discovered that SHANK3 functions beyond the ner-
vous system, regulating the cell cytoskeleton® and cell adhesion
by binding to Rapl and inhibiting the formation of an integrin-
activating complex in non-neuronal cells and cancer cells*.
However, whether SHANK3 plays a functional role in oncogenic
RAS signalling remains unknown.

In this work, we identify SHANK3 as a RAS interactor that com-
petes with RAF for binding to active KRAS. We show that this func-
tionally limits oncogenic MAPK/ERK signalling to an optimal level for
KRAS-mutant cancer cell growth. We further demonstrate that
SHANK3 depletion results in hyperactivation of this pathway, leading
to cancer cell death by signalling overdose in KRAS-mutant cancers
with different KRAS mutations. Our data demonstrate that SHANK3
depletion impairs the growth of pre-existing KRAS-mutant tumours,
highlighting the possibility of SHANK3 targeting as a potential
actionable cancer dependency. We provide proof-of-concept evi-
dence that SHANK3 can be targeted by developing nanobodies dis-
rupting the SHANK3-KRAS protein-protein interaction. We
demonstrate the efficacy of these nanobodies in inducing apoptosis
in KRAS-mutant cancers. Collectively our data reveal that the
SHANK3-KRAS interaction is an exploitable vulnerability of pan-
KRAS-driven cancers.

Results

SHANKS3 depletion impairs cell proliferation in a panel of KRAS-
mutant cancer cell lines

To investigate the role of SHANK3 in cancer cell viability, we depleted
endogenous SHANK3 using two unique RNA interference (RNAi) oli-
gonucleotides (siSHANK3_2 and siSHANK3_7) in a large panel of human
PDAC, NSCLC and CRC cell lines harbouring either distinct KRAS
mutations or wild-type (WT) KRAS (Fig. 1a and silencing validated in
Supplementary Fig. 1a). Cell proliferation was strongly impaired with
both SHANK3 siRNAs in each of the 12 tested cancer cell lines with
activating mutations in KRAS [mean inhibition of proliferation (%):
633+4.4% (PANC-1), 66.1+5.6% (Pancl0.05), 38.9 +4.2% (AsPC-1),
63.0£19.6% (Su86.86), 55.5+4.7% (SW1990), 55.5+8.8% (YAPC),
74.5+4.6% (PaTu8902),79.5 +19.1% (MIA PaCa-2), 50.8 + 20.5% (A549),
721+7.5% (H441), 38.0+22.1% (HCT-15), 81.3+8.6% (HCT-116)]
(Fig. 1a). In contrast, the cancer cell lines harbouring WT KRAS did not
show consistent and/or significant inhibition of proliferation following
SHANK3 depletion with the two SHANK3 siRNA [mean inhibition of
proliferation (%): -3.9 +33.2% (H292), 14.0 + 20.9% (H226), 13.6 + 8.0%
(HT-29), 27.9 +21.6 (BxPC3) and 0.4 +2.5 (ARPE)] (Fig. 1a). Interest-
ingly, the pan-cancer Broad and Sanger knock-out cancer cell line
viability screens did not include guide RNAs or shRNA against SHANK3,
suggesting that our current view of genes essential for cancer
survival may be lacking some more important regulators®*®**. Our data
thus indicate that SHANK3 depletion, while dramatically affecting
KRAS-mutant cell proliferation, has no or marginal effects on WT
KRAS cells.

The growth of KRAS-mutant pancreatic (PANC-1) and lung cancer
(A549) cell colonies was also reduced by -90% after acute SHANK3
silencing with the two independent siRNAs (Supplementary Fig. 1b).
Similarly, in a 3-dimensional (3D) setting, the growth of KRAS-mutant
pancreatic (PANC-1 and AsPC-1) and lung (A549) cancer spheroids was
also significantly inhibited (Fig. 1b and Supplementary Fig. 1c).

To examine if SHANK3 is also essential for tumorigenesis, we
established pancreatic and lung cancer xenograft models on chick
embryo chorioallantoic membranes (CAMs) in fertilised eggs (Sup-
plementary Fig. 1d). In line with our in vitro results, we observed a
significant decrease in both tumour weight and the number of pro-
liferating cells, as indicated by Ki-67 staining, in SHANK3-silenced
KRAS-driven PANC-1 and A549 xenografts (Fig. 1c-e), but not in WT
KRAS BxPC3 tumours (Supplementary Fig. le-g).

These data collectively indicate that the depletion of endogenous
SHANKS3 effectively blocks cell proliferation and growth in vitro and
in vivo in different cancer types driven by distinct KRAS mutations.

SHANK3 interacts specifically with active KRAS to regulate
KRAS-mutant cell survival

We had previously determined the crystal structure of the SHANK3 N-
terminus, revealing an RA domain-like structure in the SPN domain
(Fig. 2a)*. A subsequent study elucidated the structure of the SPN
domain when bound to HRAS¥. To understand the role of SHANK3 in
regulating KRAS-driven tumour growth, we first explored the
SHANK3-KRAS interaction. Microscale thermophoresis (MST) and
isothermal titration calorimetry (ITC) measurements with purified
recombinant proteins indicated that the N-terminal SHANK3 SPN
domain alone and the SPN-ARR fragment (comprising the two adjacent
N-terminal domains) (Fig. 2a) interact with active (GMPPCP-form)
KRAS mutants with similar affinities (Kd =5.0+ 0.6 uM for G12V with
SPN; and Kd=5.4+0.7uM for Q61H with SPN-ARR; Fig. 2b, c and
Supplementary Fig. 2a-d). Inactive (GDP-bound) KRAS showed no
interaction with SHANK3 SPN-ARR in ITC measurements (Fig. 2d),
indicating that the interactions were specific to GTP-bound KRAS.
These data show direct SHANK3 SPN domain interaction with KRAS at
low micromolar affinity that is dependent on KRAS activity, similar to
established RA domain-containing proteins*’.
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Fig. 1| SHANK3 depletion inhibits cell proliferation in vitro and in vivo in
different cancer types driven by distinct KRAS mutations. a A cell proliferation
screen following control (siCTRL, grey) or SHANK3 silencing (siSHANK3_2 (red) or
siSHANK3_7 (blue)) in wild-type (WT) or KRAS-mutant pancreatic (PDAC), lung
(NSCLC) and colorectal (CRC) cancer cell lines. ARPE-19, non-transformed retinal
epithelial cells. Shown are the individual data points relative to control [the mean of
the control is set to 1.0 by definition; data are mean +s.d.; n =3 (Panc10.05 siCTRL
and H226 siSHANK3 _2) or 4 (other samples) individually silenced wells; two-way
ANOVA with Dunnett’s multiple comparisons test]. b Spheroid growth of siCTRL or
siSHANK3 PANC-1 or A549 cells. Shown are representative images and quantifica-
tion of spheroid area (mean + s.d.; n =3 independent experiments; statistical

analysis at end point, one-way ANOVA with Holm-Sidak’s multiple comparison test).
c-e Analysis of siCTRL or siSHANK3 PANC-1 and A549 tumour growth on chor-
joallantoic membranes (CAMs). ¢ Immunoblots showing SHANK3 protein levels in
cell suspensions inoculated onto the CAMs [n =1 (PANCI) and 2 (A549) indepen-
dent experiments], (d) tumour weights, and (e) representative immunostainings
and quantification of Ki-67-positive cells in tumours. Shown are individual data
points [mean +s.d.; n =17 (PANC-1 siCTRL), 23 (PANC-1 siSHANK3), 27

(A549 siCTRL) or 22 (A549 siSHANK3) (d) and 9 (PANC-1) or 10 (A549) (e) tumours
per sample group from 1 (PANC-1) or 2 (A549) independent experiments; two-way
ANOVA with Mann-Whitney test (d) and Unpaired two-tailed Student’s ¢-test with
Welch’s correction (e)]. Source data are provided as a Source Data file.
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To validate the SHANK3-KRAS protein-protein interaction in
cells, we expressed fluorescently tagged KRASGI2V and full-length
SHANK3 and performed pull-down experiments. Immunoblotting
analyses showed that KRASGI12V co-immunoprecipitates with the full-
length SHANK3 from cell lysates (Fig. 2e). Unfortunately, due to the
lack of suitable reagents, we were unable to test endogenous SHANK3
and KRAS binding with co-immunoprecipitation. Based on its crystal
structure**, the SHANK3 SPN domain contains the characteristic

positively charged RAS-recognizing residues, R12 and K22, which are
optimally positioned to form salt-bridges with the E37 and D38/Y40
residues of the KRAS Switch I region (residues from D30 to Y40;
Fig. 2a). To analyse the interaction specificity between SHANK3
and KRAS, we introduced charge-reversing mutations into the R12 and
K22 residues of the SPN domain (R12E/K22D) and co-expressed the-
SHANK3 SPN domains (WT or SPN RI2E/K22D mutant) with
KRASG12V in cells. Pull-down analyses showed KRASGI2V co-
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Fig. 2| SHANK3 directly interacts with active KRAS, regardless of the activating
mutation. a Schematic of the SHANK3 protein domains and crystal structure
model of the SHANK3 SPN domain in complex with active KRAS. The zoom-in
shows the critical interacting amino acids. Modified from our previous
publication®. SPN, Shank/ProSAP N-terminal domain; ARR, ankyrin repeat domain;
SH3, Src homology 3 domain; PDZ, PSD-95/Discs large/Z0O-1 domain; PP, proline-
rich region; SAM, sterile alpha motif domain. b MST binding curve for the indicated
proteins. The affinity curve and Kd-value are obtained from triplicate measure-
ments (mean + s.e.m.; representative of two independent experiments). ¢, d ITC
titration and isotherms for interaction between the indicated proteins. Solid line in
c indicates fitting to the single-site-bin ding model at 25 °C with 350 uM of
KRASQ61H and 20 uM of SPN-ARR (graphs are a representative of three technical
replicates; one independent experiment). e Immunoprecipitation (IP) in HEK293
cells co-expressing mRFP-SHANK3 WT and GFP-KRASGI2V using mRFP-trap beads.
A representative western blot is shown (three independent experiments). f IP in
HEK293 cells co-expressing the GFP-tagged SHANK3 SPN domain (WT or RAS-

binding-deficient mutant, R12E/K22D) and KRASGI12V-dsRed using GFP-trap beads.
A representative western blot is shown (three independent experiments). g FRET
assay between GFP-tagged SHANK3 SPN domain (WT or R12E/K22D; FRET donor)
and mCherry-KRASG12V (FRET acceptor) in HEK293 cells. Quantification of relative
FRET efficiency, normalised to mCherry control vector (see methods). Individual
data points and the population average of each biological replicate are shown
[mean +s.d.; three independent experiments; unpaired two-tailed Student’s ¢-test
with Welch'’s correction; 190 (mCherry + WT SPN), 227 (mCherry-KRASGI2V + WT
SPN), 108 (mCherry + R12E/K22D SPN), 153 (mCherry-KRASGI12V + R12E/K22D SPN)
individual data points analysed]. h, i Rescue of cell viability after SHANK3 silencing.
Quantification of viable GFP- or mCherry-positive MIA PaCa-2 cells expressing
either full-length GFP-SHANK3 WT or mutant R12E/K22D (h), or GFP/mCherry-
tagged SHANK3 SPN domain (i) after endogenous SHANK3 silencing (36 h). Shown
are individual data points [mean +s.d., n =4 (h) and 3 (i) independent experiments
(i, each replicate is shown in a different colour); one-way ANOVA with Holm-Sidak’s
multiple comparison test]. Source data are provided as a Source Data file.

immunoprecipitation with SHANK3 SPN WT, an interaction that was
abolished with the SPN R12E/K22D double mutant (Fig. 2f). Accord-
ingly, FLIM-FRET (Forster Resonance Energy Transfer by Fluorescence
Lifetime Imaging Microscopy) experiments demonstrated a significant
increase in FRET efficiency between mCherry-tagged KRASGI2V and
GFP-tagged SHANK3 SPN WT, but not the SPN RI12E/K22D mutant, in
line with SHANK3 and KRASG12V protein-protein interaction (Fig. 2g).
Taken together, these data demonstrate that SHANK3 directly inter-
acts with active KRAS, independent of the specific KRAS mutation in
question, through the conserved R12 and K22 residues, characteristic
of a RAS-effector interface®.

To validate our hypothesis of SHANK3-KRAS interaction-
dependent tumour growth, we tested whether re-expression of
siRNA-resistant full-length SHANK3 WT or RI2E/K22D mutant could
rescue the growth inhibitory effect of SHANK3 silencing. To test this,
we chose the KRAS-mutant MIA PaCa-2 pancreatic cancer cell line, as
these cells were particularly sensitive to SHANK3 siRNA-induced
growth inhibition (Fig. 1la). We found that the re-expression of
SHANK3 WT in SHANK3-silenced MIA PaCa-2 cells restores cell viability
(Fig. 2h). In contrast, the re-expression of the KRAS-interaction-
deficient mutant, SHANK3 R12E/K22D (Fig. 2h), or the SHANK3 SPN
domain alone (Fig. 2i) failed to rescue the cell death triggered by loss of
SHANK3. Thus, an intact KRAS-binding SPN domain in full-length
SHANKS3 is critical for the ability of SHANK3 to regulate KRAS-mutant
cell survival.

SHANK3 competes with RAF for KRAS binding and modulates
downstream MAPK/ERK signalling

KRAS association with the plasma membrane and the ability to recruit
downstream effectors, such as RAF, are required for active KRAS
signalling**2. We observed that GFP-SHANK3 and endogenous SHANK3
localise to the plasma membrane (Supplementary Fig. 3a), and that
GFP-SHANK3 localization overlapped with mutant mCherry-KRASG12V
at the membrane (Fig. 3a), prompting us to investigate the possibility
of SHANK3 interacting with KRAS on the cell membrane.

Based on the available SHANK3 structural data (SHANK3 SPN-
ARR***) and our recent identification of the conformational
opening of the SHANK3 SPN-ARR interface®, we generated ato-
mistic in silico models of the SHANK3 SPN and SPN-ARR frag-
ments and simulated their binding to the plasma membrane
(Supplementary Fig. 3b-e). These simulations indicated that
SHANK3 SPN and ARR domains contain positively charged
regions that interact with the negatively charged plasma mem-
brane. A recently published NMR structure defined a possible
configuration of active KRAS binding to its downstream effector
RAF on a lipid nanodisc membrane®. Intrigued by the striking
structural homology of the RAF RBD (Ras-binding domain) and

SHANK3 SPN domains®****, and our simulation data indicating a
SHANK3 SPN-ARR membrane interaction, we generated a simu-
lation model of the SHANK3 SPN-ARR-KRAS complex on the cell
membrane (Fig. 3b). We observed that KRAS-bound SHANK3
(SPN-ARR domains) has evident interactions with the plasma
membrane in its open configuration (Supplementary Fig. 3b-e%).
An alignment between the SHANK3 SPN-ARR-KRAS model in an
open conformation (Fig. 3b) and the nanodisc-bound KRAS-RAF*
indicates a strong overlap of SPN with the space occupied by the
KRAS-interacting RAF (Fig. 3c and Supplementary Fig. 3b-e).
These structural data give mechanistic insight into, and support
the notion that, SHANK3 (SPN-ARR) competes with RAF for KRAS
binding on the plasma membrane, thus limiting KRAS down-
stream signalling.

To test this model, we first performed competition assays
in vitro. Purified recombinant RAF-RBD and mutant KRASG12V
proteins were incubated with increasing His-SHANK3 SPN protein
concentrations followed by RAF-RBD pulldown (Fig. 3d). We
observed a reduction in KRAS binding to the RAF-RBD beads with
increasing concentrations of His-SPN (note that His-SPN and SPN-
interacting KRAS are washed away in the pulldown; Fig. 3d). ITC
measurements for the interaction between active KRASQ61H and
RAF-RBD (Supplementary Fig. 3f; Kd=11pM+0.7uM) and
SHANK3 SPN-ARR (Fig. 2¢; Kd=5.4 pM + 0.7 uM) under the same
buffer conditions showed a relatively small difference in affinities,
further strengthening our hypothesis that SHANK3 competes with
RAF-RBD for KRAS binding.

We then examined whether KRAS effector recruitment was
affected in the absence of SHANK3. Silencing of endogenous SHANK3
enhanced RAF-RBD and KRASGI2V interaction in cells, as determined
using an established cell-based FRET assay for KRAS effector recruit-
ment (Fig. 3e)*. Collectively, these data indicate that SHANK3 can
effectively compete with RAF to interact with mutant KRAS and thus
may be able to influence KRAS downstream signalling in cells.

The MAPK/ERK pathway is a critical signalling node in KRAS-
mutant cancers. Active RAS mutants recruit RAF to signal through this
pathway to induce ERK phosphorylation and nuclear translocation,
and to promote ERK-dependent cell proliferation®’. We thus sought to
test whether the ability of SHANK3 to compete with RAF for active
KRAS binding could subsequently modulate downstream MAPK/ERK
signalling. Transient overexpression of SHANK3 SPN WT in KRAS-
mutant HCT-116 cells significantly decreased ERK1/2 phosphorylation
(Fig. 3f) and diminished ERK1/2 nuclear translocation in KRAS-mutant
MIA Paca-2 cells (Fig. 3g). The KRAS-binding-deficient SPN mutant
(R12E/K22D), in contrast, did not suppress ERK1/2 phosphorylation
(Fig. 3f) or affect ERK1/2 translocation to the nucleus (Fig. 3g). In line
with SHANK3 SPN-mediated attenuation of ERK-activity, SHANK3 SPN
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WT overexpression, but not SPN RI2E/K22D, in HCT-116 cells
restrained KRAS-driven tumour growth in the chick embryo CAM CRC

xenografts (Fig. 3h).

Together, these data demonstrate that SHANK3 SPN competes
with RAF for active KRAS binding and limits oncogenic signalling via

the MAPK/ERK pathway.

GFP-SHANK3 SPN

SHANK3 depletion triggers cell death through RAS-MAPK path-
way hyperactivation

Recent studies indicate that the level of MAPK/ERK activity in tumour
cells needs to be carefully maintained within a precise range; the sig-
nalling has to be sufficiently high to support tumour growth and yet
below the toxic level that triggers apoptosis or senescence® 2447,
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Fig. 3 | SHANK3 competes with RAF for the binding of active KRAS and limits
downstream MAPK/ERK signalling. a Representative images of GFP-SHANK3 and
mCherry-KRASG12V localisation in A549 cells (maximum projections shown; one
experiment with this cell line). Insets and yellow arrows indicate colocalization of
GFP-SHANK3 with mCherry-KRASG12V at membrane protrusions. b KRAS-SHANK3
SPN-ARR in an open conformation modelled by aligning the RBD and SPN domains
of RAF and SHANKS3, respectively, on a membrane composed of POPC (1-Palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine)/ Phosphatidylinositol 4,5-bisphosphate/
Cholesterol. ¢ Structural alignment between KRAS-SHANK3 SPN-ARR (model) and
nanodisc-bound KRAS-RAF complex (PDB:6PTW). d Analysis of RAF-RBD-KRAS
binding in the presence of the SHANK3 SPN domain using the depicted pulldown
assay. Samples were resolved on SDS-PAGE gel and stained with Coomassie. A
representative gel is shown (three independent experiments). e Quantification of
relative FRET efficiency between GFP-KRASGI12V (FRET donor) and mRFP-RAF-RBD
(FRET acceptor) in siCTRL or siSHANK3 (smartpool SHANK3 siRNA) HEK293 cells.
Shown are the individual data points [mean + s.d., n =79 (siCTRL) or 87 (siSHANK3)
from three independent experiments. Unpaired two-tailed Student’s t-test with

Welch’s correction]. f A representative immunoblot and quantification of ERK
activation levels (phospho-ERK1/2 (Thr202/Y204) / total ERK relative to loading) in
HCT-116 cells expressing GFP-SHANK3 SPN WT or GFP-SHANK3 SPN R12E/K22D
(data represent the individual values; mean +s.d.; mean of control is set to 1.0 by
definition; three independent experiments; Kruskal-Wallis one-way ANOVA and
Dunn’s post hoc test). g Representative confocal images (middle plane) and
quantification of nuclear ERK (indicating ERK activity) in MIA PaCa-2 cells. Yellow
arrowheads point to representative nuclei. N/C, nuclear to cytoplasmic ratio.
Shown are the individual data points and the population average of each biological
replicate (mean + s.d.; three independent experiments; one-way ANOVA with Holm-
Sidak’s multiple comparison test). h Representative images and quantification of
tumour growth of HCT-116 cells, transiently expressing GFP-SHANK3 SPN WT or
GFP-SHANK3 SPN R12E/K22D, on CAMs. Tumours are delimited by the yellow cir-
cles [mean +s.d.; n=21 (GFP, SPN WT) or 19 (SPN R12E/K22D) tumours from two
independent experiments; Kruskal-Wallis one-way ANOVA and Dunn’s post hoc
test]. Source data are provided as a Source Data file.

We observed a marked increase in ERK1/2 phosphorylation in
SHANK3-silenced KRAS-mutant pancreatic (PANC-1) and lung (A549)
cancer cells (Fig. 4a), while AKT activity was not significantly changed
(Supplementary Fig. 4a). In some experiments ERK and AKT total
protein levels were also decreased upon SHANK3-silencing. However,
this varied greatly between experiments and was not significant. In
contrast, ERK activity was not significantly affected in WT KRAS pan-
creatic (BxPC3) and colorectal (HT-29) cancer cells upon SHANK3 loss
(Supplementary Fig. 4b, c). To further validate these results in living
SHANK3-silenced cells on the single cell level, we used an ERK kinase
translocation reporter (ERK-KTR)*® that shuttles between the cyto-
plasm and the nucleus in response to changes in ERK activation state
(Fig. 4b). SHANK3 silencing in PANC-1 cells significantly increased the
cytoplasmic-to-nuclear (C/N) ratio of the KTR, indicative of increased
ERK activity, compared to control cells. These data further demon-
strate that the loss of SHANK3 induces MAPK/ERK signalling hyper-
activation in KRAS-mutant cells (Fig. 4b).

