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ABSTRACT

Physical cues that cells receive from the extracellular matrix (ECM) are primary drivers of cell and
tissue behavior, determining stemness, cell differentiation and proliferation and are often decisive in
disease development and progresses. In this context, 2D substrates of controllable mechanical
properties are indispensable tools for mechanobiology studies, as they allow to recapitulate biophysical
and adhesive cues of natural ECM.

In this thesis work I designed and developed tools for cell culture having defined mechanical properties
and adhesiveness to study mechanotrasduction events in the context of aging and from a molecular
biology perspective. I systematically studied the mechanosignalling properties of these systems,
monitoring the activation state of the mechanotrasducers YAP and TAZ for diverse cell types.

I optimized a norbornene-terminated Polyethylene glycol (PEG-NB) based hydrogel, in which
stiffnesses were tunable in a range of physiological relevant rigidities. The relevance of these gels is
that the physical stimuli of the substrate could be dissected, in particular rigidity from adhesiveness,
allowing to separately study their influence on cell behavior. Using the level of localization of
YAP/TAZ mechanotrasducers as a beacon to investigate cell responses and human osteosarcoma U20S
cell line as a paradigm, we found that rigidity is an overarching parameter that regulate cell
mechanotrasduction. However, at intermediate physiologically relevant stiffness (<l-few kPa),
adhesiveness can impair stiffness. Moreover, a threshold of 150 um? nuclear projected area is a
necessary checkpoint to be surpassed for YAP/TAZ activation.

Using polyacrylamide based gels, I developed substrates with different fixed stiftnesses, finely tunable
in a broad range of physiological relevant rigidities (static gels), that could also be decreased in time
during cell culture (dynamic substrates), without the need of detach cells from the culture substrate.
These tools allowed to mimic the dynamic processes occurring in natural ECM, in particular in the
context of tissue aging. Using WI38 fibroblasts, it was found that YAP/TAZ activity is impaired in
ECM typical of aged tissues. Studying this phenomenon both in vivo and in vitro, we found that
YAP/TAZ mechano-activation induced tissue senescence, demonstrating that these aging traits are due
to cGAS-STING activation and consequent inflammation processes. Indeed, by YAP/TAZ rescue these
processes are inhibited.

Finally, to fully recapitulate the dynamicity of the ECM I optimized substrates that undergo to a
periodical deformation during cell culture, by means of a stretching device. Studies of cell responses
to periodical mechanical cues are on-going. Preliminary results show that YAP/TAZ activity is

instrumental in preserving nuclear envelope integrity from damage arising from repeated, acute
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mechanical strains, as such providing a protection mechanism from the onset of an ageing-associated

inflammatory phenotype in fibroblasts.
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INTRODUCTION

Biomaterials are instrumental in exemplifying the role that physical stimuli have in shaping cell
behavior, i.e. cell mechanobiology. Since the beginnings of the field!, biomaterial platforms enabled
seminal discoveries, such as the relation between cell shape and cell behavior (proliferation,
differentiation, apoptosis?) using micropatterns and the effect of substrate stiffness in cell spreading,
migration® and differentiation®.

Still, a major part of established knowledge of cell biology is based on culture techniques that employ
supraphysiologically stiff substrates, such as glass and plastic, with elastic moduli in the GPa order of
magnitude®. These materials fail to reproduce salient features that cell experience in the tissue
microenvironment, and in particular the range of mechanical properties characteristic of various soft
tissue (as quantified by elastic moduli £ under 1 kPa for brain and approaching 15 kPa for muscle

tissues)®.

Mechanobiology

Cells are responsive to multiple kinds of signals from the environment: soluble molecules (mitogens,
morphogens), spatial organization of insoluble molecules and mechanical stimuli (forces). Studies
focusing on key biological phenomena, such as cell differentiation*, migration®’, proliferation and
apoptosis?, have highlighted the centrality of physical cues in directing cell behavior, such as the forces
and cell architecture imposed by the local microenvironment?®.