In addition to ERK hyperactivation, SHANK3 silencing significantly
increased the levels of cleaved-PARP1 in PANC-1 and AS549 cells
(Fig. 4a, c), and the number of Annexin V/Pl-positive PANC-1 cells
(Fig. 4d and Supplementary Fig. 5). In contrast, cleaved-PARPI levels
were not markedly increased in WT KRAS HT-29 cells in the same
conditions (Supplementary Fig. 4c). Moving from 2D to 3D and in vivo,
SHANK3 silencing impaired PANC-1 spheroid formation and growth in
Matrigel (Fig. 1b) and significantly increased the number of Annexin
V-positive apoptotic cells over time (Fig. 4e). We also detected notably
higher cleaved caspase-3 staining in SHANK3-silenced KRAS-mutant
A549 CAM tumours, compared to control tumours (Fig. 4f). These data
indicate that loss of SHANK3 induces apoptosis in KRAS-mutant cells.

We then asked whether the cytotoxic effects of SHANK3 silencing
in KRAS-mutant cells depend on the increased activity of the MAPK/
ERK pathway. First, we treated PANC-1 cells with low doses of the MEK
inhibitor trametinib and analysed cell proliferation (measured as
confluence %) (Fig. 4g-i). In control silenced cells, trametinib inhibited
ERK activation (Fig. 4g), but had no effect on cell proliferation (Fig. 4h).
In SHANK3-silenced cells, trametinib clearly dampened the elevation in
ERK activity observed following SHANK3 loss and counteracted the
proliferation defect in a dose- and time-dependent manner (Fig. 4g-i,
Supplementary Fig. 6a). Of note, we found that the highest trametinib
concentration (1 uM) increased SHANK3 protein expression/stability in
control cells (Fig. 4g), which is in line with a previous study reporting
ERK-mediated downregulation of SHANK3 protein stability in
neurons®. Next, we measured the proliferation/viability of PANC-1
cells treated with the MEK inhibitor selumetinib or the ERK inhibitor
SCH772984. MEK or ERK inhibition had no/modest effect on cell via-
bility of control-silenced cells (Fig. 4j, k; as previously described*),
whereas both selumetinib and SCH772984 partially rescued the

proliferation defect of SHANK3-silenced cells in a dose-dependent
manner (Fig. 4j, k). Notably, inhibition of integrin signalling with Rap1
or focal adhesion kinase (FAK) inhibitors did not rescue the observed
phenotype (Supplementary Fig. 6a-c); However, we cannot formally
exclude that Rapl or FAK functions not influenced by the inhibitors
contribute to siSHANK3-induced apoptosis. On the other hand, KRAS
silencing inhibited SHANK3-silencing-induced ERK activation and
PARP1 cleavage and showed a modest trend towards increasing cell
viability (Supplementary Fig. 6d-f). Finally, we tested whether over-
expression of mutant active KRAS would override the inhibition of
endogenous SHANK3 and trigger hyperactivation of ERK and apop-
tosis in KRAS-mutant cells. Overexpression of GFP-KRASG12V failed to
hyperactivate ERK or trigger substantial apoptosis in A549 cells (Sup-
plementary Fig. 6g, h). This is most likely due to significant upregula-
tion of endogenous SHANK3 (Supplementary Fig. 6g, h), suggesting
that KRAS-mutant cells are able to fine-tune KRAS signalling via altered
SHANK3 expression. The exact mechanism of this crosstalk will be
interesting to explore in the future.

These results indicate that the anti-proliferative effects and
reduced cell viability triggered by SHANK3 depletion in KRAS-mutant
cells are linked to dysregulated MAPK/ERK activity and not due to
increased integrin signalling in these cells*.

SHANK3 depletion impairs the growth of established KRAS-
mutant tumours
To evaluate the requirement of SHANK3 in maintaining the growth of
established tumours, we generated PANC-1 cell clones with a doxycy-
cline (dox)-inducible shRNA against SHANK3 (Fig. 5a). Dox-induced
SHANK3 depletion suppressed cell proliferation in vitro similar to the
siRNA approach (Fig. 5a-e and Supplementary Figs. 7 and 8). Con-
sistent with the results obtained by siRNA-mediated silencing, induci-
ble silencing of SHANK3 (shRNA targeting sequence is distinct from the
two siRNAs) strongly increased ERK phosphorylation and, conse-
quently, PARP1 cleavage in a time-dependent fashion (Fig. 5b and
Supplementary Fig. 7). The induction of SHANK3 silencing also abol-
ished the growth of established 3D spheroids and was accompanied by
a significant increase in AnnexinV-positive regions within the spher-
oids over time (Fig. 5c-e and Supplementary Fig. 8). To further
investigate the apoptotic pathways activated by SHANK3 loss, we
analysed the activity of caspases. SHANK3-silenced cells showed
notably higher caspase-3 and caspase-8 activity in a time-dependent
manner (Fig. 5f, g; activity peak at 5 days post dox induction), whereas
caspase-9 showed no elevated activity (Supplementary Fig. 9). These
data indicate that SHANK3 depletion induces caspase-3/caspase-8-
dependent apoptosis in KRAS-mutant cells.

To study the effect of dox-induced SHANK3 depletion in
established tumours in vivo, we implanted shSHANK3-expressing
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PANC-1 cells into the flanks of athymic Nude mice, allowed tumours
to form (<100 mm?®) and thereafter subjected the mice to a dox-
supplemented or normal diet (Fig. 5h). shRNA induction was mon-
itored by imaging red fluorescence (tRFP reporter) and tumour
growth was followed bi-weekly. SHANK3 depletion in the estab-
lished tumours led to robust inhibition of tumour growth when

compared to control tumours (Fig. 5i, j and Supplementary Fig. 10).
At the end of the experiment, SHANK3 mRNA expression remained
significantly suppressed in the dox-induced tumours (Fig. 5k). The
reduced growth of established tumours upon SHANK3-depletion
was also reflected in the tumour masses at the end of the experi-
ment (Fig. 51). These in vivo data highlight the potential of SHANK3
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Fig. 4 | SHANK3 depletion triggers RAS-MAPK pathway hyperactivation and
apoptosis in KRAS-mutant cells. a ERK activity in PANC-1 and A549 cells post
SHANK3 silencing (3 days). Samples blotted on duplicate membranes, m#1 and
m#2. SHANK3 mRNA levels (fold change) indicated below [mean +s.d.; PANC-1,
n=8 (siCTRL), 5 (siSHANK3_2) or 6 (siSHANK3_7); A549, n=5 (siCTRL) or 3 (siSH-
ANK3_2 and siSHANK3_7) independent experiments; Kruskal-Wallis one-way
ANOVA and Dunn’s post hoc tests]. b Confocal images of ERK-KTR-mRuby2-
expressing siCTRL and siSHANK3 cells (nuclei outlined by yellow dashed lines). C/
N, ERK-KTR-mRuby?2 cytoplasmic/nuclear ratio [mean +s.d.; n=61 (siCTRL, 48 h),
38 (siSHANK3_7, 48 h), 185 (siCTRL, 72 h) or 59 (siSHANK3_7, 72 h) cells from three
independent experiments; unpaired two-tailed Student’s t-test with Welch’s cor-
rection]. ¢ Immunoblotting analysis of cleaved-PARP1 from 4a [mean + s.d., nor-
malized to siCTRL; PANC-1, n=6 (siCTRL, siSHANK3_7) or 3 (siSHANK3_2); A549,
n=5 (siCTRL, siSHANK3_7) or 3 (siSHANK3_2) independent experiments; Kruskal-
Wallis and Dunn’s post hoc tests]. d, e siSHANK3 PANC-1 cell death in 2D (annexin

V-FITC flow cytometry analysis, d) and 3D (annexin-positive spheroid area, e)
[mean +s.d.; five independent experiments; unpaired two-tailed Student’s ¢-test
with Welch’s correction (d); one-way ANOVA with Holm-Sidak’s multiple compar-
ison test at endpoint (e)]. f Cleaved caspase-3-postive cells in siSHANK3 A549
tumours (CAM assay) (mean +s.d.; n =10 tumours from two independent experi-
ments; two-tailed Mann-Whitney test; no/residual siSHANK3 PANC-1 tumours
detected). g ERK activity in sSiSHANK3 PANC-1 cells + MEK inhibitor (trametinib)
(two independent experiments). h siSHANK3 PANC-1 cell proliferation (confluence
% at day 5) + trametinib (mean + s.d; n =4 technical replicates; representative of
three independent experiments). i SiSHANK3 PANC-1 cell proliferation + 300 nM
trametinib over time (mean + s.e.m.; n =4 technical replicates; representative of
three independent experiments). j, k siSHANK3 PANC-1 cell viability + selumetinib
(MEK inhibitor) (j) or SCH772984 (ERK inhibitor) (k) [meants.d; n=4

(j, k siSHANK3) or 3 (k, siCTRL) technical replicates; representative of three inde-
pendent experiments]. Source data are provided as a Source Data file.

targeting as an anti-cancer therapy in pre-existing KRAS-mutant
tumours.

Nanobodies disrupting the SHANK3-KRAS interaction drive
KRAS-mutant cells into apoptosis
To further explore the possibility of SHANK3 targeting as a therapeutic
vulnerability, we generated nanobodies that interfere with the
SHANK3-KRAS interaction and assessed their efficacy in KRAS-mutant
cancer cells. A phage display library screen identified two distinct
single-domain antibody fragments (VHH-binders; nanobodies AO1 and
EO1) directed against the SHANK3 SPN domain. Using MST, the affinity
of the EO1 nanobody for SHANK3 was determined to be 137 + 6 nM
(Supplementary Fig. 11). We detected clear binding of AO1 to SHANK3;
however, the relatively low affinity precluded precise affinity deter-
mination. Both nanobodies robustly inhibited SHANK3-KRAS-GTP
interaction in an enzyme-linked immunosorbent assay (ELISA) as well
as in in vitro pull-down assays (Fig. 6a, b). When expressed in cells,
both anti-SHANK3 SPN nanobodies co-precipitated endogenous
SHANK3 (Fig. 6c). In functional viability studies with KRAS-mutant
pancreatic (PANC-1) and lung (A549 and H441) cancer cells, both
nanobodies increased the number of Annexin V-positive apoptotic
cells (Fig. 6d, e and Supplementary Fig. 12). Finally, while control cells
rapidly formed tumours in the CAM xenograft model, overexpression
of AO1 and EO1 anti-SHANK3 nanobodies significantly reduced the
KRAS-driven tumour growth (Fig. 6f). These data indicate that dis-
rupting SHANK3 interaction with KRAS results in a similar loss of cell
viability and apoptosis induction in KRAS-mutant cells as with RNAI-
mediated SHANK3 depletion (Fig. 6g).

Together, these findings support the concept that hyperactivating
the RAS-MAPK pathway in KRAS-mutant cells by ablating
SHANK3 could have a therapeutic impact on KRAS-mutant cancers.

Discussion
Our work identified the SHANK3 scaffold protein as an essential reg-
ulator of active and mutant KRAS. SHANK3 directly interacts with
KRAS, competes with RAF for KRAS binding on the plasma membrane,
and sets downstream MAPK/ERK signalling to an optimal level to
sustain proliferative capacity and prevent active ERK levels from
reaching a lethal signalling threshold (Fig. 6g). We demonstrate that by
disrupting the SHANK3-KRAS interaction, thus removing an endo-
genous KRAS signalling brake, we can trigger cytotoxic ERK activity
that results in reduced cell proliferation, apoptosis induction and
impaired tumour growth in KRAS-mutant xenograft models. This
indicates that KRAS-driven cancer cells require intermediate levels of
SHANK3-KRAS association to support tumour growth (Fig. 6g).
Targeting SHANK3 to induce RAS-MAPK hyperactivation-induced
apoptosis represents an example of the emerging concept of context-
specific lethality of oncogenic pathway activation™*2 Firstly, we show

that SHANK3 binding to oncogenic KRAS does not depend on specific
KRAS-activating mutations. Therefore, targeting the SHANK3-KRAS
interaction could represent a pan-KRAS-mutant compatible strategy
for the selective killing of KRAS-mutant cancer cells. Secondly, while
the current efforts strive to develop KRAS inhibitors?*"*, we
describe a mechanism to hyperactivate KRAS-MAPK signalling to
cytotoxic levels by disrupting KRAS interaction with SHANK3. This is in
line with the recently emerging concept of pathway overactivation as
an exploitable vulnerability in cancer®#7152,

We provide proof-of-concept evidence of the ability of inhibitors
targeting the SHANK3-KRAS interaction to trigger apoptosis and limit
the growth of KRAS-mutant cancers. Although targeting intracellular
proteins by antibodies has been difficult, the use of nanobodies with
nanoparticles and  cell-penetrating  peptides  offers new
opportunities®*. Furthermore, pharmaceutical development of small
molecule inhibitors of protein-protein interactions has recently
become possible, as exemplified by the successful generation of BH3-
mimetics®. Similarly, several siRNA therapeutics have already gained
FDA approval”~°. Our findings that KRAS-mutant tumour growth can
be inhibited in in vivo settings either by modulating SHANK3 expres-
sion or by blocking SHANK3-KRAS protein-protein interaction using
nanobodies, demonstrate that SHANK3 might represent a therapeutic
vulnerability in KRAS-mutant cancers.

Many important questions remain to be investigated regarding
the emerging but currently incompletely understood concept of
hyperactivation-induced cell death. Focusing here on the SHANK3-
dependent pathway, the detailed mechanism of SHANK3 control of
ERK signalling is not fully characterized. We show that SHANK3
depletion hyperactivates ERK and induces cell death, which can be
rescued by three distinct MEK/ERK inhibitors. However, KRAS silencing
does not fully restore cell viability and the KRAS-binding SPN-domain
alone fails to rescue cell viability in siSHANK3 cells. These data imply
that SHANK3 control of apoptosis extends beyond the KRAS-RAF
interaction. SHANK3 is a large multi-domain scaffold protein binding
to cell surface receptors and actin in the postsynaptic density of
neurons®°°, At present, SHANK3 has not been widely investigated
beyond the central nervous system and currently unknown protein
interactions and biology may enable SHANK3 to control not only ERK
activity but its spatial localisation in cells in a manner that contributes
to limiting pathway activity. Furthermore, SHANK3 interacts with ERK
and ERK regulates SHANK3 stability*’, implying a possibly complex
crosstalk between the two proteins.

Oncogene overactivation-induced loss of cell viability was
recently reported for several distinct oncogenic pathways and seems
in all cases to be dependent on further activation of an already highly
active signalling axis****2, How cancer cells recognise favourable ver-
sus unfavourable levels of oncogenic signalling is not clear. In terms of
SHANKS3, this recognition may translate into tight modulation of its
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expression levels. We find that overexpression of mutant active KRAS
in KRAS-mutant cells fails to over-activate KRAS-ERK signalling and
trigger cell death, most likely owing to a concomitant upregulation of
endogenous SHANK3. Thus, cancer cells seem to optimally regulate
oncogenic signalling below a cytotoxic level and we propose SHANK3
inhibition of KRAS interaction as one mechanism employed by KRAS-
mutant cancer cells to prevent signalling overdose. While the
mechanisms regulating SHANK3 expression in cancer remain to be
elucidated, investigating the impact of oncogene-induced stress on
SHANK3 expression could shed light on its potential involvement in
tumorigenesis. In addition, understanding how SHANK3 regulates
physiological RAS signalling in response to growth factors or the
interplay between SHANK3 and other RAS-binding partners might
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offer insights into KRAS-driven cancer development. Our study has
focused on the SHANK3 role in modulating KRAS signalling, however,
the SHANK3 RA-like domain can interact with other RAS family
members***, Therefore, it is possible that SHANK3 has a broader role
in other RAS-isoform-driven cancers but this remains to be validated.
Lastly, while the safety concerns regarding SHANK3 targeting are
mitigated by the observation that individuals with genetic SHANK3 loss
(Phelan-McDermid syndrome) do not exhibit increased tumour for-
mation, this aspect requires thorough investigation.

In summary, our work provides an important example of con-
ditional pathway activation limiting viability of KRAS-mutant cancers.
We have discovered here that SHANK3 control of ERK activity is
essential for cancer cell viability. Therefore, SHANK3 emerges as a
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Fig. 5 | SHANK3 depletion impairs the growth of pre-existing KRAS-mutant
PDAC tumours. a A schematic representation of the lentiviral vector for tetra-
cycline/doxycycline (dox)-inducible synthesis of SHANK3 shRNA with a tRFP (Tur-
boRFP) reporter for visual confirmation of shRNA expression following dox
induction. SLTR, 5'long terminal repeat; W, Psi packaging sequence; PuroR, pur-
omycin resistance gene; 2a, self-cleaving peptide; WPRE, Woodchuck Hepatitis
Post-transcriptional Regulatory Element; 3’ SIN LTR, 3’ Self-inactivating Long
Terminal Repeat (see methods for more detail). b ERK activation kinetics in
shSHANK3 KRAS-mutant cells. Representative immunoblots showing SHANK3,
p-ERK and cleaved-PARP1 levels in control (-dox) and dox-induced (+dox)
shSHANK3-expressing PANC-1 cells (mix of two independent clones) collected at
different time points. GAPDH, loading control (n = three independent experi-
ments). c-e Analysis of the growth and viability of shSHANK3-expressing PANC-1
spheroids + dox (dox added at day 5, when spheroids were established, and con-
tinued until day 15). Representative images show SHANK3 depletion as observed by
the tRFP reporter and apoptotic Annexin V-positive cells (c). Quantification of

spheroid growth over time (d), shaded region denotes sphere growth prior to
treatment and cell viability at endpoint (e) (mean + s.d. from n =3 independent
experiments; unpaired two-tailed Student’s ¢-test with Welch’s correction at end-
point). f, g Caspase-3 (f) and caspase-8 activity (g) in shSHANK3-expressing PANC-1
cells + dox at the indicated time points (shown is normalized fluorescence inten-
sity). Staurosporine used as a positive control (mean *s.d.; n =3 independent
experiments; one-way ANOVA with Holm-Sidak’s multiple comparison test). h-1
Analysis of the growth of established tumours in mice following SHANK3 depletion.
h Outline of animal experiments. i Tumour volumes after starting the dox treat-
ment (normalised to tumour volumes at the start of dox induction).

Jj Representative 1VIS images of the tRFP reporter expression in tumours 5 and

26 days after dox induction. k SHANK3 gene expression (mRNA levels) in tumours
at the end of the experiment. I Tumour weights at the end of the experiment

(26 days after dox-induction) (data represent individual tumours and the mean +
s.d.; n=11 (-dox) and 12 (+dox) tumours; unpaired Student’s ¢-test with Welch’s
correction). Source data are provided as a Source Data file.

cancer vulnerability across different KRAS-mutant cells and
cancer types.

Methods

All animal experiments were ethically assessed and authorised by the
National Animal Experiment Board and in accordance with The Fin-
nish Act on Animal Experimentation (Animal license numbers ESAVI/
9339/2016 and ESAVI/37571/2019). All experiments respected the
maximum tumour diameter (15 mm) permitted by the authorisation
bodies.

Cell lines and culture

All cell lines were purchased from ATCC, unless otherwise indicated.
PANC-1 (Cat. no. CRL-1469), AsPC-1 (Cat. no. CRL-1682) SW1990 (Cat.
no. CRL-2172) PaTu8902 (Cat. no. ACC 179, DSMZ), MIA PaCa-2 (Cat.
no. CRL-1420) (human pancreatic ductal adenocarcinoma cell lines),
A549 (human lung adenocarcinoma) (Cat. no. CCL-185), HCT-116
(human colorectal carcinoma) (Cat. no. CCL-247), HT-29 (human col-
orectal adenocarcinoma) (Cat. no. HTB-38) and HEK293 (human
embryonic kidney) (Cat. no. CRL-1573) cells were grown in DMEM
(Dulbecco’s modified Eagle’s medium; Cat. no. D5796, Sigma-Aldrich)
supplemented with 10% FBS and 2 mM L-glutamine (Cat. no. G7513-
100ML, Sigma-Aldrich).

Su86.86 (human pancreatic adenocarcinoma) (Cat. no. CRL-1837),
YAPC (human pancreatic carcinoma) (Cat.no. ACC 382, DSMZ), H441
(human lung adenocarcinoma) (Cat. no. HTB-174), HCT-15 (human
colorectal adenocarcinoma) (Cat. no. CCL-225), H292 (human lung
carcinoma) (Cat. no. CRL-1848) and H226 (human lung squamous cell
carcinoma) (Cat. no. CRL-5826) cells were cultured in RPMI-1640
medium supplemented with 10% FBS and 2 mM L-glutamine.

BxPC-3 (Cat. no. CRL-1687) and Pancl0.05 (Cat. no. CRL-2547)
(human pancreatic adenocarcinoma) cells were cultured in RPMI-1640
medium supplemented with 10% FBS and 2mM L-glutamine plus
10 units/ml human recombinant insulin (Cat. no. 19278-5ML, Sigma-
Aldrich) for the Pancl0.05 cells only. ARPE-19 (human retinal pig-
mented epithelium) (Cat. no. CRL-2302) cells were grown in DMEM:F12
(Cat. no. 11320074, Gibco) supplemented with 10% FBS and 2 mM
L-glutamine.

Cells were regularly tested by MycoAlert™ Mycoplasma Detection
Kit (Cat. no. LTO7-418, Lonza) with MycoAlert™ Assay Control Set (Cat.
no. LTO7-518, Lonza) and found to be free from mycoplasma con-
tamination. All cell lines were authenticated by STR profiling using the
services of the Leibniz Institute DSMZ.

siRNAs and DNA constructs

The siRNAs used were SMARTpool ON-TARGETplus Human SHANK3
siRNA (Cat. no. L-024645-00-0010, Dharmacon™, Horizon Dis-
covery), individual Human SHANK3 siRNA_2 (Cat. no. S100717710

Hs_SHANK3 2 siRNA, Qiagen; target sequence: 5-CAGGGATGTCC
GCAACTACAA -3), individual ON-TARGETplus Human SHANK3
siRNA_7 (Cat. no. J-024645-07, Dharmacon™, Horizon Discovery;
target sequence: 5- GGGCTTCACCTGACTACAA -3) and ON-
TARGETplus Human KRAS siRNA SMARTpool (Cat. no. L-005069-
00-0010, Dharmacon™, Horizon Discovery). The control siRNA was
Allstars negative control siRNA (Cat. no. 1027281, Qiagen).

EGFP-tagged SPN domain and mRFP-tagged SHANK3 were gen-
erated previously*. pHAGE-EGFP-Shank3 (GFP-SHANK3 WT) was
kindly supplied by Alex Shcheglovitov. The R1I2E/K22D mutation was
introduced by site-directed mutagenesis (Gene Universal). pmGFP-
KRASG12V and mRFP-RBD with the RAS binding domain (RBD) of CRAF
have been described earlier®¢2, The pmCherry-KRASGI2V construct
was generated by replacing pmGFP from pmGFP-KRASGI2V with
pmCherry from the pmCherry-Cl vector (Clontech Laboratories Inc.)
using Nhel and BsrGl restriction sites. DsRed-KRASGI2V has been
described before®® and was a gift from James Lorens. His6-KRASQ61H
(Plasmid #25153, Addgene) was a gift from Cheryl Arrowsmith.
pLentiPGK-Blast-DEST-ERKKTRmRuby2 (Plasmid #90231, Addgene)
was a kind gift from Markus Cover*. mCherry-tagged anti-SHANK3-
SPN nanobodies AO1 and EO1 were generated by Hybrigenics. In
addition, peGFP-C1 and pHAGE-CMV-eGFP-W (PlasmID, Harvard Med-
ical School) and pmCherry-C1 were used as controls.

Generation of ERK biosensor cells

HEK293T packaging cells were co-transfected with pMDLg/pRRE
(Plasmid #12251, Addgene), pRSV-Rev (Plasmid #12253, Addgene),
pMD2.G (Plasmid #12259, Addgene) and pLentiPGK-Blast-DEST-
ERKKTRmRuby?2, using Lipofectamine 3000 (Cat. no. L3000-015, Life
Technologies) as per the manufacturer’s instructions. Packaged lenti-
viruses were then applied to PANC-1 cells in the presence of polybrene
(8 ug/ml, Cat. no. TR-1003-G, Sigma-Aldrich) and incubated overnight.
Successfully transduced cells were then selected using blasticidin
(6 ug/ml, Cat. no. 15205, Sigma-Aldrich).

Generation of doxycycline-inducible shSHANK3 PANC-1 cell line
SMART lentiviral shRNA vectors for doxycycline-inducible suppression
of human SHANK3 gene expression were purchased from Dharmacon
as viral particles (Dox-inducible SMARTvector shSHANK3, Cat. no.
V3SH7669-228381856, Dharmacon). The lentiviral vector contains a
PTRE3G inducible promoter (Fig. 5a). The tetracycline response ele-
ment is activated by the Tet-On® 3G transactivator protein in the
presence of dox. The vector also contains a TurboRFP reporter (visual
tracking of expression upon dox induction), a puromycin resistance
gene, a self-cleaving peptide (enables the expression of both PuroR
and Tet-On® 3 G transactivator from a single RNA pol Il promoter) and
Tet-On® 3G (encodes the dox-regulated transactivator protein, which
binds to PTRE3G promoter in the presence of dox).
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Flg 6 | Targeting of KRAS-SHANK3 interaction by anti-SHANK3 nanobodies
pop and inhibits KRAS-driven tumour growth. a-c The inhibitory
function of anti-SHANK3 SPN nanobodies on KRAS-SHANK3 interaction. a The
effect of two independent SHANK3 SPN nanobodies (AO1 and EO1) at the indicated
concentration on the binding of His-tagged SHANK3 SPN to GST-tagged KRAS-GTP
as measured by ELISA (data are mean + s.d. of the Eu-signal; three independent
experiments; Unpaired two-tailed Student’s t-test with Welch’s correction). b Top:
The experimental outline showing His-SHANK3 SPN pulldown of GST-KRAS-GTP in
the presence of anti-SHANK3 SPN nanobodies. Bottom: A representative blot
showing loss of SHANK3-KRAS interaction in the presence of the nanobodies (n =2
independent experiments). ¢ Specificity analysis of anti-SHANK3 SPN nanobodies.
A549 cells expressing mCherry alone (control; Ctrl) or mCherry-tagged anti-
SHANK3 SPN nanobodies (AO1, EO1) were subjected to IP. A representative western
blot, probed with the indicated antibodies is shown (n =2 independent experi-
ments). d, e, Analysis of cell viability in the presence of anti-SHANK3 nanobodies.
Representative flow cytometry assay histograms (d) and quantification (e) of

Survival
Tumour maintenance and growth

Apoptosis

apoptosis (Annexin V-FITC-positive (+) cells) in PANC-1, A549 and H441 cells,
expressing mCherry (Ctrl) or mCherry-tagged anti-SHANK3 SPN-nanobodies,

4 days after transfections [mean +s.d.; n=3 (PANC-1) and 4 (A549) independent
experiments; two-way ANOVA and Sidak’s post hoc test; example scatter plots and
gating strategy are shown in Supplementary Fig. 12]. f Analysis of tumour growth
with HCT-116 cells transiently expressing mCherry-tagged anti-SHANK3 SPN
nanobodies (AO1 and EO1) or mCherry (Ctrl) and inoculated on CAM membranes
(data represent individual tumours and the mean +s.d.; n =18 (Ctrl, EO1) or 21 (A01)
tumours/treatment group; Kruskal-Wallis one-way ANOVA and Dunn’s post hoc
test). g Schematic model of SHANK3-controlled cell fate in KRAS-mutant cancers.
SHANK3 directly interacts with active KRAS and competes with RAF for KRAS
binding to sustain oncogenic RAS-MAPK/ERK signalling at an optimal level (i.e.
below toxic oncogenic signalling) in KRAS-mutant cancers. SHANK3 loss (1) or
inhibition of SHANK3-KRAS interaction (2) drive KRAS-mutant cells into cell death.
Source data are provided as a Source Data file.

Packaged lentiviruses (40 MOI) were applied to PANC-1 cells in
the presence of polybrene (8 ug/ml) for 48 h; first, cells were incu-
bated with the transduction mix in serum-free medium for 20 h, and
then full medium was added to cells without removing the trans-
duction mix. Two days after transduction, the medium was replaced
with full medium and cells were cultured for an additional 48 h. Four
days after transduction, cells were selected using puromycin

(4 pg/ml, Cat. no. 15205, Sigma-Aldrich). Single-cell clones were
created by screening for high induction efficacy (bright tRFP-
positive clones after dox-induction, indicative of shRNA expres-
sion). All established PANC-1 shSHANK3 expressing cell lines (single
and a mix of clones 1C and 4S) were cultured in DMEM supple-
mented with 10% FBS and 2 mM L-glutamine, 2 ug/ml puromycin.
For doxycycline inductions, treatment (+dox; 1-2ug/ml) was
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started 24 h post-plating. Culture medium (+/- dox) was changed
every 2nd day.

Transient transfections

Lipofectamine 3000 and P3000™ Enhancer Reagent (Cat. no.
L3000001, Thermo Fisher Scientific) or jetPRIME (Cat. no. 101000046,
Polyplus) were used to transiently transfect cells with plasmids
according to the manufacturer’s protocol. siRNA silencing was per-
formed using 30-67 nM siRNA (siRNA targeting SHANK3 or negative
control siRNA) and Lipofectamine® RNAIMAX Reagent (Cat. no.
13778075, Thermo Fisher Scientific) according to the manufacturer’s
protocol. Cells were cultured for 24 h with transfection reagents and,
one day post-transfection, medium was changed to full culture med-
ium, and cells were used for the experiments at the indicated time
points.

Proliferation assays using IncuCyte

2D assay: Cells were seeded on a 96-well plate and transfected with
siRNAs on the following day, as described above. To perform a pro-
liferation screen in multiple cancer cell lines, 5000-10000 cells were
seeded in the 96-wells depending on the growth rate of control cells.

Inhibitor treatments were started a day post-silencing and cells
were treated with complete medium containing DMSO (control),
Trametinib (Cat. no. GSK1120212, Selleckchem), Rapl inhibitor (Cat.
no. GGTI 298, Sigma) or FAK inhibitor (FAK-14, Sigma) at the indicated
concentrations. For shSHANK3 PANC-1 cells, dox induction (+dox; 2 g/
ml) was started 24 h post-plating. Culture medium with or without dox
was changed every other day. Proliferation was measured for 4 days.

3D spheroid assay: Spheroid formation was performed with cells
embedded between two layers of Matrigel®*. Briefly, the inner wells of
an angiogenesis 96-well y-plate (Cat. no. 89646, Ibidi GmbH) were
coated with 10 ul of 50% Matrigel (diluted in full cell culture medium;
Matrigel stock 9 mg/ml, Cat. no. 354230, Corning), centrifuged for
20 min at 200 g (4 °C) and incubated for 1 h at 37 °C. Next, the upper
wells were filled with 20 ul of cell suspension in 25% Matrigel (500 cells/
well), centrifuged for 10 min at 100 xg and incubated at 37 °C for
4-16 h. Wells were then filled with complete culture medium and
spheroid formation was measured for 6-15days. SHANK3 depletion
was induced by doxycycline ( +dox; 2 ug/ml) in established shSHANK3
PANC-1 spheroids at day 5. Annexin V (1:200, Annexin V-FITC Apop-
tosis Detection Kit, Cat. no. BMS500FI-300, eBioscience™) was added
at the same time as dox and spheroid growth and apoptosis were
monitored for 10 days. Culture medium (+/- dox and Annexin V) was
changed every other day.

For both 2D and 3D assays, proliferation was measured using the
IncuCyte S3 Live-Cell Analysis system (10x objective). Wells were
imaged every 2h (brightfield). Culture medium was changed every
2-3 days. Analysis was performed using IncuCyte S3 software. The
analysis definition was set using the following parameters: segmenta-
tion (background-cells), clean-up (hole fill), filters (area, eccentricity,
mean intensity, integrated intensity). A mask was set to the best fit of
cell confluence to quantify the area covered by cells. Normalised
proliferation was calculated from time-lapse imaging by dividing the
area covered by cells at every time point by the area of the first time
point (t = 0; averaged reading used from replicate wells).

Colony formation

Cells previously silenced with the indicated siRNAs for 24 h were see-
ded on a 6-well plate (250 cells/well) in full medium. The culture
medium was changed every 2-3 days, ending the assay on day 10-14.
Colonies were fixed with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 15 min and washed with PBS. Then, colonies
were stained with 0.2% crystal violet in 10% ethanol for 10 min at room
temperature and washed with PBS. Plates were scanned and analysed
using a Colony area ImageJ plugin®.

Cell viability assays

Annexin V-FITC/PI flow cytometry was used to evaluate apoptotic and
necrotic cell death in cells cultured in monolayers. One to three days
after silencing or four days post transfection of mCherry-tagged anti-
SHANK3 nanobodies (AO1 and EO1) or control-mCherry, cells were
stained by Annexin V-FITC Apoptosis Detection Kit (Cat. no.
BMS500FI-100, eBioscience™) according to the manufacturer’s
instructions. Apoptotic cells were detected using BD LSR Fortessa™
analyser (BD Biosciences).

The viability of SHANK3-silenced PANC-1 cells treated with ERK
and MEK inhibitors was measured using Cell Counting Kit-8 (WST-8/
CCK-8; Cat. no. ab228554, Abcam). Cells were silenced for 24 h as
described above and then seeded on a 96-well plate with full medium
containing DMSO (control), Selumetinib (ADZ6244; Cat. no. S1008,
Selleckchem) or a selective ERK1/2 inhibitor (SCH772984; Cat. no.
$7101, Selleckchem) at different concentrations (concentrations used:
0,0.1nM, 0.5nM,1nM, 5nM, 10 nM, 31.3 nM, 62.5 nM, 124 nM. 250 nM,
500nM and 1uM). Cell viability was measured 96 h after silencing
(drugs for 72 h). For some 3D spheroid assays, growth/viability was
measured using Cell Counting Kit-8 (WST-8/CCK-8; Cat. no. ab228554,
Abcam) instead of IncuCyte. At culture end point, the medium was
replaced with fresh medium supplemented with WST-8 solution and,
after a 2 h incubation in the dark at 37 °C, absorbance was measured
at 460 nm.

Caspase activity assay

PANC-1 cells expressing doxycycline-inducible SHANK3 shRNA were
seeded in a 96-well plate (4000 cells/well) and treated with doxycy-
cline (2 pg/ml) for 1-6 days. Untreated cells and cells treated for 24 h
with staurosporine (2 pM) were used as controls. The activity of cas-
pase-3, caspase-8 and caspase-9 was measured using a commercial kit
(Cat. no. ab219915, Abcam) according to the manufacturer’s instruc-
tions. Briefly, each caspase substrate as a 1X solution was diluted in
100 pl assay buffer per well and added to cells. Cells were incubated at
room temperature in the dark for 30-60 min and caspase activity was
evaluated by measuring fluorescence intensity (Ex/Em =535/620 nm
[red] for caspase-3, Ex/Em =490/525 [green] for caspase-8 and Ex/
Em =370/450 nm [blue] for caspase-9) with a Synergy H1 Hybrid Multi-
Mode reader (BioTek, Winooski, VT).

Quantitative real-time polymerase chain reaction (QRT-PCR)
Total cellular RNA was extracted using the NucleoSpin® RNA kit (Cat.
no. 740955.50 Macherey-Nagel), and 1pg of the extracted RNA was
used as a template for cDNA synthesis by high-capacity cDNA reverse
transcription kit (Cat. no. 4368814, Applied Biosystems) according to
the manufacturer’s protocol. Tumours were homogenised with T 25
ULTRA-TURRAX® (lka), and total RNA was extracted using TRIsure™
(Cat. no. BIO-38032, Bioline Ltd). Expression levels of SHANK3 were
determined by TagMan® qRT-PCR reaction using QuantStudio™ 12 K
Flex Real-Time PCR System (Thermo Fisher Scientific). The level of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression was
used as a reference (endogenous control). Tagman® Universal Master
Mix Il included the necessary components for qRT-PCR reactions (Cat.
no. 4440040, Thermo Fisher Scientific). TagMan® Gene Expression
Assays (Thermo Fisher Scientific) were used to detect SHANK3 (Assay
ID: Hs00873185_m1) and GAPDH (Assay ID: Hs02786624 _gl). Relative
quantification (RQ) of SHANK3 levels was derived from three technical
replicates by a comparative CT (AACT) method using GAPDH levels as
a reference. RQ_{min}=2"{-(AACt+SE)} and RQ_{max}=2"{-(AACt -
SE)}, where SE is the standard error of the AACt values.

Immunoblotting

Inhibitor treatments [DMSO control, Trametinib (GSK1120212,
Selleckchem), Rapl1 inhibitor (GGTI 298, Sigma) or FAK inhibitor
(FAK-14, Sigma)], in complete medium at the indicated
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concentrations, were started 1h before siRNA-mediated silencing
and repeated 48 h later.

Cells were collected in lysis buffer [SO mM Tris-HCI (pH 7.5),
150 mM Nacl, 0.5% Triton-X, 0.5% glycerol, 1% SDS, complete protease
inhibitor (Sigma-Aldrich) and PhosSTOP (Sigma-Aldrich)] and protein
extracts were sonicated. Protein levels were measured using a Bio-Rad
protein quantification kit. Sample buffer was added, and samples were
boiled for 5 min at 95 °C. Proteins were then separated using SDS-PAGE
under denaturing conditions (4-20% Mini-PROTEAN TGX Gels) and
transferred onto nitrocellulose membranes by semi-dry turbo blot
(BioRad Laboratories). Membranes were blocked with 5% bovine
serum albumin (BSA) in TBST (Tris-buffered saline and 0.1% Tween 20)
for1hat room temperature. Primary antibodies were diluted in 5% BSA
in TBST and incubated with membranes overnight at 4 °C. After pri-
mary antibody incubation, membranes were washed thrice with TBST
for 5min at room temperature. Fluorophore-conjugated or ECL HRP-
linked secondary antibodies (GE Healthcare) were diluted 1:5000 in 5%
BSA in TBST or in blocking buffer (Cat. no. 37538, Thermo Fisher Sci-
entific) in PBS (1:1) and were incubated with membranes for 1h at room
temperature. Membranes were scanned using an infrared imaging
system (Odyssey; LI-COR Biosciences) or using ECL Plus Western
blotting reagent (Cat. no. RPN2232, GE Healthcare) and film. Band
intensity was determined using Fiji®® (ImageJ; National Institutes of
Health) or Image Studio Lite (LI-COR).

The following primary antibodies were used: SHANK3 (Cat. No.
HPA003446, Atlas antibodies and Cat. no. sc-30193, Santa Cruz), GFP
(Cat. no. abl218, Abcam), KRAS (Cat. no. WH0003845M1, Sigma-
Aldrich), GAPDH (Cat. no. 5G4-6C5, Hytest), HSP70 (Hsc70/Hsp73; Cat.
no. ADI-SPA-815, Enzo), phopho-ERK1/2 (Thr202/Tyr204;Cat. no.
4370S, Cell Signalling), ERKI/2 (Cat. no. 91025, Cell Signalling),
phospho-AKT (Ser473) (Cat. no. 9271, Cell Signalling), AKT (Cat. no.
9272, Cell Signalling) and cleaved-PARP1 (Cat. no. ab4830 and ab32064
[E51], both from Abcam; recognise a larger 89 KD and a smaller 28 KD
band, respectively). All primary antibodies were used at 1:1000 dilu-
tion, except the SHANK3 antibody, which was used at a 1:100 (Cat. no.
sc-30193, Santa Cruz) or 1:500 (Cat. No. HPA003446, Atlas antibodies)
dilution.

Co-immunoprecipitations and pulldown assays

HEK293 cells were transiently transfected with (1) mRFP-tagged
SHANK3 WT together with GFP-tagged KRASGI2V or control (GFP
only); or (2) GFP-tagged SHANK3 SPN WT, SHANK3 SPN R12E/K22D or
control (GFP only) together with dsRed-tagged KRASGI2V. A549 cells
were transiently transfected with the control plasmid (pmCherry) or
the nanobodies (pmCherry-AO1 or pmCherry-EQ1). 24h post-
transfection the cells were lysed using IP-lysis buffer (40 mM Hepes-
NaOH, 75 mM NaCl, 2 mM MgCl,, 1% NP40, protease and phosphatase
inhibitors), cleared by centrifugation, and subjected to immunopre-
cipitation of RFP/mCherry/dsRed-tagged or GFP-tagged fusion pro-
teins using RFP-trap or GFP-trap matrix (Cat. no. rtma-100 and gtma-
100, Chromotek), respectively. Input and precipitate samples were
analysed by immunoblotting. The KRAS pulldown assays were done by
incubating the indicated recombinant proteins with RAF-RBD glu-
tathione affinity beads from the Ras Pull-Down Activation Assay Bio-
chem Kit (Cat. no. BKOO8, Cytoskeleton) according to the
manufacturer’s instructions.

Production and purification of recombinant proteins

All proteins were produced in E. coli BL21 cultures using IPTG induction
and verified with sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE).

KRASG12V. The sequence of the synthetic gene of KRAS 4B was
designed according to E.coli codon usage. KRAS was PCR amplified and
cloned into a modified pGEX vector (GE Healthcare, Chicago, IL). The

G12V mutation to KRAS 4B was purchased from BioCat (https://wwwl.
biocat.com).

Glutathione S-transferase (GST) fusion KRASGI2V protein was
expressed in Terrific Broth (TB) medium (2.4% w/v yeast extract, 1.2%
w/v tryptone, 0.5% w/v glycerol, 0.017 M KH2PO4, 0.072 M K2HPO4,
100 pg/ml Ampicillin) by the addition of 0.4 mM isopropyl-p-D-1-thio-
galactopyranoside (IPTG) at 20 °C for 20 h using E. Coli BL21 Gold cells.
The cells were lysed by sonication on ice (Sonopolus 4000) at 40%
amplitude (4x, 1s pulse on and 1 s pulse off) for 1 min and subsequently
centrifuged at 35000 g for 30 min at 4 °C to clear the lysate. The GST
KRASGI12V fusion protein was purified with Protino Glutathione Agar-
ose 4B (Macherey-Nagel, Diiren, Germany) and GST was cleaved by
Tobacco Etch Virus (TEV) protease (Invitrogen, Life Technologies,
Carlsbad, CA) at 4°C for 16 h. The TEV protease cleavage extended
KRASGI12V construct in the N-terminal by four amino acid residues, G,
A, M and G. The proteins were further purified by size exclusion
chromatography (SEC) with a HiLoad 26/60 Superdex 200 pg column
(GE Healthcare, Chicago, IL) in SEC buffer (50 mM Tris, pH 7.3,300 mM
NaCl, 1mM DTT, 0.1% CHAPS) using an AKTA pure chromatography
system (GE Healthcare). The protein was concentrated with Amicon
ultracentrifugal 10K filter device (Millipore, Sigma, Burlington, MA).
The homodispersity of the proteins was verified with SDS-PAGE.