Indeed, cells can read the forces originating from their surroundings (mechanosensing) and convert
the information into biological activity (mechanotransduction). The complex mechanisms allowing
these processes are essential for maintaining tissue development, repair and homeostasis.

Cells respond to diverse mechanical inputs : changes in composition and size of substrate adhesions,
cytoskeletal structure and tension, and activation of transcriptional programs’.

Alterations in any of the elements of this complex system (such as tissue stiffening in fibrosis!?, or
mutations in the gene expression of mechanically relevant proteins such as lamins!!) can lead to the
initiation and progress of severe diseases such as cancer and dystrophies, and explain aging and some
aging related diseases. Thus, advancing research in the field of mechanobiology holds great promise
to provide insights for disease studies, therapeutics and tissue regeneration.

In this landscape, biomaterials play multiple crucial roles offering cell environments with defined and
controllable physical cues (spatial confinement, force transmission, viscoelasticity). Therefore, the

possibility of applying physical cues on cells enables in vitro studies of mechanobiology and to build



models for disease studies, but also platforms to instruct cell behavior, for tissue engineering and
material-based therapies!?.

The development of biomaterials is an interdisciplinary effort, that requires profound knowledge of
how cells interact with their microenvironments, in order to design and tailor the features of the
biomaterials, but that cannot prescind taking into consideration the central role of the mechanosensory

elements of the cell and how they engage the cell surroundings.

The ECM

A major fraction of cells in the body are adherent, relying on connections to a supporting structure and
other cells to survive and form a tissue. The extracellular matrix (ECM) is a three-dimensional network
of biomacromolecules, providing such structural support.

Several cell-adhesive proteins, including fibronectin, laminin, collagen provide anchorage points for
cells. These adhesion sites are recognized by integrins, specific membrane receptors, capable of
discriminating between different proteins and recognizing polypeptide motifs, the most common being
the RGD (Arg-Gly-Asp) sequence!®. As well as binding to the cell surface, glycoproteins also
contribute to the organization of the ECM by association with its other components, and present growth
factor-binding domains!®.

Three of the main ECM components govern its mechanical properties: fibrillar collagen, elastic fibers,
glycosaminoglycans (GAGs) and related proteoglycans!®. Collagen is the prevalent protein in the ECM
of mammals, where is present as multiple types, the most abundant being type I collagen. Fibrous
collagen is assembled in a hierarchical structure, its basic building block being a triple helix, and
endows tissues with resistance to deformation and failure!*.

Collagen triple helices expose domains that are specifically recognized by integrins, such as the
GFOGER sequence', but also feature cryptic RGD binding sites, that can be exposed by denaturation
or enzymatic degradation, in a process that is deemed relevant in directed migration after tissue
injury!’. Elastic fibers are comprised of core of a rubber-like core network of hydrophobic elastin
surrounded by glycoprotein microfibrils (fibrillin, fibulin), that allow extensibility and resilience
(recoil after force loading) to the tissue and are most abundant in vascular tissue'*

GAG are highly hydrated anionic polysaccharide chains, most types of GAGs in the ECM are present
in proteoglycans, containing a core protein with multiple covalently attached GAG chains, with the
exception of hyaluronan, a nonsulfated linear glycan'®. Hyaluronan and proteoglycans endow the ECM
with water retention, viscosity and compressive resistance: for instance, the highly sulfated aggrecan

is the major load bearing component in cartilage tissue!®.



The composition and structure of the ECM are dependent on the specific tissue, and subject to changes
during development, disease and aging. Examples include stiffening following injury?°, fibrosis and
tumor progression?!, and remodeling of the matrix involved in cell migration, wound healing and tissue
development?2.