KRASQG61H. The plasmid containing human His6-KRASQ61H activat-
ing oncogenic mutant (residues 1-169) was a gift from Cheryl Arrow-
smith (Plasmid #25153, Addgene). The protein was expressed using
E.coli BL21(DE3) competent cells (Invitrogen) cultured in Luria Broth
(LB) medium. Cells were grown at 37 °C in LB medium supplemented
with antibiotics to an OD600 of 0.6, cooled to 18 °C and induced using
300uM IPTG for 16 h. Cells were pelleted by centrifugation and
resuspended in 20 mM Na,HPO, pH 7.4, 500 mM NaCl, 5 mM MgCl,,
2mM DTT and 25 mM imidazole, treated with protease cocktail inhi-
bitor VII (Cat. no. 539138, Calbiochem) and sonicated on ice. The
protein was purified using nickel-affinity chromatography with a linear
gradient of lysis buffer containing 500 mM imidazole, but without
DTT. Immediately after purification, 2mM DTT was added to the
protein fractions. Protein purity was checked by SDS-PAGE. Bound
nucleotide was exchanged for GDP or non-hydrolysable GTP analogue
GMPPCP using alkaline phosphatase beads (Sigma-Aldrich) and fol-
lowing the protocol of John et.al.*’.

RBD domain of B-Raf. The RBD domain of human BRAF (Uniprot
P15056) corresponding to residues Serl51-Leu232 was cloned into
pOPNB vector (OPPF-UK) from codon-optimised synthetic DNA at
GeneMill facility, University of Liverpool. The protein was expressed
using BL21 competent cells (Invitrogen) cultured in LB and purified
using Ni-NTA column with standard protocol. His-tag was cleaved with
recombinant His-tagged 3 C protease and removed by a reverse pass
on the Ni-NTA column.

SPN domain of SHANKS3. His-tagged SPN protein was expressed in TB
medium with 100 pg/ml ampicillin by the addition of 0.4 mM IPTG at
18 °C for 20 hin E. coli BL21 Gold cells. Prior to cell lysis, small amounts
of both lysozyme and DNase were added and then the cells were lysed
by sonication on ice (Sonopolus 4000) at 40% amplitude (4x, 1s pulse
on and 1s pulse off) for 1 min and subsequently centrifuged at 15000 g
for 60 min at 4 °C to clear the lysate. The His-SPN fusion protein was
purified with Protino Ni-Ted resin (Macherey-Nagel, Diiren, Germany)
using the elution buffer: 50 mM Tris, pH 7.2, 300 mM NaCl, 250 mM
imidazole, 1mM DTT, 0.1% CHAPS and protease inhibitor cocktail
(#11873580001, Sigma). The protein was further purified by size
exclusion chromatography (SEC) with a HiLoad 26/60 Superdex
200 pg column (GE Healthcare, Chicago, IL) in SEC buffer (50 mM Tris,
pH 7.2, 300 mM NaCl, 1mM DTT, 0.1% CHAPS) using an AKTA pure
chromatography system (GE Healthcare). The protein was
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concentrated with Amicon ultracentrifugal 3K filter device (Millipore,
Sigma, Burlington, MA). The homodispersity of the proteins was ver-
ified with SDS-PAGE.

SPN-ARR domains of SHANK3. The SPN-ARR fragment of rat SHANK3
(residues 1-348) was cloned into the pET-SUMO vector (Champion™
pET SUMO Protein Expression System, Invitrogen) to contain an
N-terminal His6-SUMO tag. The protein was purified using nickel-
affinity chromatography with a linear gradient containing 500 mM
imidazole. The SUMO tag was cleaved with recombinant His-tagged
SUMO protease and removed by a reverse pass on the Ni-NTA column.
SHANK3 was shown to have >95% purity by SDS-PAGE gel.

Microscale thermophoresis (MST)

The interaction between recombinant SHANK3 SPN and KRASG12V
and SHANK3 SPN and EO1 nanobody were measured using MST. His-
SPN was labelled using the Monolith His-Tag Labelling Kit Red-tris-NTA
fluorescent dye (Cat no. LOO8, NanoTemper Technologies) and
applied at the final concentration of 50nM in His-SPN SEC buffer
having 0.05% Tween-20. A 12-point two-fold dilution series of unla-
belled KRASGI2V or EO1 nanobody was mixed with labelled His-SPN
protein and the indicated concentration ranges. MST experiments
were conducted in triplicate using Monolith automated capillaries (Cat
no. MO-AK002, NanoTemper Technologies) with a Monolith NT
Automated system (NanoTemper Technologies) to determine the
binding affinity between His-SPN and KRASGI2V. The dissociation
constant was then calculated using a single-site binding model to fit
the curve using GraphPad Prism version 8.4.2 for Windows (GraphPad
Software Inc.).

Isothermal titration calorimetry (ITC)

For ITC measurements, the buffer of purified recombinant proteins
(SPN-ARR fragment of SHANK3, GMPPCP-or GDP-loaded His6-
KRASQ61H and RBD domain of human BRAF) was exchanged for ITC
buffer (20 mM Tris pH 7.5, 500 mM NaCl, 0.5 mM TCEP (tris-carbox-
yethyl-phosphine) and 5mM MgCl,) and ITC experiments were per-
formed using an ITC-200 (Microcal). Protein concentrations were
estimated from UV absorbance at 280 nm. ITC titrations were per-
formed at 25 °C using 20 uM of SHANK3 with 350 uM of KRASQ61H and
20 uM of KRASQ61H with 200 uM of RAF-RBD. Data were integrated
and fitted to a single-site binding equation using Origin 7 software with
an ITC module (Microcal).

Atomistic simulation models and methods

To probe the spontaneous membrane-binding capabilities of SHANK3,
simulations were performed within three different lipid bilayer sys-
tems. Spontaneously formed KRAS-membrane complexes were also
analysed. Finally, the KRAS-SHANK3 complex was obtained by align-
ing the structures of SHANK3 SPN* to the RAF RBD* coordinates. To
run the simulations, we used the GROMACS simulation package ver-
sion 2020° and the CHARMM36m force field®. Every simulation sys-
tem was inspected with four independent replicas. Total simulation
sampling time was about 24 ps. The model systems and simulation
parameters are described in detail below.

SHANKS with a lipid bilayer (Systems 1-3). System S1 was comprised
of SHANK3 SPN-ARR with a pure 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer. System S2 with SHANK3 SPN-
ARR entails a symmetric three-component bilayer, containing 65 mol%
POPC, 30 mol% cholesterol, and 5mol% phosphatidylinositol 4,5-
bisphosphate (PIP2). The SPN-ARR domain was initially placed about
2 nm away from the bilayer surface, with the SPN-ARR linker and the
residues 105-115 of the ARR domain facing the bilayer. System S3
includes an isolated SPN domain (residues 2-93) together with the
above-described three-component (POPC/cholesterol/PIP2) bilayer.

The SPN domain was placed initially about 2 nm from the membrane
surface. These constructs were based on the 5G4X structure®. Toge-
ther these systems were used to probe spontaneous membrane
binding capabilities of SHANK3. That is, the protein complex was
initially placed in a random orientation such that the protein was
allowed to bind the membrane without any bias, and these processes
were simulated through four independent repeats (Supplementary
Table 1). Hence, we refer to these systems as Spontaneous (see Sup-
plementary Fig. 3).

KRAS with a lipid bilayer (System S4). System S4 entailed KRAS in an
initially soluble state and a POPC/cholesterol/PIP2 lipid bilayer. The
protein coordinates were extracted from the PDB id 6PTW structure®.
The resulting spontaneously formed KRAS-membrane complexes
were analysed and compared to the known orientations in System S5
(see below). As in the previous case, System 4 was also studied through
spontaneous binding.

SHANK3 and KRAS with a lipid bilayer (System S5). System S5
included a KRAS-SHANK3 SPN-ARR complex and a POPC/cholesterol/
PIP2 lipid bilayer. The KRAS-SHANK3 complex was obtained by
aligning the structures of SHANK3 SPN**** to the RAF RBD coordinates
extracted from the PDB id 6PTW*. The resulting KRAS-SHANK3
model was then equilibrated for 100 ns with 5 kJ/mol restraints on the
backbone atoms. In this model, the (initial) protein-lipid configuration
was extracted from the RAF RBD structure. Hence, we refer to these
systems as Model (see Supplementary Fig. 3).

Simulations were initiated using the CHARMM-GUI portal®”.
Interactions between the atoms were described using the all-atom
CHARMM36m force field’”2. Water molecules were described using the
TIP3P water model™. Potassium and chloride ions were added to
neutralise the charge of the systems and to reach the physiological
saline concentration (150 mM).

Simulation parameters. To run the simulations, we used the GRO-
MACS simulation package version 2020, Initiation of the systems
followed the general CHARMM-GUI protocol: the simulation systems
were first energy-minimised and then equilibrated with position
restraints acting on the solute atoms’. We used the leap-frog inte-
grator with a timestep of 2 fs to propagate the simulations’. Periodic
boundary conditions were applied in all three dimensions, atomic
neighbours were tracked with the Verlet lists, and bonds were con-
strained with the LINCS algorithm”™. Lennard-Jones interactions were
cut off at 1.2 nm, while electrostatic interactions were calculated using
the smooth particle mesh Ewald (PME) algorithm’. The pressure of the
system was coupled semi-isotropically using the Parrinello-Rahman
barostat with a time constant of 5 ps’®. Protein, membrane, and solvent
atoms were coupled separately with a time constraint of 1 ps. Simula-
tion trajectories were saved every 100 ps. Random initial velocities
were assigned for the atoms from the Boltzmann distribution at the
beginning of each simulation. For the remaining parameters, we refer
to the GROMACS 2020.2 defaults®®. Production simulations are listed
in Supplementary Table 1. The total simulation time of the atomistic
simulations was >24 microseconds. In every system simulated, the first
100 ns were used for equilibration and were discarded from analysis.
The analysis was performed for the remaining part of trajectories and
over all four independent repeats/replicas (Supplementary Table 1).
The error analysis, resulting in standard errors, was based on
these data.

Immunofluorescence

Cells were transfected as indicated and then fixed with 4% PFA in PBS
for 10 min at room temperature and washed with PBS. For antibody
staining, fixed cells were permeabilized with 0.5% Triton-X-100 in PBS
for 10 min at room temperature and PFA was quenched with 1M
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glycine for 30 min at room temperature. For imaging ERK1/2, cells
were stained with the primary antibody diluted in PBS (ERK1/2, 1:100,
Cat. no. 91025, Cell Signalling) for 30 min at room temperature. Cells
were washed 3times with PBS and incubated with Alexa Fluor-
conjugated secondary antibody (1:300, Life Technologies) and 4'6-
diamidino-2-phenylindole (DAPI, nuclei staining, 1:10000; Cat. no.
D1306, Life Technologies) diluted in PBS for 30 min at room tem-
perature and then washed thrice with PBS. For imaging SHANK3, fixed
and permeabilized cells were stained with anti-SHANK3 antibody
(1:200 in PBS with 10% horse serum; SHANK3, Cat. no. HPA003446,
Sigma-Aldrich) overnight at 4 °C before being washed 3 times with PBS
and incubated with Alexa Flour-conjugated secondary antibody (1:500,
Life Technologies) and Phalloidin-Atto 647 N (1:500, Sigma-Aldrich)
for 1h at room temperature. Cells were then washed 3 times with PBS
and incubated with DAPI (1:10000) for 5 min at room temperature, and
washed thrice with PBS.

For the ERK biosensor, PANC-1 ERK-KTR-mRuby?2 cells were plated
on glass-bottom dishes (Cat. no. P35G-1.5-20-C, MatTek Corporation)
and silenced by siRNAs for two or three days, as described above.
Then, cells were fixed with 4% PFA in PBS for 10 min at room tem-
perature and washed with PBS.

Imaging was performed with a 3i spinning disk confocal
(Marianas spinning disk imaging system with a Yokogawa CSU-W1
scanning unit on an inverted Carl Zeiss Axio Observer Z1 micro-
scope, Intelligent Imaging Innovations, Inc.). To obtain a quanti-
tative estimate for the extent of ERK nuclear translocation
(indicative of ERK activity), captured images of cells were then
analysed by calculating the ratio of staining intensity measured in
the nucleus to that of a cytoplasmic region of the cell. This pro-
cedure accounts for potential variability in staining efficiency
between different cell cultures.

FRET imaging using fluorescence lifetime imaging

microscopy (FLIM)

To visualise SHANK3-KRAS interaction in cells, we used FRET-
FLIM. HEK293 cells were grown on coverslips overnight and
transfected with an eGFP-tagged donor construct (GFP-SHANK3
SPN WT or GFP-SHANK3 SPN R12E/K22D) and mCherry-tagged
acceptor construct (mCherry-KRASGI2V). For the donor
fluorophore-only samples, 0.8 ug GFP SHANK3 SPN WT or RI12E/
K22D mutant was used. For the donor-acceptor FRET pairs, cells
were transfected with one of the donor plasmids and mCherry-
KRASGI2V as the acceptor (mCherry-C1 for control) at a construct
ratio of 1: 3 (donor: acceptor). Media was changed 5h after
transfection. 48 h post-transfection, cells were fixed with 4% PFA/
PBS and mounted in Mowiol 4-88 on microscope slides. Fluores-
cence lifetimes of the GFP-tagged donor constructs were mea-
sured using a fluorescence lifetime imaging attachment (Lambert
Instruments, Leutingwolde, The Netherlands) on an inverted
microscope (Zeiss Axio Observer.D1). Fluorescein (0.01 mM, pH
9) was used as a lifetime reference standard. The apparent FRET
efficiency (Eapp) was calculated as the percentage of each donor-
acceptor pair (tDA) and the average lifetime of the donor only
(tD) samples (Eapp =(1-TtDA/tD) x100%)**. Apparent FRET effi-
ciency values were normalized to the average of the replicate 1
mCherry control. To analyse SHANK3 regulation of effector
recruitment, HEK293 cells were first silenced with control or
SHANK3-targeting siRNA for 48 h, and then, seeded on a 6-well
plate with glass coverslips, and transfected with the donor alone
plasmid (mGFP-tagged KRASG12V construct) in control samples,
or with the donor plasmid and the acceptor plasmid mRFP-RBD in
CRAF-RBD-recruitment FRET experiments. After 48 h of plasmid
transfection, coverslips were fixed with 4% PFA/PBS for 15 min and
then washed with PBS, and coverslips were mounted with Mowiol
4-88 (Sigma-Aldrich) on microscope slides.

In vivo chick embryo chorioallantoic membrane (CAM) assay
The shells of fertilised chicken eggs were cleaned with 70% ethanol
prior to starting development, before placing the eggs in a humidified
incubator (50% moisture, 37 °C). On day 3 of development, a small hole
was made with a needle and tweezers in the eggshell to drop the CAM
away from the shell. On developmental day 7, the hole was widened
with tweezers in order to place a plastic ring on the CAM. One million
cells (transiently transfected with plasmids or siRNAs) were implanted
inside the ring in 20 ul of 50% Matrigel (Cat. no. 354230, Corning)
diluted in PBS, after which the hole was covered with parafilm to avoid
drying of the CAM. The tumours were harvested 4-5days post-
implantation by placing the eggs on ice for 30 min before dissecting,
weighing and fixing the tumours in 10% PBS (pH 7; Cat. no.
FFCHFF1195000, VWR).

Subcutaneous tumour xenografts in Nude mice

To evaluate the requirement for SHANK3 in established tumours, six-
to eight-week-old female athymic Nude mice (Hsd:Athymic Nude-
foxnlnu, Envigo, France) were injected in the flank with 5 million PANC-
1 cells, expressing dox-inducible SHANK3 shRNA (pool of clones 4 S
and 1 C), resuspended in 100 ul PBS with 50% Matrigel (Cat. no. 354230,
Corning). When tumours reached an average mean volume of
100 mm?, the mice with similarly sized tumours were blindly rando-
mised into two cohorts. Then, mice were fed either a normal chow
(control group; Teklad 2914 diet, Envigo) or dox-containing chow
(SHANK3-depleted group; Teklad doxycycline-diet, 625 mg/kg, in 2014
diet base, irradiated (2914), colour red, Envigo) daily. In addition, mice
received two intraperitoneal (i.p) injections of PBS or doxycycline
(80 mg/kg of body weight) according to their treatment group on day 1
and 2 of dox induction. Successful induction of SHANK3 shRNA
expression (tRFP expression after dox-induction) was confirmed by
imaging on an IVIS spectrum (PerkinElmer) and the radiant efficiency
calculated by the IVIS software. Tumours were measured with a digital
calibre twice a week and tumour volumes were calculated according to
the formula V= (1/6)(d1 x d2) ~ 3/2, where d1 and d2 are perpendicular
tumour diameters. Mice were sacrificed at 26 days post-induction (74
post-engraftment), and tumours were dissected, weighed and snap-
frozen in liquid nitrogen for mRNA isolation.

All animal experiments were ethically assessed and authorised by
the National Animal Experiment Board and in accordance with The
Finnish Act on Animal Experimentation (Animal license numbers
ESAVI/9339/2016 and ESAVI/37571/2019). Mice were housed in stan-
dard conditions (12 h light/dark cycle) with food (as indicated above)
and water available ad libitum, and randomly assigned to experimental
groups. All experiments respected the maximum tumour diameter
(15 mm) permitted by the authorisation bodies.

Immunohistochemistry analysis of tumours

Formalin-fixed, paraffin-embedded tissue samples were cut to 4 um
sections, deparaffinised and rehydrated with standard procedures. For
immunohistochemistry (IHC) of CAM tumours, heat-mediated antigen
retrieval was done in citrate buffer (pH 6 for cleaved caspase-3, pH 9
for Ki-67). Sections were washed with washing buffer (0.05 M Tris-HCI
pH 7.6, 0.05% Tween20), blocked for endogenous hydrogen peroxide
activity, and incubated with Normal Antibody Diluent (NABD; Cat. No.
BD09-125, Immunologic). Sections were then incubated with a Ki-67
antibody (Cat. no. AB9260, Millipore, diluted 1:1000) or a Cleaved
Caspase-3 (Asp175) antibody (Cat. no. 9664, clone 5A1E, Cell Signalling
Technology, diluted 1:500) for 1h. The samples were washed thrice
with TBS, incubated for 30 min with a BrightVision Goat anti-Rabbit
HRP (Cat. no. DPVR110HRP, Immunologic) secondary antibody and
washed again with TBS. DAB solution (Cat. no. K3468, DAKO) was
added for 10's followed by washing thrice with TBS. After counter-
staining with Mayer’s HTX, slides were dehydrated, and cleared in
xylene, and mounted in Pertex. Stained samples were imaged with
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Pannoramic P1000 Slide Scanner (3DHISTECH Ltd) and analysed with
QuantCenter software using the NuclearQuant quantification module
(3DHISTECH Ltd).

Production of recombinant anti-SHANK3 SPN nanobodies
Nanobody generation. Nanobodies (single domain antibodies)
against SHANK3 SPN were produced by Hybrigenics Services SAS
(Evry, France; www.hybribody.com) by three rounds of Phage Display
selection of their naive VHH-library against recombinant biotinylated
GST-SHANK3 SPN protein as briefly described below.

Prior to the Phage Display selection, SPN-Biotin and a non-related
protein, GST-HIS-MBP-FLAG-Biotin, were bound to Streptavidin Mag-
netic Beads (Dynabeads® M-280 Streptavidin, Life Technologies) at a
final concentration of 50nM (Ist round) and 10nM (2nd and 3rd
rounds).

For phage display selection, unspecific binders were first removed
from the hs2dAb Phage Display library by incubation with the GST-HIS-
MBP-FLAG-Biotin beads. Then, the unbound VHHs expressed as an E.
coli supernatant were incubated with the SPN-Biotin beads and a total
of three rounds of Phage Display were performed. The depletion step
was repeated before each round of Phage Display to remove non-
specific VHHs. At the end of the third round of Phage Display, E. coli
clones were analysed by Hybrigenics’ non-adsorbed phage ELISA,
which allows for the proper folding of the native SPN protein, in 384-
well plates with HRP-conjugated anti- M13 antibody (GE Healthcare)
and a colorimetric substrate (TMB, TetraMethylBenzidine, Thermo
Fischer). VHH clones with a significant ELISA signal in the presence of
SPN-Biotin and a very low signal in the presence of GST-HIS-MBP-FLAG-
Biotin were considered as specific SPN binders and selected for
sequence analysis. Sequencing revealed that all binders represented
one of two VHH variants (hereafter called nanobodies AO1 and EO1).
These were provided by Hybrigenics in the bacterial expression vector
pHEN2 (C-terminal 6xHis and 3 Myc tags) for use in ELISA assays and in
in vitro pulldowns, and in an mCherry mammalian expression vector
(tag on C terminus) for use in cell-based assays. A single-chain variable
fragment (scFv) against an unrelated protein (SorLA) was used as a
negative control in ELISA assays.

Recombinant nanobody production. Nanobodies in the pHEN2 vec-
tor were produced as recombinant proteins in BL21 bacteria using
IPTG induction and purified according to Hybrigenics’ protocol.
Briefly, transformed bacteria were cultured overnight in TB medium
(2.4% w/v yeast extract, 1.2% w/v tryptone, 0.4% w/v glycerol, 0.017 M
KH2PO4, 0.072 M K2HPO4, 1% glucose, 100 ug/ml ampicillin) at 37 °C.
2 ml of this starter culture were then reincubated at 37 °C until optical
density at 600 nm was between 0.6 and 0.8, induced with IPTG
(0.5mM) overnight at 28°C, pelleted and freeze-thawed in liquid
nitrogen. The pellet was resuspended in sonication buffer (50 mM
NaPO4, pH 8, 300 mM NaCl, bacterial protease inhibitors, 1 mM PMSF,
1 mg/mllysozyme), sonicated on ice (3 times for 1s) and centrifuged to
remove debris. Lysates were then incubated with prewashed Talon
metal affinity resin (BD) at 4 °C for 30 min with shaking. Resin was then
spun, flow-through removed, and washed with sonication buffer.
Nanobodies were then eluted in sonication buffer plus 250 mM
imidazole.