Cell activity is instrumental in ECM maintenance and remodeling, through deposition of matrix
components and production of enzymes that crosslink or degrade them, but also through the exertion
of forces: physiological processes are guided by the dynamic reciprocal interactions between cells and
the ECM'. For instance, In tumors, fibroblasts are induced into in a contractile and matrix-deposing

phenotype (Cancer Associated Fibroblasts, CAF)?®  provoking collagen reorganization and

crosslinking, involved in tissue stiffening that characterizes cancer progression®!,

Integrin-based adhesions

Integrins are regarded as the main receptors relaying signals between the ECM and the cell: they are
type I transmembrane proteins, expressed on the cell surface as obligate, non-covalent heterodimers
(subtypes) of a-subunits and B-subunits, and are able to respond to fundamental cues such as rigidity
and topography of the ECM and externally applied forces. Their role in mechanosensing is supported
by diverse force-controlled behaviors, such as conformational changes (from a bent, low affinity
conformation to an extended, high affinity one)**, force sensitive (catch/slip) bonds with ECM ligands
and clustering®.

Cells usually express multiple integrin subtypes, that recognize specific sequences in adhesive
proteins?® and possess different responses of the bond to force?”.

Integrins are not evenly distributed on the cell surface, rather, they form aggregates of different
molecular composition, size and shape (IAC, integrin adhesion complexes). The assembly and
development of these complex structures is guided by intracellular signaling and the type and spatial
distribution of available ligands provided by the ECM?3, but is also dependent on local mechanical
forces, either applied from inside or outside of the cell3!*2.

IACs are reliant on interactions with many other proteins to enable and modulate their functions. For
example, on the cytoplasm side, IACs recruit scaffolding and signaling proteins: mature adhesions are
identified by the increase in size and elongation, and by the enrichment of actin-binding proteins such
as vinculin, talin, zyxin, a-actinin and tyrosine-phosphorylated focal adhesion kinase (FAK)?*3-%,

FAK constitutes a key signaling center of the adhesion, for instance it associates with both promoters

and inhibitors of small GTPases, thus regulating cytoskeletal structures and contractility®s. On the



membrane side, integrins cooperate with syndecan transmembrane proteoglycans to form adhesions,
an interaction that is also involved in cytoskeletal control through the regulation of Racl and RhoA*’.
While nascent adhesion/focal complexes (<100 nm in diameter) form irrespectively of force and

substrate rigidity®%-3?

, if sufficient adhesions motifs are available and tension is established, they can
develop into larger focal adhesions (FA) linked to contractile actin stress fibers through adaptor
proteins?>. When cell traction is inhibited, focal adhesions decrease in size*’, adaptor proteins and FAK
disassociate*! leading to disassembly.

Cells can also adhere to substrates that do not specifically engage integrins, such as poly-L-lysine

42,43

(PLL) or concavalin A. However this greatly limits cell spreading and does not support the

maturation of focal adhesions***

, notably, these non-specific interactions can enforce attachment to a
substrate on cell types that would be otherwise non-adherent**47,

Processes like cell spreading, involving adhesion turnover, and cell migration, requiring the
disassembly of adhesions located at the cell rear, are dependent on coordinated dissociation of IACs:
the control of this process has been shown to be mediated by microtubules, and depends on FAK and
dynamin®® (endocytosis) and dynesin*® (delivery of signals to target adhesions), and involves the
activity of the calcium dependent protease calpain®®.

A study employing FRET tension sensors has evidenced how vinculin recruitment and force
transmission are independently controlled, and that a low force across vinculin mediated adhesion
disassembly**. While focal adhesions have been mainly studied by observing cells on 2D substrates,
analogous molecular structures have been observed in 3D matrices for cells displaying mesenchymal

migration, such as fibroblast (as opposed to amoeboid cells, such as lymphocytes and dendritic cells,

that do not present developed focal adhesions)’!.

The cytoskeleton

The cytoskeleton plays a central role in determining cell shape, organization and mechanics: it is a
network of fibrous protein polymers that can dynamically assemble and disassemble in response to
forces>2. The cytoskeleton contains three main types of filaments: actin microfilaments, microtubules
and intermediate filaments.

Beyond being passive structural elements of the cell, stress fibers (SF), bundles of crosslinked actin
fibers, can act as tension-generating elements by actomyosin contraction and are instrumental for

mechanosensing™.