Functional ELISA assay for nanobody testing

Nunc maxisorp 96-well plates were coated with 5ug/ml purified
recombinant His-SHANK3 SPN protein in TBS, 100 ul/well, overnight at
4 °C. Wells coated with BSA alone were included as a background
binding control. The coating solution was removed, the wells were
blocked with 100 pl/well 5% BSA in TBS-0.1% Tween20 (TBST) for 1h at
room temperature. The His-SPN coated wells were preincubated with
the nanobodies for 15min at room temperature prior to addition of
GST-tagged purified recombinant KRAS protein loaded with non-

hydrolysable GTP analogue. An irrelevant anti-SorLA single-chain
antibody (sc-Fv) was added as a negative control. These were incubated
for 1h at room temperature in TBST + 1 mM DTT +2 mM MgCl,. Wells
were washed 3 times with TBST +2 mM MgCl,. To detect GST, DELFIA®
Eu-N1 Anti-GST antibody (Perkin Elmer catalogue number AD0250)
diluted at 1:000 in TBST + 1mM DTT +2 mM MgCl, was added and
incubated 1 h at room temperature. The wells were washed thrice with
Tecan plate washer with PBS, 100 ul of DELFIA® Enhancement Solution
(Perkin Elmer catalogue number 124-105) was added to the wells and
europium signal was measured with a time resolved fluorescence plate
reader (PerkinElmer’s VICTOR X5 multilabel plate reader).

Pull-down interaction assay

The ability of anti-SHANK3 SPN nanobodies (A0l and EO1) to disrupt
the interaction between SHANK3 SPN and KRASG12V was tested with a
pull-down. 5ug of His-SHANK3 SPN protein was bound to 20 ul of
Macherey Nagel Protino Ni-Ted resin beads in TBS +1mM DTT +2 mM
MgCl, for 1 h under rotation at 4 °C. 20 ug of nanobodies AO1 or EO1 or
BSA as control were incubated with this for 30 min under rotation at
4 °C. 5pg/ml GST-KRAS-GTP or GST alone was added and incubated
under rotation at 4 °C for 1h. Beads were washed thrice with 500 pl
TBS +1mM DTT +2 mM MgCl,, eluted into 20 ul 4x SDS sample buffer
(200 mM Tris-HCI pH 6.8, 8% SDS, 40% glycerol, 4% [-mercaptoetha-
nol, 50 mM EDTA, 0.08% bromophenol blue) with heating at 90 °C for
Smin and separated on an SDS-PAGE gel. The proteins were trans-
ferred to a filter and western blotted with anti-GST antibody.

Statistics and Reproducibility

The sample size for studies was chosen according to previous studies
in the same area of research. The GraphPad program was used for all
statistical analyses. Normal distribution of the data was tested with the
D’Agostino & Pearson omnibus normality test. Student’s t-test
(unpaired, two-tailed) with Welch’s correction was used for two groups
when normality could be confirmed. Nonparametric Mann-Whitney
U-test was used when two non-normally distributed groups were
compared or when normality could not be tested [due to a too small
data set (n<8)]. ANOVA with Holm-Sidak’s or Dunnett’s multiple
comparison test was used when comparing more than two normally
distributed groups. The Kruskal-Wallis non-parametric test with
Dunn’s multiple comparison test was used when comparing more than
two non-normally distributed groups. Data are presented in column
graphs or scatter dot plots with mean + standard error of the mean
(s.e.m) or mean + standard deviation (s.d) and P-values. Individual data
points per condition are shown, and n-numbers are indicated in the
figure legends. The graphs in Figs. 2g and 3g were generated using
SuperPlotsofData” and all data points and the average of each biolo-
gical replicate are shown. P-values less than 0.05 were considered to be
statistically significant. Unless otherwise indicated, all micrographs
(western blots and microscopy images) are representative of three or
more independent experiments (n numbers are shown in the accom-
panying analyses for each micrograph). The original, uncropped wes-
tern blots can be found in the Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information
files. Source data are provided with this paper.

Code availability
The molecular dynamics simulation files generated and analyzed
during the current study are available in the Zenodo repository,
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accessible at https://doi.org/10.5281/zenodo.5541745. These files
include the initial structures, input files, and trajectory files.
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Supplementary Figure 1. SHANK3 depletion impairs KRAS-driven cancer cell proliferation and tumour growth.
Related to Figure 1. a, SHANK3 mRNA expression in cancer cell lines with distinct KRAS mutations (PDAC: PANC-1,
Panc10.05, AsPC-1, Su86.86, SW1990, YAPC, PaTu8602 and MIA PaCa-2; NSCLC: A549 and H441; CRC: HCT-15 and HCT-
116) or with wild-type KRAS (PDAC: BxPC3; NSCLC: H292 and H226; CRC: HT-29) following control (siCTRL) or SHANK3
silencing (siSHANK3_2 and siSHANK3_7 are two different SHANK3-targeting siRNAs) (data are mean relative
quantification (RQ) and min and max RQ; RQ was derived from three technical replicates, one experiment). b, Colony
growth of control or SHANK3-silenced PANC-1 (KRASG12D) and A549 (KRASG12S) cells. Shown are representative
images, quantification of the colony areas and western blots confirming SHANK3 knockdown (shown are individual data
points, mean % s.d.; n =5 (PANC-1) or 4 (A549) independent experiments; Kruskal-Wallis one-way ANOVA and Dunn's
post hoc test). ¢, Spheroid growth of control or SHANK3-silenced KRAS-mutant AsPC-1 cells. Representative images,
quantification of spheroid growth and SHANK3 mRNA levels are shown (data are mean + s.d. of spheroid area; three
independent experiments; one-way ANOVA with Holm-Sidak's multiple comparison test at the endpoint). d, A
schematic illustration of the chick embryo chorioallantoic membrane (CAM) xenograft assay. e-g, Tumour growth of
control or SHANK3-silenced BxPC-3 cells on CAM membranes. Shown are immunoblots of SHANK3 and GAPDH (loading
control) and tumour weight (e), representative IHC images (f) and quantification of Ki-67 staining (g) in tumour tissues
at the end of the experiments (data are mean +s.d.; n = 19 (siSHANK3) and 20 (siCTRL) (e) and 8 (g) tumours per sample
group from two independent experiments; unpaired two-tailed Student’s t-test with Welch’s correction). Source data
are provided as a Source Data file.
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Supplementary Figure 2. SHANKS3 interacts directly with active/mutant KRAS. Related to Figure 2. a-c, Coomassie-
stained gels showing the purification of proteins used in ITC experiments (one experiment). a, KRASQ61H purification
by Ni?*-NTA affinity chromatography. Supernatant FT = supernatant flow-through from His-trap column. Arrow points
to the expected mw of KRASQ61H. b, Pure KRASQ61H after overnight exchange with GMPPCP used for ITC. c,
Purification of SHANK3 WT amino acid residues 1-348 (SPN-ARR domain). The 6xHis-SUMO-tag was removed via
overnight dialysis and cleavage with SUMO protease, followed by a second Ni?*-NTA affinity chromatography to
separate the tag from the protein. Samples were run on different gels as indicated. d, Concentrated sample of SHANK3
WT amino acid residues 1-348 (SPN-ARR domain) used for ITC.
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Supplementary Figure 3. SHANK3 competes with RAF for active KRAS binding. Related to Figure 3. a, Endogenous
SHANK3 (top, representative of three independent experiments) and GFP-SHANK3 (bottom, one experiment)
localisation in A549 cells. Yellow arrows indicate localisation at the cell leading edge. b-d, Final simulation frames (1000
ns; top panels) of the interaction between the indicated proteins and lipids and the probability of contacts, and the
residues involved, in this interaction (minimum distance < 0.6 nm; bottom panels; errors are s.e.m). b, Spontaneous
membrane binding of isolated SHANK3 SPN-ARR (left, System S2) and modelled membrane binding of SHANK3 SPN-
ARR with KRAS (right, System S5). ¢, Spontaneous membrane binding of isolated SHANK3 SPN (left, System S3) and
modelled membrane binding of SHANK3 SPN-ARR with KRAS (right, System S5). The SPN-domain residues that contact
the PIP2 lipids in both cases are indicated. Only residues at the membrane-binding region are listed (b, c). d, Simulation
of KRAS with a PIP2-containing bilayer (left, System S4), indicating spontaneous binding, and modelled membrane
binding of SHANK3 SPN-ARR with KRAS (right, System S5). e, Final simulation frames (1000 ns) of SPN-ARR with a PIP2-
containing bilayer (left, System S2) and SPN-ARR with a POPC (1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine)/Phosphatidylinositol 4,5-bisphosphate/Cholesterol) bilayer (right, System S1). Bottom image shows
the tilt angle of the vector between the C( atoms of the SHANK3 residues 114 and 286 (residues chosen to span the
long axis of the ARR domain (long axis of the protein). Zero degrees corresponds to the alignment of the vector with
the bilayer normal. The data were calculated with the gmx bundle tool within the GROMACS package. f, ITC titration
and isotherms for the interaction between the active GMPPCP-form of KRASQ61H and RAF-RBD. Solid lines indicate
fitting to the single-site-binding model at 25°C with 20 uM of KRASQ61H and 200 uM of RAF-RBD in the same buffer
conditions as in Fig. 2c. The calculated Kd value is higher than earlier reports'?, likely due to the higher salt
concentration in the buffer reducing the electrostatic contribution into the binding energy, with a potentially smaller
effect from the mutation (graph is a representative of three technical replicates, one independent experiment). Source
data are provided as a Source Data file.
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Supplementary Figure 4. Loss of SHANK3 has no significant effect on ERK in WT KRAS cells or on AKT signalling in
KRAS-mutant cells. Related to Figure 4. a, Representative immunoblots of the indicated proteins from PANC-1 and
A549 cells analysed three days after silencing. Loading controls are from 4a and the efficiency of SHANK3 silencing is
shown in Fig. 4a. Quantifications show AKT phosphorylation levels (relative to total AKT) [mean +s.d.; PANC-1,n =8
(siCTRL), 4 (siSHANK3_2) or 6 (siSHANK3_7); A549, n = 5 (siCTRL) or 3 (siSHANK3_2 and siSHANK3_7) independent
experiments; Kruskal-Wallis test and Dunn's post hoc test]. b,c, Representative immunoblots of the indicated proteins
in control or SHANK3-silenced BxPC-3 cells (b) and HT29 cells (c) analysed three days post silencing; loading control is
either GAPDH or HSC70 [mean + s.d.; n=3 (b) and 4 (c) independent experiments; two-tailed Mann Whitney test (b)
and Dunn’s post hoc test (c)]. Samples were resolved and blotted on duplicate membranes (m#1, membrane 1 and
m#2, membrane 2). GAPDH was used as a loading control on each membrane. Source data are provided as a Source
Data file.
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Supplementary Figure 5. SHANK3 depletion triggers apoptosis in KRAS-mutant cells, Related to Figure 4d.
Representative scatter plots of Annexin V-FITC / Pl flow cytometry data from 2D-cultured control and SHANK3-silenced
cells at the indicated timepoints post silencing. Quadrant analysis: viable cells (Annexin V-negative / Pl-negative), early
apoptotic cells (Annexin V-positive / Pl-negative), late apoptotic/necrotic cells (Annexin V-positive / Pl-positive), late
necrotic cells (Annexin V-negative / Pl-positive).
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Supplementary Figure 6. Inhibition of integrin signalling does not rescue the proliferation defect of SHANK3-silenced
cells, Related to Figure 4. a, Representative images of cell confluence for control (siCTRL) or SHANK3-silenced
(siSHANK3_2 and siSHANK3_7) PANC-1 cells treated vehicle (DMSO), MEK inhibitor (trametinib), Rap1 inhibitor (GGTI-
298) or FAK inhibitor (FAK-14) (300 nM concentration) at day 3. b, Growth curves (proliferation; % confluence) for
control or SHANK3-silenced PANC-1 cells treated with the aforementioned inhibitors over several days (mean + s.e.m;
3 (siCTRL) and 4 (siSHANK3) wells/condition/replicate; a representative graph from three independent experiments is
shown for each condition). ¢, Representative immunoblots of control or SHANK3-silenced PANC-1 cells treated with the
indicated concentration of the Rap1 inhibitor (GGTI-298) or FAK inhibitor (FAK-14). Shown is the efficiency of SHANK3
silencing and the levels ERK activation (phospho-ERK1/2 (Thr202/Y204) / total ERK relative to GAPDH) and FAK
activation (phospho-FAK (Tyr397) / total FAK relative to GAPDH) (two independent experiments). d, Representative
western blot analysis of the indicated proteins from PANC-1 cells after transfection with siRNAs against SHANK3
(siSHANK3_7), KRAS (siKRAS (smart pool)) or both targets, compared to AllStars control (siCTRL). Samples were resolved
and blotted on duplicate membranes (five independent experiments). Quantification of protein levels is shown on the
right (mean * s.e.m.; one sample t test). e, Representative growth curves from a non-linear fit of PANC-1 cells
transfected as in (d) over a 4-day time course (mean + s.e.m.; 6 wells/condition/replicate; representative of three
independent experiments is shown). f, Endpoint analysis from absorbance measurements (arbitrary units) in (e),
normalising to the maximum of each replicate (mean * s.e.m.; three independent experiments; 6
wells/replicate/condition; one-way ANOVA with a Tukey correction for multiple comparisons (ns, not significant). g, h
Representative western blots and quantification of apoptosis markers, ERK activity and endogenous SHANK3
expression in GFP and GFP-KRASG12V-expressing A549 cells 2 days after transfections. GFP was blotted to validate
transfection efficiency (data points are the individual experiments; mean + s.e.m; n = 4 independent experiments; two-
tailed one-sample t test). Source data are provided as a Source Data file.
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Supplementary Figure 7. Inducible silencing of SHANK3 activates ERK and induces apoptosis, Related to Figure 5.
Left: SHANK3 gene expression (mMRNA levels) showing the efficiency of SHANK3 silencing in control or doxycycline-
induced (Dox: +; 72 h) shSHANK3 expressing PANC-1 clones (clones 1C and 4S). Right: Representative immunoblots of
the indicated proteins collected three days after induction. Samples were resolved and blotted on duplicate
membranes (m#1 and m#2). p-ERK, phospho-ERK1/2 (Thr202/Y204); ERK, total ERK; AKT, total AKT; p-AKT, phospho-
AKT S473; cleaved-PARP1, indicative of apoptosis; GAPDH, a loading control (mean t s.d.; three independent
experiments). Source data are provided as a Source Data file.
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Supplementary Figure 8. SHANK3 depletion in established KRAS-mutant spheroids induces apoptosis, Related to
Figure 5. a, Representative images of spheroids and apoptosis (green Annexin V-positive cells) levels for control or
doxycycline-induced (+dox) shSHANK3-expressing PANC-1 clones (clones 1C and 4S); doxycycline-induction was started
after 5 days of spheroid growth and continued until day 15. ROI, region of interest (within blue squares). b,
Quantification of spheroid growth (data represent mean + s.d.; n = 6 technical replicates from two independent
experiments). ¢, Analysis of apoptosis (Annexin V-positive area) in established spheroids. Both doxycycline and Annexin
V were added to spheroids at day 5 (arrow) [data represent mean + s.d.; n = 4 (clone 1C +dox), 5 (clone 4S) or 6 (clone
1c, -dox) technical replicates from two independent experiments]. Source data are provided as a Source Data file.
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Supplementary Figure 9. SHANK3 depletion has no significant effect on caspase-9 activity in KRAS-mutant PANC-1
cells, Related to Figure 5. Caspase-9 activity in control (-dox) and doxycycline-induced (+dox) shSHANK3-expressing
PANC-1 cells. Caspase activity was measured using a fluorometric assay at the indicated time points (shown is
normalized fluorescence intensity). Staurosporine was included as a positive control (meants.d. from three
independent experiments; one-way ANOVA with Holm-Sidak's multiple comparison test). Source data are provided as

a Source Data file.
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Supplementary Figure 10. SHANK3 depletion in established PDAC tumours impairs tumorigenic growth in vivo,
Related to Figure 5. a, Growth rate of subcutaneously injected PANC-1 xenografts with doxycycline-inducible SHANK3
knockdown (+dox) over the indicated time. Tumour growth was monitored with bi-weekly palpations (mean + s.d. of n
=11 (+dox) and 12 (-dox) tumours; two-tailed unpaired Student’s t-test with Welch’s correction). b, SHANK3 depletion
was observed by tRFP reporter (visual tracking of transduction and expression of shRNA). Shown is a change in tRFP
signal (%) in tumours with doxycycline-inducible SHANK3 knockdown at the end of the experiment (mean +s.d.; n=11

(+ dox). Each data point represents an individual mouse (a,b). Source data are provided as a Source Data file.
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Supplementary Figure 11. The binding affinity of the anti-SHANK3 nanobody EO1 for SHANK3 SPN. Microscale
thermophoresis (MST) binding curve for the interaction between the His-tagged SHANK3 SPN and EO1 nanobody
recombinant proteins. MST measurements were performed using His-tag labelled SPN protein as a target and
unlabelled EO1 nanobody as a ligand. The affinity curve and Kd-value (137 * 6 nM) are obtained from triplicate
measurements (mean t s.e.m; one independent experiment). Source data are provided as a Source Data file.
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Supplementary Figure 12. Targeting KRAS-SHANK3 interaction by anti-SHANK3 nanobodies induces apoptosis.
Related to Figures 6d,e. Representative scatter plots of Annexin V-FITC / mCherry signal in H441 cells expressing either
mCherry alone or mCherry-tagged anti-SHANK3 SPN nanobodies A01 or EO1. Quadrant 2 represents apoptotic cells
expressing the indicated control or nanobody. Gating strategy and data analysis was similarly performed for all cell
lines in Figures 6d,e.
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Supplementary Table 1. Key details of the simulated systems,

Related to Figure 3.

X . Number of water
Protein components Number of lipids Number of
X . molecules, and X
System (mutation, residue range, (POPCI/ cholesterol/ i replicas x PDB Ref.
. X number of ions .
other information) PIP2) duration (ns)
(K*.Ch)
63047
s1 SHANKS SPN-ARR (wt, 2~ 500/0/0 4x 1000 5G4X
347) (173, 171)
61451
s2 SHANKS SPN-ARR (wt, 2- 364/168/28 4x 1000 5G4X
347) (282, 168)
24276
s3 SHANK3 SPN 182/84/14 4% 1000 5G4X
(wt, 2-93) (121, 66)
29032
s4 KRAS 166/76/14 4x 2000 6PTW
(wt, 1-185) (132, 78)
SHANKS3 SPN-ARR (wt, 5— 74534 6PTW /
S5 363) 414/190/26 203204 4% 1000 SKYK
KRAS (wt, 1-185) GNP (303,204)
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The progression of noninvasive ductal carcinoma in situ to invasive ductal carcinoma for patients with breast
cancer results in a significantly poorer prognosis and is the precursor to metastatic disease. In this work, we have
identified insulin-like growth factor-binding protein 2 (IGFBP2) as a potent adipocrine factor secreted by
healthy breast adipocytes that acts as a barrier against invasive progression. In line with this role, adipocytes
differentiated from patient-derived stromal cells were found to secrete IGFBP2, which significantly inhibited
breast cancer invasion. This occurred through binding and sequestration of cancer-derived IGF-Il. Moreover,
depletion of IGF-Il in invading cancer cells using small interfering RNAs or an IGF-ll-neutralizing antibody
ablated breast cancer invasion, highlighting the importance of IGF-Il autocrine signaling for breast cancer in-
vasive progression. Given the abundance of adipocytes in the healthy breast, this work exposes the important
role they play in suppressing cancer progression and may help expound upon the link between increased

Commons Attribution
License 4.0 (CC BY).

mammary density and poorer prognosis.

INTRODUCTION

As breast cancer incidence continues to increase globally, the pro-
gression to metastatic disease remains the leading cause of death (1).
Metastasis is a multistep process, beginning with a switch from a
noninvasive ductal carcinoma to an invasive phenotype at the
primary site. Extensive research into the trigger for this switch
has revealed both cancer cell-intrinsic and —extrinsic drivers,
where reciprocal signaling between the extracellular environment
and the tumor leads to a concomitant progression of both stromal
and cancer cells toward an aggressive disease state (2). Healthy
mammary gland stroma has a sparse extracellular matrix (ECM)
and is dominated by an abundance of adipocytes (3). Conversely,
the breast cancer microenvironment is characterized by a high
degree of desmoplasia and a reduced number and size of adipocytes
adjacent to the tumor (4, 5). It has been shown that changes in the
composition and architecture of the mammary ECM during breast
cancer development support invasive progression, and loss of this
ECM can result in reversion to a less-aggressive disease state (6, 7).
While the importance of the ECM is clear, the established link
between increased mammary density and a higher risk of breast
cancer development has, so far, failed to address the role of adipo-
cytes in containing the disease (3). Adipose tissue is a significant
endocrine organ, and secretion of adipocrine factors plays a key
role in tissue homeostasis (4). Notably, the processes through
which tumors are able to overwhelm the homeostatic mechanisms
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aimed at their containment remains poorly explored. In this work,
we uncover a mechanism by which mammary adipocytes provide a
barrier to cancer invasive progression and, through antibody-based
therapeutic intervention, suggest possible routes for reintroduction
of this mechanism into a clinical setting.

RESULTS
HUVEC-derived angiocrine factor(s) reduce breast cancer
invasion
Cancer cell invasion away from the primary tumor commonly leads
to intravasation into the adjacent blood and lymphatic vessels (8).
To model this process in vitro, we assessed the invasion of cancer
cells into fibroblast-contracted collagen I matrices toward human
umbilical vein endothelial cells (HUVECs; Fig. 1A) (9). The pres-
ence of proximal endothelial cells did not promote the invasion
of the MDA-MB-231 (MM231) triple-negative breast cancer cells
(TNBCs), but instead markedly inhibited this process (Fig. 1B;
quantified in Fig. 1C), while having no effect on proliferation (fig.
S1, A and B). This indicated the presence of an anti-invasive angio-
crine factor(s) secreted by the HUVECs. To confirm this hypothe-
sis, we applied HUVEC- or MM231-conditioned medium to an
inverted invasion assay platform (Fig. 1D) and found again that
the presence of the HUVEC-derived angiocrine factor(s) markedly
reduced the invasion of MM231 cancer cells (Fig. 1, E and F).
Endothelial cells from other tissues [conditioned medium from
immortalized dermal microvascular endothelial, HMEC-1, cell line
or primary human pulmonary microvascular endothelial cells
(HPMECs)] did not secrete the same anti-invasive factor(s) as the
HUVEC: (fig. S1, C to F), suggesting that this could be a HUVEC-
specific secreted factor(s), rather than a general feature of endothe-
lia. In contrast to our work, others have shown that HUVECs cul-
tured in three-dimensional (3D) microfluidic channels under flow
induce the invasion of adjacent pancreatic cancer cells (10, 11).
However, the HUVECs cultured in our study are not exposed to
flow-induced shear stress, which is known to change gene
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Fig. 1. HUVECs secrete an anti-invasive factor effective against MM231 breast cancer cells. (A) Schematic of the fibroblast-contracted three-dimensional (3D) col-
lagen matrix cancer cell invasion assay with HUVEC coculture. (B and C) Representative images (B) and quantification (C) of MM231 cell [stained with pan-cytokeratin (Pan-
CK); epithelial cell marker] invasion into fibroblast-contracted 3D collagen matrices + HUVEC coculture, performed in the presence of endothelial growth factor-reduced
medium. Scale bars, 50 pm. [n = 3 biological replicates, triplicate matrices, eight regions per condition per replicate; one-way analysis of variance (ANOVA) with Tukey
correction; **P < 0.01 and ***P < 0.001.] (D) Schematic of the inverted invasion assay platform. (E and F) Representative images (E) and quantification (F) of MM231 breast
cancer cell (in green) invasion into inverted collagen/fibronectin matrices in the presence of concentrated conditioned media added to the normal culture medium
(origin specified in square brackets). Scale bars, 50 um. n = 3 biological replicates performed in triplicate, with three stacks per transwell; two-tailed Student's t test
with Welch’s correction; ***P < 0.001. (G and H) Inverted invasion screen heatmap (G) and quantification (H) of MM231 cell invasion in the presence of the indicated
exogenously administered recombinant proteins (5 pM; n = 3 biological replicates performed with duplicate transwells per condition, with three stacks per transwell; one-

way ANOVA with Tukey correction; **P < 0.01 and ***P < 0.001).

expression profiles and cell alignment (12), and are not in direct
contact with breast cancer cells. These factors, along with the
cancer type, are most likely the key differentiating features
between our study and prior work.

To determine the secreted angiocrine factor(s) responsible for
the observed HUVEC-mediated anti-invasive effect, we selected
four published HUVEC secretomes and found >296 common
factors between two or more secretomes (data S1) (13—16). These
were then filtered through the tumor suppressor gene database
(TSGene 2.0) (17) to identify candidates with putative antitumor

Conway et al., Sci. Adv. 9, eadg1840 (2023) 12 July 2023

activity. This analysis yielded a list of 10 candidate anti-invasive an-
giocrine factors with previous links to hedgehog [hedgehog-inter-
acting protein (HHIP)], Wnt [Dickkopf-related protein 1 (DKK1)
and DKK2], insulin-like growth factor (IGF) regulation [IGF-
binding protein 2 (IGFBP2) and IGFBP7], or calcium [secreted
protein acidic and cysteine rich (SPARC)] signaling, as well as pro-
tease inhibition [plasminogen activator inhibitor 1 (PAIl)], actin
polymerization [gelsolin (GSN)], and blood coagulation [tissue
factor pathway inhibitor (TFPI and TFPI2)]. We then screened
for potential effects on proliferation and invasion. While none of
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these factors significantly affected MM231 cell proliferation (fig. S1,
G and H), the exogenous addition of TFPI, TFPI2, and IGFBP2 did
significantly reduce MM231 cell invasion (Fig. 1, G and H).

IGFBP2 secretion by HUVECs and fibroblasts exhibits a
potent anti-invasive effect

The tissue factor pathway has a well-established link with cancer
progression, and particularly with metastatic dissemination (18),
while the IGFBPs are reported to have conflicting roles in breast
cancer progression (19-22). Linked to the observed HUVEC-specif-
ic anti-invasive effect, we next assessed the levels of IGFBP2 secreted
by different endothelial cell lines. We found that it was significantly
expressed in the HUVECs alone (fig. S2A), suggesting that the pres-
ence of IGFBP2 in the HUVEC-conditioned medium may be essen-
tial for the observed anti-invasive effect (fig. S1, C to F). To confirm
this hypothesis, we assessed the anti-invasive effect of conditioned
medium collected from IGFBP2-silenced HUVECs. After silencing,
the secreted IGFBP2 was significantly reduced, compared to the
nontarget small interfering RNA (siRNA) control (siNTC; fig. S2,
B and C), and where IGFBP2 was no longer secreted, the anti-inva-
sive effect was also lost (Fig. 2A; quantified in Fig. 2B).

In the 3D coculture assay, cancer cells invade into collagen that
has been remodeled by fibroblasts. To further validate the anti-in-
vasive effect of IGFBP2 and to model the putative outcome of se-
creted IGFBP2, we generated telomerase immortalized fibroblasts
(TIFs) with stable overexpression and secretion of IGFBP2 or a
control fluorescent protein construct [mTurquoise2 (mT2); Fig. 2,
C to E]. Consistent with earlier findings, the MM231 cells were sig-
nificantly less efficient at invading into 3D collagen I matrices con-
tracted by IGFBP2-secreting TIFs, compared to control mT2 TIFs
(Fig. 2F), demonstrating that secreted IGFBP2 is anti-invasive. Con-
cordant with the earlier results, TIF-secreted IGFBP2 had no detect-
able effect on the proliferation of MM231 cells (fig. S2D).

To assess the effect of IGFBP2 reintroduction on the breast
tumor microenvironment, we co-xenografted MM231s with the
IGFBP2- or mT2-overexpressing TIFs (Fig. 2G). In this mouse
model, we observed no effect on the proliferation of cancer cells
(fig. S2E). However, there was a clear reduction in cancer cell inva-
sion into the surrounding stroma in the IGFBP2 TIF co-xenografts
(Fig. 2H), supporting the idea that IGFBP2 plays a protective role in
the stroma and, when present, is able to contain the tumor.

Mammary stromal adipocytes secrete IGFBP2 and reduce
breast cancer invasion
Changes in the breast stroma are an essential factor in breast cancer
progression. This prompted us to stain patient samples for IGFBP2
in adjacent healthy breast tissue sections to judge the physiological
relevance of our findings to invasive progression (Fig. 3A; patient
details in data S2). Unexpectedly, this staining revealed a strong pos-
itive IGFBP2 signal in the adipocyte cells, whereas the signal exhib-
ited by the vessels was lower or negative (Fig. 3A, i and ii). Similarly,
when comparing the epithelial cells in the mammary ducts, it was
again clear that the adipocytes were the main cells in the breast mi-
croenvironment that expressed IGFBP2 (Fig. 3A, iii). Together,
these data suggest that adipocytes in the mammary stroma are the
most prominent expressors of IGFBP2 in situ.

Having identified adipocytes as the cells in the mammary stroma
with the highest expression of IGFBP2, we next investigated
whether IGFBP2 was an adipocrine factor secreted into the breast
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microenvironment. Several groups have isolated primary adipocytes
from patients (23, 24). However, because of the scarcity of samples
and the challenges associated with applying these protocols, we
instead sought to differentiate isolated breast preadipocytes into
mature adipocytes from human stromal samples collected from
healthy reduction mammoplasty patients (see Materials and
Methods for details). These differentiated primary patient cells
were positive for the adipocyte marker peroxisome proliferator-ac-
tivated receptor gamma (PPARy) and the presence of lipid droplets,
which marked the mature and not the preadipocyte cells (Fig. 3B).
Similarly, the mature adipocytes showed an increased mRNA level
of established adipocyte markers, when compared to preadipocytes
(Fig. 3C). The mature adipocytes had a higher level of IGFBP2,
which was visible in the immunofluorescence staining and at the
mRNA level. This was consistent with an increase in secretion of
IGFBP2 in conditioned medium from mature adipocytes
(Fig. 3D). The secreted IGFBP2 had no effect on the proliferation
of MM231 cells (fig. S2, F and G), but resulted in a significant re-
duction in cancer invasion, when compared to the plain medium
[adipocyte growth medium (AM-1) or complete medium] controls
(Fig. 3, E and F).

Lastly, coculture of cancer cells with the IGFBP2-secreting adi-
pocytes significantly reduced cancer cell invasion into fibroblast-
contracted 3D collagen I matrices (Fig. 3G; quantified in Fig. 3H).
The addition of adipocytes into the coculture system also signifi-
cantly reduced cancer cell proliferation (Fig. 3, G and H), suggesting
that adipocrine factors other than IGFBP2 may be able to exert ad-
ditional anticancer effects. Cumulatively, these findings uncover a
role for healthy mammary stromal adipocytes in the containment
of cancer invasion.

IGFBP2 did not detectably bind to the cancer cell surface
or ECM

We hypothesized that IGFBP2 could exert its anti-invasive function
by binding to and inhibiting cell surface receptors. To test this, we
tagged IGFBP2 with the clover fluorescent protein to enable visual-
ization in the extracellular space. TIFs were then engineered to over-
express clover-tagged IGFBP2, which resulted in efficient IGFBP2
secretion and, when applied to invading MM231s (fig. S3, A and
B), recapitulated the anti-invasive effects observed with the addition
of untagged IGFBP2 (fig. S3, C and D). Having established the bi-
ological activity of the clover-tagged IGFBP2, we next applied the
concentrated IGFBP2 medium (from the TIFs) to MM231 cells
and assessed IGFBP2 binding to cancer cells using flow cytometry.
With this approach, we observed no increase in the fluorescence
signal in MM231 cells treated with clover-tagged or untagged (neg-
ative control) IGFBP2, compared to MM231s stably expressing
IGFBP2-Clover (positive control; fig. S3, E and F). These experi-
ments demonstrate that exogenous IGFBP2 does not bind to the
surface of cancer cells, suggesting that the anti-invasive effects are
occurring through binding of IGFBP2 to something in the cancer
microenvironment.

Next, we explored the possibility of IGFBP2 binding to the ECM
and interfering with cell-ECM interactions. It has previously been
shown that IGFBP2 binds to the ECM through two domains, one in
the linker domain and one in the C domain, which mediate binding
to fibronectin, vitronectin, collagen IV, laminin, and heparin (25,
26). To assess IGFBP2 binding to the ECM, we generated cell-
derived matrices (CDMs) using TIFs stably expressing IGFBP2-
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Fig. 2. Stromal-derived IGFBP2 is sufficient to inhibit MM231 breast cancer cell invasion. (A and B) Representative images (A) and quantification (B) of MM231 breast
cancer cell invasion in inverted collagen/fibronectin matrices in the presence of conditioned medium from HUVECs transfected with siRNAs against IGFBP2 (silGFBP2_1
and silGFBP2_2) or siNTC. Scale bars, 50 pm. n = 3 biological replicates performed in triplicate, with three stacksper transwell; one-way ANOVA with Tukey correction; **P <
0.01 and ***P < 0.001; ns, not significant. (C and D) Representative Western blot (C) and densitometry analysis (D) of TIFs stably overexpressing mTurquoise2 (mT2) or
IGFBP2 (n = 4; one-sample t test; *P < 0.05). (E) Enzyme-linked immunosorbent assay (ELISA) for human IGFBP2 in concentrated conditioned media from TIFs overex-
pressing mT2 or IGFBP2, measured in duplicate (n = 3 biological replicates; two-tailed Student's t test; **P < 0.01). (F) Representative images and quantification of fibro-
blast-contracted 3D collagen invasion assays of MM231 cancer cell invasion in mT2 or IGFBP2 TIF-contracted matrices after 14 days and stained for Pan-CK (brown). Scale
bars, 100 um. n = 3 biological replicates, triplicate matrices, eight regions per condition per replicate; one-way ANOVA with Tukey correction; ***P < 0.001. (G and H)
Representative hematoxylin and eosin (H&E) images (G) and quantification (H) of MM231 cell invasion into the mouse dermis from subcutaneous xenografts of MM231
co-injected with TIFs overexpressing either mT2 (control) or IGFBP2. Scale bars, 500 um; insets, 50 pm. n = 10 mice (mT2) or 12 mice (IGFBP2).
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Fig. 3. Breast adipocytes secrete the A
anti-invasive factor IGFBP2. (A) Three
representative images [(i) to (iii)] of
human breast tissue stained for IGFBP2
(magenta) and counterstained with 4',6-
diamidino-2-phenylindole (DAPI) (cyan).
Autofluorescence (AF) signal is green.
Scale bars, 100 pm; insets, 10 um. n =2
adjacent healthy breast tissue sections
from ductal carcinoma in situ (DCIS)
patient samples. (B) Representative
images of primary human breast pre- and
mature adipocytes with immunofluores-
cence staining for IGFBP2/PPARy/actin or
Nile Red/vimentin. Scale bars, 50 pm;
insets, 10 pm. n = 4 normal reduction
mammoplasty patient samples from B
which preadipocytes were isolated, cul-
tured, and differentiated into mature ad-
ipocytes. (C) Fold change in gene
expression between pre- and mature ad-
ipocytes, normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH),
and detected by quantitative reverse
transcription polymerase chan reaction
[adipocytes from n = 4 patient samples,
differentiated as in (B), in triplicate; one-
sample t test; **P < 0.01 and ***P < 0.001].
PPARG, peroxisome proliferator activated
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Clover or mT2 (27, 28). However, IGFBP2-Clover did not appear to
decorate the collagen or laminin fibers, instead giving a weak non-
specific signal lower than the background signal observed with the
mT2 control (fig. S3G). With this system, we also assessed the effect
of IGFBP2 expression on ECM organization and fibronectin depo-
sition within the collagen network and found no significant differ-
ences between the ECM generated by either mT2 or IGFBP2-Clover
expressing fibroblasts (fig. $3, H to J). As CDMs involve a decellu-
larization step that may have displaced the IGFBP2 from the CDM
matrices, we also assessed the adhesion and spreading of MM231s
on collagen/fibronectin in the presence of IGFBP2 and again found
no significant effect (fig. S3, K.and L). This led us to the conclusion
that soluble rather than ECM-incorporated IGFBP2 is responsible
for blocking invasion.

IGFBP2 disrupts proinvasive IGF-II autocrine signaling
Given the above results, we hypothesized that soluble IGFBP2 was
binding to and sequestering a proinvasive molecule secreted by
cancer cells. To explore this possibility, we performed unbiased
mass spectrometry, incubating MM231 cells with conditioned
medium from TIFs overexpressing IGFBP2-Clover or TIF-condi-
tioned medium containing recombinant green fluorescent protein
(rGFP; negative control). We then performed GFP-trap-immuno-
precipitation and proteomics analysis of the medium to identify
IGFBP2-binding partners (Fig. 4A and data S3). Only IGF-II was
notably enriched in the IGFBP2 condition, and this corresponds
to one of the two canonical binding partners of IGFBP2 (25, 26).

To assess the role of IGF-II in MM231 invasion, we applied
siRNAs to silence IGF2 (Fig. 4B; quantified in Fig. 4C), and ob-
served a clear reduction in invasion (Fig. 4D; quantified in
Fig. 4E). Congruent with these data, sequestration of secreted
IGF-II by exogenous administration of an anti-IGF-II antibody re-
capitulated the anti-invasive effect of IGFBP2 treatment (Fig. 4F;
quantified in Fig. 4G). Treatment with recombinant IGF-II had
no effect on invasion, suggesting that MM231s have already
reached a proinvasive autocrine threshold (Fig. 4, F and G).

The anti—-IGF-II antibody applied here has already shown prom-
ising efficacy as an anticancer agent in breast cancer xenografts (29).
Given that TNBC remains the most aggressive breast cancer subtype
with the poorest prognosis (30), we chose two additional TNBC cell
lines, MDA-MB-468 (MM468) and HCC1937, to confirm the
broader significance of IGF-II-driven invasion. We compared
IGF-II levels across cell lines and found higher expression in
MM468 and MM231 cells, compared to TIF and HCC1937 cells
(Fig. 4H; quantified in Fig. 4I), which was paralleled by increased
secretion (Fig. 4]). Notably, the pre- and mature adipocytes
applied here also secrete IGF-II (fig. S4A), but at levels ~200-fold
less than IGFBP2 (Fig. 3D), suggesting that IGFBPs are secreted
in excess and likely completely sequester adipocyte-derived IGF-II
in the extracellular space.

Breaching of the basement membrane is one of the first steps in
breast cancer invasive progression, and when modeling this process
using Matrigel invasion chambers, we again found a clear reduction
in MM231 cell invasion in the presence of the anti-IGF-II function-
blocking antibody and IGFBP2 (Fig. 4K). These results were reca-
pitulated in the MM468s (Fig. 4L), which also showed high IGF-II
expression (Fig. 4, H and I). In line with the IGFBP2 perturbations
above, there was again no effect on proliferation when IGF-II was
depleted from the extracellular space or when added exogenously
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(fig. S4, B to E). Similarly, when we applied MCF10DCIS.com
(DCIS.com; fig. S4, F and G) breast cancer cells, which also
express IGF-II, to the Matrigel invasion chambers (31), we again
saw a significant reduction in invasion after IGFBP2 or anti-IGF-
II treatments (fig. S4, H and I). Notably, DCIS.com cells undergo a
ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC)
transition when xenografted (32), suggesting that targeting IGF-II
autocrine signaling may act to contain a wide range of breast cancers
in situ. Cumulatively, we see that IGF-II depletion phenocopies
IGFBP2 anti-invasive action in the TNBC and DCIS.com cell
lines, supporting a model of stromal IGFBP2 disrupting proinvasive
IGF-II autocrine signaling in cancer cells (Fig. 4M).

IGFBP2-positive adipocytes are reduced in patient samples
from DCIS and IDC

To further explore the clinical significance of these findings, we
stained a cohort of healthy mammary gland, DCIS and IDC
patient samples. High mammographic density is the strongest risk
factor for breast cancer (33—35), where an increase in fibroglandular
tissue occurs in concert with increased tissue stiffness, immune in-
filtration, and fibrosis (36, 37). Increased density is paralleled by a
reduction in adipose tissue, which also occurs during breast cancer
progression (Fig. 5A; quantified in Fig. 5B). When we stained these
patient samples, the number of IGFBP2-positive cells was severely
reduced from healthy to disease states (Fig. 5, C to E). As the risk of
breast cancer increases with age, we also investigated IGFBP2 ex-
pression in adipocytes in healthy breast tissue of younger (ages 18
to 26) and older (ages 40 to 45) patient cohorts (fig. S5). IGFBP2
expression, but not overall adiposity, was significantly lower in
the older healthy patient cohort (fig. S5). Moreover, adipocytes in
the IDC samples had significantly reduced IGFBP2 expression,
compared to the DCIS and healthy samples (Fig. 5F), and this
was further reduced in adipocytes contained within the tumor
borders, compared to those at the invasive front (Fig. 5F). Together,
these data are supportive of lower stromal IGFBP2 expression cor-
relating with age-related cancer risk and disease progression. This
IGFBP2 loss in the breast tissue microenvironment upon disease
progression highlights that investigation of healthy stromal cells
may provide key insights into the mechanisms of tissue homeostasis
that is disrupted in cancer.

DISCUSSION

Here we show that healthy mammary adipocytes are able to restrain
breast cancer invasion through secretion of IGFBP2, a novel anti-
invasive adipocrine factor. Our experiments demonstrate that a
healthy human mammary gland is rich in IGFBP2-expressing adi-
pocytes and that IGFBP2 secreted by normal tissue-derived adipo-
cytes efficiently blocks breast cancer invasion. Our study describes
an anti-invasive mechanism in which autocrine proinvasive IGF-II
signaling by cancer cells is disrupted by IGFBP2 acting as a stromal
sequester of IGF-II. IGFBP2 action could be efficiently mimicked
with an IGF-II-neutralizing antibody, implying direct clinical and
therapeutic implications of our discovery.