Through live cell imaging exploiting fluorescently tagged actin®, and the actin binding peptide
LifeAct> it is possible to observe distinct classes of stress fibers and actin filaments, and follow their
formation and disassembly in response to disruption of other cell components or myosin inactivation.
At the cell periphery, highly branched filaments of actin constitute the lamellipodia, a major site of
stress fiber and IAC assembly3-¢ dependent on the activity of the actin-nucleating Arp2/3 complex®’.
The main contractile stress fibers are ventral stress fibers and transverse arcs: ventral SF are attached
at both ends to the basal membrane of the cell with FA. Transverse arcs are not directly connected to
FA, they migrate from the cell edge towards the cell nucleus (retrograde flow) and are connected to
dorsal SF, which are anchored to a FA at the distal end, and to transverse arcs at the proximal end, and
do not contain myosin I3

The actin cytoskeleton has been described as an “active gel”: a network capable of tuning its
mechanical properties through the amounts of crosslinkers, mainly a-actinin and contractile myosin-
I1, in response to matrix stiffness, integrating the local mechanoresponse of FA. Indeed, actin fibers
and associated proteins are responsive to applied tension, for instance endogenous level of tension,
under 20 pN, inhibit spontaneous depolymerization and the activity of actin severing cofilin'>. In
response of tension-induced SF thinning, zyxin is recruited to enhance a-actinin crosslinking®, and SF
respond to stretching-induced severing by bundling®.

The response to force of the actin cytoskeleton is not limited to single fibers: when plated on soft
substratum, mechanosensitive cells such as fibroblasts fail to form a polarized actin cytoskeleton, and
instead feature a circular organization, conversely, they form an oriented cytoskeleton on stiff

substrates>8-¢!

, similarly, mechanical stimulation by stretching of the substrate induces con induce
changes in cytoskeletal rheology and orientation of stress fibers®2.

Along with the role of the force-responsive actomyosin network, microtubules also play a critical role
in the regulation of cell mechanics, to the extent that in several cell types experimental microtubule
disruption produces enhanced contractility and growth of focal adhesions®®. A direct mechanical role

of microtubules as compression resisting elements has been advanced®, but also an indirect role

mediated by association and delivery of molecules to targeted adhesion sites®.

YAP/TAZ

YAP (Yes-associated protein) and TAZ (transcriptional co-activator with PDZ-binding motif) are two

closely related transcriptional co-activators. YAP/TAZ activity is involved in several fundamental

biological processes, such as morphogenesis, tissue regeneration and tumor development®.



The subcellular localization of YAP/TAZ is a key determinant of their function, as they need to
translocate from the cytoplasm to the nucleus in order to activate transcriptional programs that promote
cell survival, proliferation, stemness and plasticity®’.

The predominant control mechanism of YAP/TAZ activity is enforced by the substrate mechanics and
geometry, and is dependent on the organization and the tensional state of the actin cytoskeleton®®,
Through this regulation, YAP/TAZ function as key mechanotransducers, in fact under low mechanical
stimulation, when cells are cultured on soft ECM or on small areas imposing a round cell shape,
YAP/TAZ are retained in the cytoplasm and are thus inactive, conversely in response to high
mechanical stimuli, like in cells perceiving a rigid ECM, or a dynamic stretch, YAP/TAZ can enter the
nucleus and activate transcriptional activity®’.

While YAP/TAZ are typically activated by mature integrin adhesions, in specialized tissues other
mechanosensitive membrane proteins can also relay mechanical signals from the ECM, such as
dystrophin-glycoprotein complex (DCG) in the sarcolemma or mechanosensitive ion channels (Piezo)
of neural stem cells®’. YAP/TAZ are further impacted by multiple other signaling pathways, most
notably the hippo kinase cascade, the first YAP/TAZ regulation mechanism to be discovered®® . Hippo
signaling inhibits YAP by phosphorylation through the activity of kinases (Large tumor suppressor
Lats1/2), and is induced by proteins involved in cell-cell junctions and cell polarity®’.