The tissue composition of human breast is unique, with glandu-
lar structures surrounded by abundant adipocytes and low tissue ri-
gidity. In contrast, desmoplasia (increased deposition of ECM) and
subsequent stiffening of the tumor microenvironment plays a key
role in breast cancer aggression (38). Our discovery of the cancer-
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Fig. 4. IGFBP2 acts through depletion of IGF-Il
from the cancer microenvironment. (A) Sche-
matic of the proteomics experimental setup. LC-
MS/MS, liquid chromatography-tandem mass
spectrometry. IP, immunoprecipitation. (B and C)
Representative Western blot (B) and densitome-
try analysis (C) after silencing of IGF2 (IGF-Il gene)
using siRNAs in MM231 cells (n = 4 biological
replicates; one-sample t test; *P < 0.05 and ***P <
0.001). (D and E) Representative images (D) and
quantification (E) of MM231 cell invasion in in-
verted collagen/fibronectin matrices after IGF2
silencing. Scale bars, 50 um. n = 3 biological
replicates, performed in duplicate with three
stacks per transwell; one-way ANOVA with Tukey
correction; ***P < 0.001. (F and G) Representative
images (F) and quantification (G) of MM231 cell
invasion in inverted collagen/fibronectin matri-
ces treated with PBS, IGF-1I (10 ng/ml), IgG1k (10
pg/ml), or anti—IGF-1l (10 pg/ml). Scale bars, 50
pum. n = 3 biological replicates, performed in
duplicate with three stacks per transwell; one-
way ANOVA with Tukey correction; ***P < 0.001.
(H and 1) Representative IGF-Il Western blot (H)
and quantification (I) of TIF, MM231, MM468, and
HCC1937 cells (n = 6 biological replicates; one-
sample t test; ***P < 0.001). (J) ELISA for human
IGF-Il in conditioned media from TIF, MM231,
MM468, and HCC1937 cells (n = 4 biological
replicates; one-way ANOVA with Dunnett’s cor-
rection; *P < 0.05 and ***P < 0.001). (K and L)
Matrigel invasion assays for MM231 (K) and
MM468 (L) cells treated with IgG1k or anti—IGF-II
(n = 3, eight fields of view (FOVs) per chamber, |
two to three invasion chambers per condition

per replicate; two-tailed Student's t test with
Welch’s correction; **P < 0.01). Scale bars, 100

pum. (M) Schematic of the proposed mechanism

for IGFBP2 inhibition of invasion through dis-
ruption of breast cancer IGF-Il autocrine

signaling.
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limiting activity of mammary gland adipocytes is original and
focuses on an understudied aspect of breast cancer stroma. Previous
studies into the role of adipocytes in breast cancer progression have
primarily focused on their loss during the process (3) and the
concept of increased tissue rigidity contributing to breast cancer in-
vasion through mechanochemical signaling in cancer cells (36). In
addition, recent work has explored the changes in mammary
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adipose tissue during tumor progression, finding that cancer-asso-
ciated adipocytes express reduced adipogenesis-related genes, show
increased browning, and secrete more inflammatory cytokines and
matrix metalloproteinases, while furthering the desmoplastic reac-
tion associated with breast cancer progression (4, 5, 39-42). In line
with this work, we saw a loss of IGFBP2-positive adipocytes in DCIS
and IDC patient samples, when compared to healthy breast tissue.
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Fig. 5. IGFBP2 expression during breast cancer progression. (A) Representative H&E-stained breast tissue samples from healthy patients, patients with DCIS, or pa-
tients with IDC. Scale bars, 200 pm. (B) Quantification of adipocytes per section from healthy (n = 8 patients, three to eight sections per patient), DCIS (n = 6 patients, one
to four sections per patient), and IDC (n = 3 patients, one to two sections per patient). Kruskal-Wallis test using Dunn'’s test to correct for multiple comparisons (**P < 0.01
and ***P < 0.001). (C) Representative image from a patient sample stained for IGFBP2 (magenta) and counterstained with DAPI (cyan) and keratin-8/keratin-14 (KRT8/14;
red). Scale bar, 100 pm. n = 8 normal reduction mammoplasty patient samples. Autofluorescence is given in green. (D) Representative image of human DCIS breast cancer
tissue stained for IGFBP2 (magenta) and counterstained with DAPI (cyan) and KRT8/14 (red). Scale bar, 100 pm (n = 4 DCIS patient samples). Autofluorescence is given in
green. (E) Representative image of human IDC breast cancer tissue stained for IGFBP2 (magenta) and counterstained with DAPI (cyan) and KRT8/14 (red; n = 3 IDC patient
samples). Scale bar, 100 um. Autofluorescence is given in green. The brightness of IGFBP2 staining was increased for display purposes only. (F) Quantification of IGFBP2
per adipocyte from healthy (n = 8 patients, 143 to 280 adipocytes per patient), DCIS (n = 6 patients, 39 to 410 adipocytes per patient), and IDC (n = 3 patients, 75 to 283

adipocytes per patient). Kruskal-Wallis test using Dunn’s test to correct for multiple comparisons (***P < 0.001).

Previous studies using cocultured adipocytes differentiated from
3T3 cells or adipose-derived stem cells have demonstrated
growth-promoting and promigratory effects on MM231 and
MCF7 cells in vitro (43—45). In contrast, we find that coculture of
breast cancer cells with adipocytes differentiated from patient-
derived stromal cells significantly inhibits invasion. These some-
what opposing results could be owing to the different source/state
of the cells. Notably, recent work by Silva and colleagues (46) has
demonstrated that lipofilling with healthy human adipose into
mouse MCF7 xenografts reduces tumor growth and proliferation.
Moreover, recent studies exploring the heterogeneity of stromal
cells have motivated assessment of adipose tissue in a similar
fashion (47) and have revealed far greater diversity than the
general classifications of brown, white, and brite/beige (48-50).
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These findings highlight the significant impact that could be at-
tained through restoration of IGFBP2 into the breast cancer micro-
environment, along with an alternative perspective on the role of
adipocytes in breast cancer progression.

IGFBP2 was identified as part of a screen for anti-invasive
factors, where exogenous recombinant proteins were applied to in-
vading MM231 breast cancer cells. IGFBP2 is involved in metabolic
diseases (19, 51). High-serum IGFBP2 is associated with a decreased
risk of diabetes, playing a protective role against insulin resistance
and obesity (52, 53). Diabetes and obesity are associated with in-
creased risk of breast cancer progression, as well as dysfunctional
adipose tissue (54, 55). Here, we found that IGFBP2 was able to
bind and sequester IGF-II, which prevents the autocrine signaling
of breast cancer cells and limits their progression toward invasive
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disease. However, the role of IGFBP2 in dysfunctional mammary
adipocytes and the link to cancer is unclear, as it has been associated
with both tumor progression and suppression (19, 56). However,
many studies consider only the intracellular IGFBP2 pool in
cancer cells, where it appears to play a protumorigenic role (19—
21). In contrast, exogenously applied IGFBP2 has been reported
to inhibit in vitro and in vivo tumor growth (57), which is in line
with IGF-II inhibition suppressing the growth of breast cancer xe-
nografts (29). We failed to observe any IGFBP2- or anti~IGF-II-me-
diated effects on cell proliferation and detected only robust anti-
invasive properties in our experimental models. Nevertheless,
these studies and our work indicate an anticancer role for secreted
extracellular IGFBP2 and underline the importance of differentiat-
ing between intracellular and extracellular pools when investigat-
ing IGFBPs.

While disruption of healthy adipose function supports breast
cancer progression and local invasion into the co-opted tissue
(39, 58), approaches to recuperate or restore this adipose tissue
could help restrain breast cancer progression before invasive
disease. It has already been shown that the increased plasticity of
breast cancer cells undergoing an epithelial-to-mesenchymal tran-
sition can be exploited to transdifferentiate them into adipocytes
(59). This presents an exciting opportunity for the restoration of
IGFBP2 into the cancer microenvironment to further contain the
primary tumor. Furthermore, as high levels of IGF2 have been
linked to a poorer prognosis in breast cancer (29) and we find
that IGF-II drives proinvasive autocrine signaling in breast cancer
cells, this opens up a new avenue for therapeutic intervention
through IGF-II depletion. In this way, this work places a spotlight
on healthy stromal tissue in tumor containment and supports
further investigation into IGFBPs in this process in other cancer
subtypes.

MATERIALS AND METHODS

Animal experiments

Subcutaneous xenografts were performed with athymic nude mice
(Foxn1™; Envigo, UK) by co-injecting 6 x 10° TIFs mT2/IGFBP2
and 2 x 10® MM231 in phosphate-buffered saline (PBS). Tumors
were then tracked by palpation with calipers until the tumor
volume (M) was >300 mm?, at which point the mice
were euthanized and tumors were collected. Mice were housed in
standard conditions (12-hour light/12-hour dark cycle) with food
and water available ad libitum. All animal experiments were per-
formed in accordance with the Finnish Act on Animal Experimen-
tation (animal license number ESAV1/12558/2021). Quantification
of adipose tissue in sections was performed in QuPath (60). Quan-
tification of local invasion and Ki67-positive nuclei were also per-
formed in QuPath on tumors that showed local invasion, as
described previously (61), building upon the approach by quantify-
ing the percentage of local invasion in the xenograft by selecting
areas of invaded cells and dividing those by the total tumor area.

CDM generation

CDMs were generated as described previously for TIFs (28), with
only the modification of the TIFs themselves to stably express
mT2 or IGFBP2. To assess changes in the fibronectin or collagen
I fiber orientation in the presence of IGFBP2, CDMs were treated
with recombinant CNA35-mCherry before fixation with 4%
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paraformaldehyde (PFA). These were then blocked overnight with
2.5% bovine serum albumin (BSA) (Sigma-Aldrich, A8022)/1 M
glycine (ITW Reagents, A1067)/PBS before overnight staining
with anti-fibronectin primary antibody (HFN7.1, mouse; Abcam,
ab80923). Stained CDMs were then imaged on a spinning disk con-
focal microscope (3i Marianas CSU-W1; 40x/1.1 objective) and an-
alyzed for staining density in FIJI [National Institutes of Health
(NIH)] and fiber coherency using the Orientation] package (FIJI).

Cell line models

TIFs [a gift from J. C. Norman (Beatson Institute, Glasgow, Scot-
land, UK)], MM231 [American Type Culture Collection (ATCC),
HTB-26], and MM468 (ATCC, HTB-132) cells were all cultured
in Dulbecco’s modified Eagle's medium (DMEM; Sigma-Aldrich,
D2429) supplemented with 10% fetal bovine serum (FBS) and t-
glutamine (100 mM). DCIS.com cells [a gift from J. F. Marshall
(Barts Cancer Institute, Queen Mary University of London,
London, England, UK)] were cultured in DMEM/F12 (Invitrogen,
11330-032) supplemented with 5% horse serum, epidermal growth
factor (EGF; 20 ng/ml; PeproTech, AF-100-15), hydrocortisone (0.5
mg/ml; Sigma-Aldrich, H0888), cholera toxin (100 ng/ml; Sigma-
Aldrich, C8052), and insulin (10 pug/ml; Sigma-Aldrich, 19278).
HUVECs (Lonza, C2519A) were cultured on plasticware precoated
with gelatin (0.1%; Sigma-Aldrich, G2500) for 10 min at 37°C. Sub-
confluent cells that were actively dividing were grown in endothelial
cell growth basal medium 2 (Lonza, CC-3156) with SingleQuots
(Lonza, CC-4176). HPMECs (PromoCell, C-12281) were cultured
in endothelial cell growth mediumMYV (PromoCell, C-22020). Ex-
periments with HUVECs and HPMECs were conducted with
monolayers where the medium was replaced with a reduced factor
growth medium at least 24 hours before the experiment began or
conditioned medium was collected: m199 medium (Sigma-
Aldrich, M4530) supplemented with 20% FBS, L-glutamine (2
mM), endothelial cell growth factor supplements (30 mg/liter;
Sigma-Aldrich, E2759), and heparin (10 U/ml; stock is 25 KU/ml
in PBS; Sigma-Aldrich, H3393). HMEC-1 cells (ATCC, CRL-
3243) were cultured in MCDB131 medium (Life Technologies,
10372019) with 100 mM r-glutamine, EGF (10 ng/ml; PeproTech,
AF-100-15), and 10% FBS.

Conditioned medium isolation and concentration

For conditioned medium experiments, medium was collected from
cells after at least 24 hours and then concentrated using 3-kDa cut-
off filters (Millipore, Amicon Ultra-15, UFC900324), centrifuging
three times to first concentrate the medium and then washed
twice with PBS. Protein concentration was measured with a Pierce
detergent compatible Bradford assay kit (Thermo Fisher Scien-
tific, 23246).

Enzyme-linked immunosorbent assay for IGFBP2 or IGF-II
in cell media

Enzyme-linked immunosorbent assays (ELISAs) were performed in
a 96-well plate format using the human IGFBP2 SimpleStep ELISA
kit (Abcam, ab215082) or human IGF-II/IGF2 Quantikine ELISA
kit (DG200, R&D Systems), as per the manufacturer’s instructions.

Flow cytometric analysis of IGFBP2 cell surface binding
MM231 cells were trypsinized, run through a single-cell filter, and
then incubated with concentrated TIF medium (10 mg/ml) from
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either IGFBP2 or IGFBP2-Clover overexpressing TIFs for 30 min at
37°C. Next, cells were fixed with 2% PFA for 10 min at 37°C and
washed two times with PBS. Between 50,000 and 100,000 cells
were resuspended in 200 pl of PBS and loaded into a 96-well
plate. Cytometry was then performed on an LSRFortessa cell ana-
lyzer using the High Throughput Sampler (BD Biosciences). The
488-nm laser power was adjusted using a positive control popula-
tion of MM231 stably expressing IGFBP2-Clover before running
the other conditions. Up to 10,000 single cells were collected per
condition. Gating and statistical analysis of the cell population geo-
metric means and robust SD were performed in FlowJo (BD
Biosciences).

Gene silencing

Gene silencing was performed by transfection of 10 nM siRNA
using RNAIMAX, as per the manufacturer’s instructions. The non-
target control (NTC; AllStars negative control), IGFBP2 siRNAs
(Hs_IGFBP2_1, S100012495, CACACGTATTTATATTTGGAA
and Hs_IGFBP2_1, S100012502, ACAGTGCAAGATGTCTCTGA
A), and IGF2 siRNAs (Hs_IGF2_8, 5104949441, CAGGGTAAAC
TGGCCATCCGA and Hs_INS_IGF2_4, SI03495485, CC
GGTCCTCTTTATCCACTGT) were all purchased from QIAGEN.

Generation of stable cell lines

Lentiviral particles were produced in human embryonic kidney
293FT packaging cells (Thermo Fisher Scientific, R70007) by co-
transfecting with the third-generation lentiviral packaging system,
pMDLg/pRRE (Addgene, plasmid #12251), pRSV-Rev (Addgene,
plasmid #12253), and pMD2.G (Addgene, plasmid #12259), along
with the pLenti6.3/TO/V5-DEST-mTurquoise2, pLenti6.3/TO/V5-
DEST-IGFBP2, and pLenti6.3/TO/V5-DEST-IGFBP2-Clover
transfer plasmids using Lipofectamine 3000 (Thermo Fisher Scien-
tific) in OptiMEM (Gibco, 31985070), as per the manufacturer’s
protocol. Twenty-four hours after transfection, the medium was re-
placed with TIF growth medium and incubated for a further 24
hours, at which point the medium was collected and filtered
through a 0.45-um syringe filter. MM231s or TIFs were then trans-
duced with the lentiviral particles for 48 hours, in the presence of
polybrene (8 pg/ml; Sigma-Aldrich, TR-1003-G), before washing
and selecting stable positive cells using puromycin (1 pg/ml).

Immunofluorescence
Staining of cultured cells was performed after fixation with 4% PFA
(Thermo Fisher Scientific, 28908)/0.3% Triton X-100 for 10 min at
37°C. Samples were then washed with PBS before blocking over-
night with 2.5% BSA (Sigma-Aldrich, A8022)/1 M glycine (ITW
Reagents, A1067)/PBS. Blocked samples were then incubated over-
night at 4°C with primary antibodies against human IGFBP2 (Santa
Cruz Biotechnology, sc-25285), PPARy (1:100; PA3-821A, Thermo
Fisher Scientific, rabbit), paxillin (Y113; 1:100; ab32084, Abcam), or
vimentin (D21H3; 1:100; rabbit, 5741, Cell Signaling Technology).
Primary antibodies were then removed and the samples were
washed with PBS before staining with secondary antibodies and/
or Nile Red (10 uM, 19123-10MG, Sigma-Aldrich; stock: 1 mM
in methanol), SiR-actin (Tebu-Bio, SC001), and/or 4,6-diamidi-
no-2-phenylindole (DAPI; D1306, Life Technologies).

For adhesion experiments in the presence of recombinant
IGFBP2, 35-mm glass-bottom dishes were coated with 10 pg/ml
of both fibronectin (Millipore, 341631; stock: 1 mg/ml) and collagen
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I (Millipore, 08-115; stock: 4 mg/ml) overnight at 49°C. MM231 cells
were then seeded for 1.5 hours before fixation and staining, as
above. Stained samples were then imaged on a spinning disk con-
focal microscope (3i Marianas CSU-W1; 20x/0.8 objective) and an-
alyzed for staining intensity, focal adhesion, or cell area in
FIJT (NIH).

Immunohistochemistry

Organotypic matrices and xenografts were fixed in 10% neutral
buffered formalin and then paraffin embedded, before cutting 4-
um sections for staining with either hematoxylin and eosin
(H&E) or primary antibodies against Ki67 (1:500; Dako, M7240)
or pan-cytokeratin (1:25; Invitrogen, MA5-13203). Slides were
then scanned on a Pannoramic P1000 (3DHISTECH, 20x/0.8
objective).

Immunofluorescence of formalin-fixed paraffin-embedded
(FFPE) sections was performed with standard protocols on depar-
affinized sections after heat-mediated antigen retrieval in universal
buffer (Retriever 2100, Aptum Bio) with the indicated antibodies
against vimentin (1:500; D21H3; Cell Signaling Technology, 5741)
or IGFBP2 (1:100; Santa Cruz Biotechnology, sc-25285). All
samples were stained with DAPI (Life Technologies), mounted in
Mowiol containing 1,4-diazabicyclo[2.2.2]octane (DABCO;
Merck) antifade reagent.

For immunofluorescence of frozen tissue sections, samples were
fixed overnight at +4°C in periodate-lysine-PFA buffer [1% PFA,
0.01 M sodium periodate, 0.075 M L-lysine, and 0.0375 M P-
buffer (0.081 M Na,HPO, and 0.019 M NaH,PO,) (pH 7.4)].
After washing twice with P-buffer, samples were incubated in
30% sucrose (Merck, 107687) in P-buffer for a minimum of 2
days. Samples were mounted in Tissue-Tek O.C.T. Compound
(Sakura, 4583) on dry ice and cut into 8-um sections. The frozen
sections were thawed for 1 hour at room temperature (RT) before
immunolabeling. The sections were blocked and permeabilized in
2% BSA and 0.1% Triton X-100 in PBS for 30 min at RT. Primary
antibodies—vimentin (1:500; D21H3; Cell Signaling Technology,
5741), IGFBP2 (1:100; Santa Cruz Biotechnology, sc-25285),
keratin-8 (1:1000; Hybridoma Bank, clone Troma-I), or keratin-
14 (1:1000; Covance, PRB-1558)—were incubated in 2% BSA in
PBS overnight at +4°C. The sections were washed 3 x 10 min
with PBS. The fluorescently conjugated secondary antibodies were
incubated in 2% BSA in PBS for 1 hour at RT, after which the sec-
tions were washed 3 x 10 min with PBS (1:1000; DAPI in the second
wash) and then 5 min with milli-Q water. The sections were
mounted under a glass coverslip with Mowiol (Calbiochem) supple-
mented with 2.5% DABCO (Sigma-Aldrich). Labeled sections were
imaged on a spinning disk confocal microscope (3i Marianas CSU-
W1; 20%/0.8 objective). Autofluorescence was from 488-nm excita-
tion and detecting 525-/50-nm emission. For the quantification of
IGFBP2 intensity in FIJI (NIH), adipocytes were identified on the
basis of morphological characteristics using the autofluores-
cence channel.

Invasion into fibroblast-contracted 3D collagen | matrices

Fibroblast-contracted “organotypic” 3D collagen I matrices for in-
vasion assays were generated as described previously (9), modifying
the protocol only to place MM231-seeded matrices in Transwell
inserts (8-um pore size; Greiner, ThinCert, 662638), after being
cut to fit with a scalpel. These inserts were placed in 24-well wells
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containing preformed HUVEC or adipocyte monolayers (adipo-
cytes were differentiated in these wells before Transwell addition)
on the bottom of the well. An air-liquid interface was then
formed by adding media up to the bottom of the Transwell insert.
In experiments without HUVEC/adipocyte monolayers, only the
culture medium was added up to the bottom of the Transwell
insert. After 14 days of invasion, matrices were carefully removed
from the Transwells and fixed in 10% neutral buffered formalin
overnight at 4°C, then paraffin embedded, sectioned, and stained
as described above. Quantification of the proliferation or invasion
indices was performed in QuPath using the positive cell detection
algorithm over eight regions of interest. For invasion assessment,
the fraction of cells in a region of interest that had invaded
beyond 100 pm was compared to the total number of cells in
that region.

Inverted invasion assay

Inverted invasion assays were performed as described previously
(62). After 5 days, MM231 cells were fixed in 4% PFA/0.2%
Triton X-100 (T8787, Sigma-Aldrich) in PBS for 1 hour at RT,
washed three times in PBS, before incubation with phalloidin-488
(Invitrogen, A12379) overnight at 4°C, and then imaged on a Zeiss
LSM880 inverted confocal microscope using a 40x/1.2 objective
and taking z-stacks with 15-um increments. Invasion indices were
calculated in FIJI (NIH) by measuring the area of signal in incre-
ments beyond 45 um and then dividing this by the total area of
the signal in all of the 15-um increments to get a percentage of in-
vading cells beyond 45 pm. For the exogenous protein inverse inva-
sion screen, cells were treated with either PBS or one of the
following recombinant proteins (5 uM): SPARC (R&D Systems,
941-SP), DKK1 (R&D Systems, 5439-DK), DKK3 (R&D Systems,
1118-DK), TFPI (R&D Systems, 2974-PI), TFPI2 (R&D Systems,
2545-PI), HHIP (R&D Systems, 9280-HP), PAI1 (R&D Systems,
1786-PI), IGFBP2 (R&D Systems, 674-B2), IGFBP7 (R&D
Systems, 1334-B7), and GSN (Novus, H00002934-Q01). For assess-
ment of the IGF-II pathway perturbation, the following were used:
recombinant IGF-II (10 ng/ml; R&D Systems, 292-G2), anti—IGF-1I
(10 pg/ml; Sigma-Aldrich, 05-166), or immunoglobulin Glk
(IgGlx; 10 pg/ml; Sigma-Aldrich, M7894).