Overall, YAP/TAZ activity is under tight control of the various inputs provided by the mechanics and
structure of the cell environment™, placing YAP/TAZ as an ideal molecular beacon, integrating how
the cell responds to the multiple physical signals originating from its surroundings.

YAP/TAZ nuclear retention has also been reconducted to the capability of mechanosensitive cells to
display a “mechanical memory” from lengthy exposure to a stiff environment: when detached and
plated onto soft substrates, these cells maintain a response typical of the previous mechanics,
influencing cell migration’!, epithelial-mesenchymal plasticity’! and stem cell differentiation’?.
Alteration of YAP/TAZ activity by tissue mechanics has far reaching effects on several diseases, for
instance, sustained YAP/TAZ activity from tissue stiffening has been shown to induce in-vivo
conversion of quiescent fibroblasts into TGF- induced profibrotic myofibroblast in liver’?, lung’* and

renal fibrosis’>.

The nucleus in mechanotransduction

The nucleus is the stiffest and largest organelle in the cell. Nuclear mechanics, morphology and
function are greatly impacted by the nuclear lamina, a network of intermediate filament protein fibers

(lamins) underlying the inner nuclear membrane, that functions as a structural element. Integrated in



the nuclear envelope, and tied to the nuclear lamina, the linker of the nucleoskeleton and cytoskeleton
(LINC) proteins, mechanically couple the nucleus to the three main kinds of cytoskeletal filaments™.
Together with its central role in gene expression, recent studies have highlighted the key role of the
nucleus as a mechanosensitive organelle’®. In particular a direct role of the nucleus, as a “internal
ruler” of the extracellular environment has been advanced”’, in this view, when the nucleus is squeezed,
the nuclear envelope stretches, opening nuclear pores that enable the export of calcium and
contractility-enhancing signals. Thus cells can tune their mechanoresponse through the plasticity of
the nucleus, for instance through different expression levels of lamins’7°,

The involvement of this mechanism in the regulation of YAP/TAZ nuclear import and of other
mechanosensitive transcription factors, was supported by experiments showing that direct force
application the nucleus is sufficient to induce YAP activation®’.

The modulation of the mechanical properties of the nucleus through lamins is also critical in preventing
envelope rupture resulting from mechanical challenge to nuclear integrity, as in restricted migration
through micropores®!.

In addition to the contributions of the nucleoskeleton, perinuclear cytoskeletal structures also play a
determinant role in shaping the nucleus: in dendritic cells perinuclear actin dependent on Arp2/3 allows
nuclear deformation despite a rigid, lamin A/C rich envelope, permitting migration through micrometer
sized channels®?. In fibroblasts, stress fibers of the actin cap overlay the nucleus and are essential in
regulating nuclear shape in response to stiffness®’.

At the termini of the actin cap stress fibers, distinctive focal adhesions have been singled out as
mechanosensing elements, characterized by higher turnover, distinct composition®* and higher cell

traction forces®, suggesting a tension enhancing role of the nucleus in this architecture.

Substrate rigidity sensing

An impactful source of mechanical signals is the rigidity of the ECM: the resistance it opposes to
deformation. The ECM mediates the forces originating from the cell surroundings®®, but even in
absence of externally applied forces, cells continuously probe this feature of their environment, by
engaging the ECM with integrin FAs and exerting traction on them, mainly by means of actin
polymerization against the cell membrane and actomyosin molecular motors®’. This induces
conformational changes in mechanosensitive proteins such as talin®, triggering the recruitment of
signaling and actin-linking proteins, and adhesion reinforcement through integrin clustering®.

Although talin has been shown to be an indispensable for the formation of adhesions*® and appropriate

sensing of substrate stiffness® and stretching®?, stiffness sensing also depends on intracellular tension



by actomyosin contractility”® and numerous experimental studies point to lamellipodial®’ and

1192 contractile elements at the cell periphery, as mechanosensing units®®, however

filopodia
perinuclear adhesions have also been singled out as key players in substrate sensing through their direct
mechanical connection to the nucleus via the actin cap®.

Responses to stiffness such as changes in morphology or proliferation are dependent on cell type®* and
malignant transformation of cells often involve alterations in the mechanosensory systems of the cell:
such as loss of anchorage-dependent survival and enhanced contractility and deformability!®%. In fact,
substrate mechanosensing can be tuned by multiple factors, both cell extrinsic (ECM type®®, ligand

9999

density®”) and cell intrinsic (contractility®®, cytoskeletal “rheology””, expression of different integrin

types?°).

Although the effects of environmental stiffness have been extensively investigated, it is a passive
feature of the substrate, and which are the actual physical variables directly perceived by cell is still
debated®>!%, Often, the way cells regulate force transmission with the matrix has been rationalized in
the framework of the molecular clutch model: the different rates of binding and unbinding of the
molecular bonds engaging the substrate (ECM-integrins) with the contractile units of the cell
(integrins-cytoskeleton) as a function of force, determining the threshold of rigidity at which force
transduction takes place!®!. If adequate forces are provided, upon engagement of the clutch, talin
unfolds and exposes vinculin binding domains®, and downstream signaling leads to adhesion
reinforcement through integrin clustering and actin crosslinking (avoiding the disengagement regime
predicted by the model at high rigidities)®.

The centrality of the dynamic, mutual interaction between the ECM and the cells residing in it in
guiding tissue development and responses to wounds and disease has been long recognized!??, in fact
the force sensing system of cells is highly dynamic: external forces applied to integrins produce
cytoskeletal reorganization in under one second'®, and deformations propagate to the nucleus!®,
changes in the composition and size of FA happening under one minute from force application3!-3%103
and inhibition of cell contractility is closely followed by reduced adhesion size*’. During long term
processes, such as cell spreading or proliferation (encompassing several hours), cells continuously
probe the environment in cycles at the minute timescale and adjust their traction forces accordingly!%.
The dynamic adaptability of the cell can be understood in the context of the tensegrity model, the cell
itself, and its various structural elements, constituting a modular tensegrity system>2, If adhesive and
mechanical stimuli are present, cells assume a stable structure, its shape maintained by a state of

tension “prestress”, that also permits reversible changes to respond to outside perturbation. Since the

entire structure is connected by tension-transmitting elements, a local force produces an integrated



structural response, enabling rapid transmission of signals that outpaces diffusion-limited signaling

molecules?.

Biomaterials in mechanobiology

The complexity of the in-vivo cell environment, makes it necessary to develop systems that allow
systematic control over the diverse stimuli that cells experience, in order to elucidate their contribution
to cell responses. In this optic, many biomaterial platforms have been devised to reproduce in vitro the
salient biophysical features of the ECM, like hydrogels, but also allow to exert forces onto cells

(stretching membranes) or measuring traction forces cells apply to their substrates.

Hydrogels

Hydrogels are soft materials composed of a polymer highly hydrophilic network, suspended by a huge
amount of water: this broad definition encompasses both systems where the network is given by
physical interactions (entanglements, ionic interactions) and chemical gels, where covalent bonds
establish crosslinks between polymer strands.

Hydrogel materials serve key roles in many seminal mechanobiology studies: examples include the
fabrication of ECM coated substrates to gauge the effect of different stiffnesses on cell migration and
differentiation®* and measurements of forces exerted by cells on the substrate by traction force
microscopy, by recording the displacements of reference beads embedded in the gel'?’.

From a mechanobiology standpoint, the main advantages of hydrogel materials reside in their
similarity to the in-vivo ECM of soft tissues and the tunability of their mechanical properties.

As for the former aspect, decellularized ECM or purified ECM constituents have been used to prepare
hydrogels better resembling the physiological environment. However, they offer a narrow range of
mechanical properties, depending on multiple variables such as source tissue, dilution, pH and
temperature!'%®!%. Also, independent control of mechanical properties and other key features such as
the density of cell adhesion ligands is difficult for integrin-binding proteins such as collagen!!°.