Mass spectrometry

MM231 cells were treated with concentrated conditioned media
from TIFs overexpressing mT2 or IGFBP2-Clover (~30 pg). For
the mT2 control medium, ~30-pg recombinant GFP (Abcam,
ab84191) was added. After 1 hour, medium was collected and
fixed with Dimethyl dithiobispropionimidate (DTBP) (5 mM;
Thermo Fisher Scientific, 20665). Fixation occurred at 37°C for
30 min with gentle mixing. This was then quenched by the addition
of quenching buffer [500 mM tris-HCI (pH 8.0) and 750 mM NaCl]
for a further 10 min at 4°C while gently mixing. Once quenched,
GFP-trap beads (30 pl, Chromotek, gfa) were added to the
medium and incubated overnight at 4°C while gently mixing. Im-
munoprecipitations were then spun down at 300g for 5 min before
washing beads thrice with PBS and then once with 50 mM tris-HCI
(pH 8.0) and 150 mM NaCl. For the on-bead digestion, samples
were reduced with 10 mM dithiothreitol (DTT)/50 mM tris-HCl
(pH 8.0) in the presence of 8 M urea for 1 hour at 37°C and then
alkylated in 40 mM iodoacetamide/50 mM tris-HCI (pH 8.0) for 1
hour in the dark. DTT was then added in excess to consume the
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remaining alkylating agent and dilute the urea before overnight di-
gestion with trypsin (Promega, V5111) at 37°C. Samples were then
acidified with trifluoroacetic acid (pH ~2) before desalting using
Sep-Pak C18 96-well plates (Waters, 186002321). Liquid chroma-
tography—tandem mass spectrometry was then performed as de-
scribed previously (63), modified only in the use of 300 ng of
sample for the analysis and in the application of a 50-min two-
step gradient from 5 to 21% of eluent B for 28 min to 36% of
eluent B for 22 min, followed by a wash stage with 100% of eluent
B to eluate peptides. Assignment of peptides and quantification of
abundance ratios (normalized to total peptide amount) by label-free
quantification was performed in Proteome Discoverer 2.5 (Thermo
Fisher Scientific) using intensity values from the precursor ions.

Matrigel invasion assay

Matrigel invasion chambers (354480, Corning) or Matrigel-coated
Transwells (60 ul per Transwell; allowed to set for 1 hour at 37°C;
Greiner, ThinCert; 8-um pore size, 662638) were seeded with 2 x
10> MM231, DCIS.com, or MM468 cells per chamber in 500-pl
serum-free medium. The bottom chamber was then filled with 1-
ml complete medium and either PBS, recombinant IGFBP2 (5
uM; R&D Systems, 674-B2), anti~-IGF-II (10 pg/ml; Sigma-
Aldrich, 05-166), or IgGlx (10 ug/ml; Sigma-Aldrich, M7894).
After allowing invasion to occur for 16 hours, the invasions were
then fixed with 4% PFA in PBS. The cells in the top chamber
were removed with a cotton tip and then the cells were stained
with DAPI before imaging on a spinning disk confocal microscope
(3i Marianas CSU-W1; 10x/0.45 objective).

Molecular cloning

To generate the lentiviral constructs pLenti6.3/TO/V5-DEST-
IGFBP2 (Addgene, #191006), pLenti6.3/TO/V5-DEST-IGFBP2-
Clover (Addgene, #191008), and pLenti6.3/TO/V5-DEST-mTur-
quoise2 (Addgene, #191010), entry clones were LR subcloned
with the Gateway destination vector pLenti6.3/TO/V5-DEST (Invi-
trogen) using LR Clonase II (Invitrogen, 11791), as per the manu-
facturers’ protocol. pENTR221-IGFBP2-Clover (Addgene,
#191007) was synthesized by BioCat (Heidelberg, Germany),
while pENTR2b-mTurquoise2 (Addgene, #191014) was generated
by first polymerase chain reaction (PCR)—amplifying mT2 from
pmTurquoise2-N1 [Addgene, #54843 (64)] using primers 5'-GGC
TGGCGCCGGTACCGCCACCATGGTGAGCAAGGGCG-3' and
5'-GGGTCTAGATATCTCGAGTCATTACTTGTACAGCTCGTC
CATGCCGAGAG-3'. This PCR fragment was then digested with
Xho I/Kpn I (New England Biolabs), in parallel with digestion of
the pPENTR2b (Invitrogen, A10463) backbone with the same restric-
tion enzymes. These fragments were then ligated using T4 DNA
ligase (Thermo Fisher Scientific, EL0011). All plasmids were vali-
dated by analytical digests and sequencing.

Proliferation assays

To assess the proliferation in cancer cells after siRNA gene knock-
down or through treatment with recombinant proteins or condi-
tioned media, parallel 96-well plates were seeded, and a single
plate was assessed on each day of the assay using cell counting
kit-8 (Sigma-Aldrich, 96992), as per the manufacturer's instruc-
tions. Relative cell density was measured as absorbance at 450 nm
after a 4-hour incubation with the cell counting kit-8 reagent at
37°C. Day 0 was measured immediately after the cells had seeded
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down in the wells, before any treatment. Doubling times were ob-
tained through fitting an exponential growth equation to the data
using Prism 7 (GraphPad Software).

Patient samples

Human breast tissue samples were obtained at the Department of
Plastic and General Surgery at Turku University Hospital (Turku,
Finland) with approval from the Ethics Committee of the Hospital
District of Southwestern Finland (permit number 23/1801/2018)
and with a written consent from the patients (§279, 9/2001).
Healthy breast samples were obtained from eight female patients
undergoing reduction mammoplasty surgery (ages 18 to 45; data
S2). Breast tumors of nine female patients with breast cancer
(ages of 41 to 85) were excised and examined by a clinical patholo-
gist (data S2). Tissue samples were processed to frozen tissue sec-
tions or FFPE tissue sections and H&E labeled with standard
procedures.

Primary human cell isolation and adipocyte culture
Adipocytes were differentiated from the stromal cells of healthy
breast tissue obtained from reduction mammoplasty operations.
The tissue was transferred in transport medium [DMEM/F12 Glu-
taMAX (Gibco, 10565018) supplemented with 5% FBS (Sigma-
Aldrich, F7524) and 10 mM Hepes (Sigma-Aldrich)]. Extra fat
was removed, and the tissue was dissected into pieces of ~1 mm?
for enzymatic digestion in dissociation medium [penicillin/strepto-
mycin (1:100), 5% FBS, filter-sterilized collagenase (300 U/ml; type
XI, Sigma-Aldrich, C7657), and hyaluronidase (100 U/ml; type I-S,
Sigma-Aldrich, H3506) in mammary epithelial cell growth medium
(PromoCell, C-21010)] at 37°C with rotation overnight. The disso-
ciated glandular tissue was centrifuged for 5 min at 600g. The cell
pellet was then resuspended in 10 ml of transport medium with de-
oxyribonuclease I (DNAse I; 10 pug/ml), shaken occasionally for 1
min to digest DNA, pelleted, and resuspended again in 10 ml of
transport medium. The tissue was then pulse centrifuged two
times for 1 min and two times for 30 s at 80g. After each pulse cen-
trifugation, the supernatant containing the mammary stromal cell
fraction was collected, pooled, and preserved at —150°C. For exper-
iments, mammary stromal cells were thawed and plated on 6-well
plates (Thermo Fisher Scientific), 24-well plates (Cellstar), or p-
Slide 8 well (Ibidi, 80826) in subcutaneous preadipocyte medium
(PM-1; ZenBio) for 2 to 3 days to obtain preadipocytes. For differ-
entiation initiation, PM-1 was carefully changed to subcutaneous
preadipocyte differentiation medium (DM-2; ZenBio), and cells
were kept in DM-2 for 1 week without medium change. Last,
DM-2 was changed to subcutaneous adipocyte maintenance
medium (AM-1; ZenBio). After a week of culture in AM-1, preadi-
pocytes were fully differentiated to mature adipocytes with visible
lipid droplets. For maintenance of preadipocyte control cells, cells
were kept in PM-1 that was changed every other day.

Recombinant protein purification

BL21 competent Escherichia coli (New England Biolabs, C2530H)
were transformed with pET28a-CNA35-mCherry [Addgene,
plasmid #61607 (65)] plasmid DNA and grown overnight on a
shaker at 37°C to yield a 250-ml culture with an ODgg, (optical
density at 600 nm) = 0.6. This was then incubated overnight again
on a shaker at 30°C in the presence of isopropyl-p-p-thiogalactopyr-
anoside (500 uM; Thermo Fisher Scientific, R0392). The bacteria
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were then pelleted by centrifugation at 6000g for 15 min at 4°C
before discarding the supernatant and resuspending in 9-ml tris-
buffered saline (TBS) with protease inhibitors (cOmpleteTM
Mini, EDTA-free, Roche). To this solution, 1 ml of BugBuster
(Millipore, 10x protein extraction reagent, #70921-50ML), 1 pl of
benzonase nuclease (Sigma-Aldrich, E1014-5KU), 4.5 pl of
DNAse I (Sigma-Aldrich, 11284932001), and lysozyme from
chicken egg white (Sigma-Aldrich, 62970) were added. This
mixture was then rotated for 30 min at 4°C before centrifugation
at 6000g for 1 hour. The supernatant was then purified using a kit
for His-tagged proteins (Macherey-Nagel, Protino Ni-TED2000
packed columns, #745120.25). The elution buffer was then ex-
changed against 4x changes of PBS using centrifugal filters (Milli-
pore, Amicon Ultra-4, 10K UFC801024).

RNA isolation, cDNA generation, and quantitative reverse
transcription PCR

RNA from cultured cells was collected and isolated using the Nucle-
oSpin RNA kit (Macherey-Nagel). For cDNA synthesis, 1 pg of the
extracted RNA was then used as a template for the high-capacity
cDNA reverse transcription kit (Applied Biosystems). Each PCR re-
action was performed using 100 ng of cDNA and the appropriate
TagMan gene expression assays (with 6-carboxyfluorescein
(FAM) dye label; Thermo Fisher Scientific) for each gene, according
to the manufacturer’s instructions (Thermo Fisher Scientific,
TagMan Fast Advanced Master Mix, 4444557). The following
TaqgMan gene expression assays were used: IGFBP2
(Hs01040719_m1), complement factor D (Hs00157263_m1), adi-
ponectin receptor 1 (Hs00360422_m1), PPARy
(Hs01115513_m1), lipase E (Hs00943405_g1), fatty acid binding
protein 4 (Hs01086177_m1), and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH; Hs02786624_gl). Relative mRNA expres-
sion levels were normalized to GAPDH, and quantification was
performed using the AACt method (66).

Statistical analysis

Bar and line graphs are presented as means + SEM of at least three
independent experiments, where statistical significance is given by
*P < 0.05, **P < 0.01, ***P < 0.001, or ns (not significant). All box-
plots include min/max whiskers. The specific statistical tests applied
are given in the respective figure legends. All statistical tests were
performed in Prism 7 (GraphPad Software Inc.).

Western blotting

Cell lysates were prepared in TXLB lysis buffer [50 mM Hepes, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM
EDTA, 50 mM NaF, 10 mM Na;VOy,, and protease inhibitor cock-
tail (cOmplete Mini, EDTA-free, Roche)], and volumes were adjust-
ed according to protein concentration measurements (DC protein
assay kit, Bio-Rad, 5000111). Separation was performed by gel elec-
trophoresis (Mini-PROTEAN TGX Precast Gels 4-20%, Bio-Rad,
4561096), before transferring onto a nitrocellulose membrane
(Trans-Blot Turbo Transfer System, Bio-Rad) and blocking with
AdvanBlock-Fluor (Advansta, R-03729-E10). Primary antibodies
in AdvanBlock-Fluor were incubated overnight at 4°C; IGFBP2
(R&D Systems, AF674), IGE-II (Millipore, 05-166-MI), GAPDH
(Hytest, 5G4MAB6C5), and GFP (Thermo Fisher Scientific,
A11122). Membranes were washed between primary and secondary
antibody treatments with Tris-buffered saline with 0.1% Tween 20
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(TBST). IRDye secondary antibodies (1:5000 diluted in TBST; LI-
COR) were incubated for at least 1 hour at RT, before detection on
an Odyssey fluorescence imager CLx (LI-COR). Densitometry anal-
ysis was performed in FIJI (NIH) by normalizing the signal to
GAPDH, which was used as a loading control.

Supplementary Materials
This PDF file includes:

Figs. S1 to S5

Legends for data S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Data S1to S3

View/request a protocol for this paper from Bio-protocol.
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Fig. S1. HUVEC co-culture and secreted factors had no significant effect on MM231
proliferation.

(A and B) Representative images (A) and quantification (B) of MM231 cell proliferation
(stained with Ki67) during invasion into fibroblast-contracted 3D collagen matrices + HUVEC
co-culture, performed in the presence of endothelial growth factor-reduced medium. Scale bars,
50 um. (n = 3 biological replicates, triplicate matrices, 8 regions/condition/replicate; one-way
ANOVA with a Tukey correction; *p<0.05, **p<0.01, ***p<0.001, ns — not significant). (C
to F) Representative images (C and D) and quantification (E and F) of MM231 breast cancer
cell invasion in inverted collagen/fibronectin matrices in the presence of concentrated
conditioned media (given in square brackets) from either MM231, HMEC-1 or HUVEC cells
(C) or from HPMEC cells, compared to medium with the same volume of PBS as a control
(D). Scale bars, 50 um. (n=3 biological replicates performed in triplicate; one-way ANOVA



with a Tukey correction (E); two-tailed Student’s t-test with a Welch’s correction (F); *p<0.05,
***p<(0.001, ns — not significant). (G and H) Representative curves (G) and doubling times
(H) from the relative cell density of MM231 cells treated with the given recombinant secreted
factors (5 uM) on day 0, 1, 2, 3, against PBS as a control (Performed with 5 wells/treatment
condition; n=3 biological replicates; one-way ANOVA with a Dunnett correction; ns — not
significant).



A 200 T B HUVECs C HUVECs
180 L] I < f1‘00 804 Kk
S 160 ! Z0o = "
S 140 '} ! €% 075 S 601
£ 120 ! N0 =
— L 1 o o4 ~ 404
a 190 I D S os50 o
m 80 | o < *kk m
L g J e L 204
9} ! © 2025 Q :]!.
= 40 - | 20 dkk =
o = Q0 (1]} R s %
204 1 8 g
0 " — L % 0.00 A
S 5 o F & © QN LY
N
P &L E N i S SV gV
RN & oF \zg@ ¢ \é& .\& e \OQQ;- \(58’
& 8 B
D E  Mm231 MM231s
MM231 cell proliferation +mT2 TIFs + |GFBP2 TIFs
KieT 409 NS Kie7 [ ¢ el [Kie7 12 Far g ] 1004 1S
plet. = A0y (c) a3 e PR o g, Ciigl
T 30 % c
S g &%
P R 2 gEZO gé
RS T S geo
e T o
2. % . Y o v E
+mT2TIFs ~  |[+IGFBP2TIFs = o 40
- HUVECs ——||-HUVECs ) & & & &
& & & &
F & G &
GiE- MM231 MM231
1.25 e
g ?
£ -o- PBS & 1.00 3 A %
2 = [DMEM] Z u . ® o
= —— [MM231] g v
g ~¥— [HUVEC medium] = 0.759
2 —— [HUVEC] 2 .
i ~o- [AM-1] 5 - e
Y ~#- [Pre-adipocyte] 3 0.50 y* o
e o
[Adipocyte]
O R S
0 1 2 3 QNN D OS NS (@D (@
Time (days) DORY z&\\o&\‘r@. & )
PFER S
K2 &
N <
<

Fig. S2. Neither conditioned media, nor TIF-derived IGFPB2, had any significant effect

on MM231 proliferation.

(A) ELISA assays for human IGFBP2 from conditioned media from MM231s, HUVECs,
HMEC-1s, and from m199 media and HPMECs (n = 3-4; one-way ANOVA with a Tukey
correction; **p<0.01). (B) Assessment of relative mRNA levels by qRT-PCR of RNA isolated
from HUVEC:s after transfection with siRNAs against /GFBP2 (silGFBP2_1 and silGFBP2 _2)
and siNTC (n=3; one-sample t-test; ***p<0.001). (C) ELISA assays for human IGFBP2 from
conditioned media measured in duplicate (n=3; one-way ANOVA with a Dunnett correction;
***p<(0.001). (D) Representative images and quantification of Ki67 stained organotypic
invasions from mT2 or IGFBP2 TIF-contracted matrices, where MM231 cancer cells invaded
for 14 days and are positive for Ki67 (brown nuclei if actively proliferating; n=3 biological
replicates, triplicate matrices, 8 regions/condition/replicate; one-way ANOVA with a Tukey
correction; ns — not significant). Scale bars, 100 um. (E) Representative images of Ki67 stained
MM231 xenografts, co-injected with TIFs overexpressing either mT2 (control) or IGFBP2.
Quantification of positive (brown) to negative (blue) staining of Ki67 in 400 pm? regions of
interest from subcutaneous xenografts (n=10 (mT2) and 12 (IGFBP2); two-tailed Student’s t
test with a Welch’s correction; ns — not significant). Scale bars, 50 um. (F and G)
Representative curves (F) and doubling times (G) from the relative cell density of MM231 cells
treated with conditioned media (given in square brackets) from MM231, HUVEC, pre- and
mature adipocytes, against their respective concentrated growth medias as controls (Performed




with 3 wells/treatment condition; n = 3 biological replicates; one-way ANOVA with a Dunnett
correction; ns — not significant).
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Fig. S3. IGFBP2 does not bind to the cancer cell surface or ECM.

(A) Representative western blot of TIFs stably overexpressing mT2, IGFBP2 or IGFBP2-
Clover. (B) ELISA assays for human IGFBP2 from conditioned media (n=3; one-way ANOVA
with a Tukey correction; ***p<0.01). (C and D) Representative images (C) and quantification
(D) of MM231 breast cancer cells invading into inverted collagen/fibronectin matrices in the
presence of concentrated conditioned media (given in square brackets) from mT2, IGFBP2 or
IGFBP2-Clover overexpressing TIF cells (n=3 biological replicates performed in triplicate
with 3 stacks/transwell; one-way ANOVA with a Tukey correction; **p<0.01). Scale bars, 50
um. (E and F) Representative flow cytometry plot (E) and geometric means (F) from MM231
cancer cells expressing either IGFBP2-Clover (positive control) or treated with IGFBP2-




Clover exogenously (IGFBP2-Clover treatment), compared to treatment with exogenous
untagged IGFBP2 (negative control; n = 3). (G) Representative images and quantification of
signal coverage beyond an equal intensity threshold of CDMs derived from TIFs
overexpressing either IGFBP2-Clover or mT2. The brightness of the mT2 and IGFBP2-Clover
fluorescence channels was increased for visualization purposes to show the weak non-specific
background signal in both (n=4, 8 ROI/condition/replicate; two-tailed Student’s t-test with a
Welch’s correction; ***p<0.001). Scale bars, 50 um. Images adjusted for display. (H and I)
Representative images (H) and quantification of the coherency (I) from the fiber orientation
analysis of the collagen I (CNA35-mCherry) or fibronectin labelling of CDMs from TIFs
overexpressing either mT2 or IGFBP2. Scale bars, 50 um. (n=4, 8 ROI/condition/replicate;
two-tailed Student’s t-test with a Welch’s correction; *p<0.05, ns — not significant). (J)
Representative images of fibronectin-stained CDMs derived from TIFs overexpressing either
IGFBP2 or mT2, as well as quantification of the coverage of the fibronectin signal (n=4, 8
ROI/condition/replicate; two-tailed Student’s t-test with a Welch’s correction; *p<0.05, ns —
not significant). Scale bars, 50 um. (K and L) Representative immunofluorescence images (K)
and quantification (L) of MM231 cell and focal adhesion (FA) area after seeding on a mixture
of collagen/fibronectin in the presence or absence of IGFBP2 (5 uM); stained with DAPI,
paxillin and SiR-Actin. Scale bars, 10 um. (n = 3 biological replicates with >20 cells/replicate;
two-tailed Student’s t-test with a Welch’s correction; ns — not significant).
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Fig. S4. IGF-II is important for DCIS.com invasion, while having no effect on MM231
and MM468 cell proliferation.

(A) ELISA assays for human IGF-II in conditioned media from pre- (n = 2 biological
replicates) and mature adipocytes (n = 3 biological replicates), compared to the adipocyte
culture media (AM-1). (B and C) Representative curves (B) and doubling times (C) from the
relative cell density of MM231 cells treated with PBS, IGF-II (10 ng/ml), IgG (10 pg/ml) or
anti-IGF-II (10 pg/ml; n = 3 biological replicates; one-way ANOVA with a Tukey correction;
ns — not significant). (D and E) Representative curves (D) and doubling times (E) from the
relative cell density of MM468 cells treated with PBS, IGF-II (10 ng/ml), IGFBP2 (5 uM), IgG
(10 pg/ml) or anti-IGF-II (10 pg/ml; n = 3 biological replicates; one-way ANOVA with a
Tukey correction; ns — not significant). (F and G) Representative IGF-11 western blot (F) and
quantification (G) from MM231 and DCIS.com cells (n = 5 biological replicates; one-sample
t-test; ns — not significant). (H and I) Matrigel invasion assays for DCIS.com cells treated with
PBS or IGFBP2, or IgGlx or anti-IGF-II (n = 3, 8 fields of view (FOVs)/chamber, 2 invasion
chambers/condition/replicate; two-tailed Student’s t-test with a Welch’s correction;
**%p<(0.001). Scale bars, 100 pm.
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Fig. S5. IGFBP2 levels in mammary adipocytes are reduced in older patients.

(A) Representative H&E stained samples from younger (18-26 years; n = 4 patients) and older
(40-45 years; n = 4 patients) healthy patient samples. Scale bars, 250 um. (B) Quantification
of adipocytes/section from older and younger patients (3-8 sections/patient; two-tailed
Student’s t-test with a Welch’s correction; ns, not significant). (C) Representative images from
patients stained for IGFBP2 (magenta) and counterstained with DAPI (cyan) and keratin-8/-14
(KRT8/14; red). Autofluorescence signal is given in green. Scale bars, 200 um. (D)
Quantification of IGFBP2 in adipocytes relative to unstained background (n = 4 normal
reduction mammoplasty patient samples in each age group; 143-280 adipocytes/patient/group;
two-tailed Mann-Whitney U test; ***p<0.001).



Data S1. (separate file “Data S1 - Secretomes.xlsx”)
Comparison of four published HUVEC secretomes for common angiocrine factors.

Data S2. (separate file “Data S2 - Patient details.xlIsx”)
Patient details for those included in the study.

Data S3. (separate file “Data S3 - Mass spectrometry analysis.xlsx”)
Analysis of GFP-trap mass spectrometry data for IGFBP2- or GFP-bound protein.
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