As a result, hydrogels having defined mechanical properties are usually prepared by polymerization
and crosslinking reactions of chemically modified natural polymers or from synthetic precursors
(monomers or macromers).

The requirement of cytocompatibility restricts the available synthetic strategies to produce hydrogels,
especially if the materials are developed for cell embedding. This has restricted the choice of material

and crosslinking chemistries for the synthesis of substrates for mechanobiology research.



Synthetic polymer hydrogels

Synthetic, hydrophilic polymers are invaluable building blocks for hydrogel scaffolds for multiple
reasons: their structure and properties are easier to control with respect to naturally derived substances
and they are often biologically inert. As such they constitute “blank slate materials”, that can be
engineered with bioactive moieties, such as peptides promoting cell adhesion, enzyme-degradable

0

crosslinks, and growth factors'!” allowing fine and independent control of the various cues the
g g Y

hydrogel provides to cells.

Polyacrylamide (PAA)

Polyacrylamide (PAA) hydrogels have been among the first synthetic soft substrates (along with
silicone films!!") that have found applications in mechanobiology studies.

PAA hydrogels are typically obtained by radical chain polymerization of the monomer acrylamide
(AA), with crosslinking molecules, the most common being bis-acrylamide (BA) (Scheme 1), although

other molecules with multiple double bonds have also been used!!>!13,

0O
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Scheme 1: structures of the acrylamide (left) and bis-acrylamide (right) monomers
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As the initiator system, ammonium persulfate (APS) is usually employed in conjunction with
tetramethylethylenediamine, (TEMED) the latter acting as a catalyst for the generation of radical

species (Scheme 2).

+ HSO4 + SO

Scheme 2: TEMED-promoted generation of radicals from persulfate

Since the AA monomer itself and the radicals produced during polymerization are hazardous to cells,
PAA hydrogels are first polymerized and then extensively washed before using them in cell cultures.
This precludes cell embedding, and 3D environments can only be approximated by surrounding cells

between two layers of pre-cast gels (sandwiching)!!4.
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The mechanical properties of the gel are usually adjusted by variation of the total amount of monomers
and the ratio of AA to BA. In the scientific literature obtainable values of stiffness and porosity are
collected, with E values ranging from as low as a few Pascals up to hundreds of kPa!!>1'7 The stiffness
of the gels typically raises with the concentration of total monomers and percentage crosslinker
content, however excessively high BA concentrations can lead to structural inhomogeneities that
decrease the overall elasticity of the network!!® and result in turbidity!!2.

As PAA surfaces repel proteins, and block nonspecific cell adhesion, various coupling strategies have
been applied for introducing cell-adhesive ECM proteins or peptide sequences to PAA. One of the
most common procedures involves the usage of sulfo-SANPAH, a heterobifunctional crosslinker
containing a UV-photoreactive group, allowing binding to polyacrylamide, and a N-sulfosuccinimidyl
ester group that undergoes conjugation with amine groups of proteins'!’.

Improvements on this protocol have been proposed, such as the incorporation of primary amine groups
in the hydrogel network to enhance the coupling efficiency!!8, and alternative methods enabling protein
conjugation without UV activation, for example using 2-pyridinecarboxaldehyde functionalized
monomers!!”?.

The phenomenon of durotaxis, cell migration directed by differences in surface stiffness, was
demonstrated using PAA substrates with a stiffness gap, introduced by polymerization of two adjacent
precursor solutions with differing crosslinker content?, or with a gradient stiffness, obtained by
photopolymerization using a photomask with an opacity gradient!20-122,

PAA hydrogels were also used to develop a wound model with controllable stiffness, that does not

require scratching the culture substrate, by placing a removable PDMS barrier on top of the gel'.

Poly ethylene glycol (PEG)

Poly ethylene glycol (PEG), also termed poly-ethylene oxide (PEO), is a flexible, hydrophilic polymer
obtained from ethylene oxide. The main advantages of using PEG as a building block for hydrogels,
reside in the availability of a broad spectrum of macromers having good biocompatibility, defined
molecular weight and structure (linear, multi-arm) and the ease by which the terminal hydroxyls can
be converted into different functional groups, allowing diverse bio-orthogonal chemistries for

crosslinking or biomolecule derivatization. PEG hydrogels have been applied for 2D cell culture and

HO:{/\’O‘]‘H /ﬁio\/\}woj)\/

Scheme 3:structure of linear PEG polymer (left) and PEGDA crosslinker (right)
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inclusion of cells in 3D scaffolds (using PEG monomers as the sole component or in conjunction with
other polymers, with PEG constituting the crosslinker or a spacer moiety for ligand presentation).

This wide landscape of PEG functionalities is reflected in the multiple approaches that have been
exploited to obtain PEG-based hydrogels. Common synthesis procedures include: free radical
polymerization, usually using acrylate macromers such as PEG diacrylate (PEGDA), in conjunction

5

with photoinitiators!?*, radical promoted thiol-ene reactions!'?> and Michael-type additions such as
p p Yp

thiol-ene reactions!'?%127,

When photoinitiators are employed to prepare hydrogels, several factors can result in cell damage:
together with the toxicity of the initiator and its by-products, the effects of radiation need to be
considered. Initiators such as LAP and Irgacure 2959 have been broadly used, as they require moderate
light exposure!?* and due to their cytocompatibility!?®,

PEG based gels have been used to show that functionalization with RGD peptides directly coupled to
the polymer backbone results in poor, non-specific cell adhesion supported by adsorbed protein,

whereas introducing a spacer enhanced cell spreading through RGD specific cell adhesion!?’.

Naturally derived hydrogels
Hyaluronic acid

Hyaluronic acid is a non-sulfated GAG, found ubiquitously in tissues, and particularly enriched in the
ECM of soft tissues (synovial fluid in ligaments, vitreous body), its functions being mainly water-
retention, viscosity enhancement and lubrication!°,

In the ECM, it is usually present as linear, high molecular weight polymer (10°-107 Da)!3!. At
physiological pH, the acid groups are hydrolyzed, resulting in a highly hydrated polyanion.

OH OH
(o]
Ow 2
HO (o]
OH NH
o=
n

Scheme 4: structure of hyaluronic acid

As native HA does not exhibit significant elastic behavior, strategies for introducing crosslinks to
stabilize HA into hydrogels.

The functional groups that are present in the native HA structure represent useful chemical handles
that allow a broad range of modifications , that can be exploited for the fabrication of scaffold having
diverse structures and mechanical properties'*?: the hydroxyl groups can be directly esterified,

introducing methacrylate groups!3*!134, affording photocrosslinkable polymers, and the carboxylic acid

12



can react with amines!® or hydrazides'*¢ by carbodiimide mediated reactions, allowing crosslinking
or coupling with bioactive molecules.

Thiolated HA are of particular interest, as disulfide bonds can be introduced by mild conditions, such
as oxidation by air exposure, affording gels that can be applied for cell encapsulation'3’. While this
approach involves long reaction times or aggressive oxidant agents, the same thiolated HA can also
react in a Michael-type addition to crosslinkers containing double bonds, such as PEGDA, allowing
rapid crosslinking ! and functionalization with RGD to enable integrin adhesions'*°.

HA hydrogels have been applied in several mechanobiology studies: HA was crosslinked and coupled
to fibronectin domains using PEGDA, to prepare hydrogels having defined mechanical properties (G’
= 0.2 — 4 kPa). These substrates were used to study the effect of stiffness on fibroblasts cellular
mechanics (stiffness and traction forces) and proliferation!’ . Michael type addition can be also used
to directly functionalize methacrylated HA with cysteine containing peptides, an example being a HA
platform that was used to dissect the contributions to MSC mechanosensing by cell-cell interactions,
presenting a small peptide sequence from N-cadherin, and cell-ECM adhesions (RGD)!4!.

Michael addition chemistry was also used to obtain a brain-mimetic 3D matrix, that was synthetized
by crosslinking RGD-functionalized methacrylated HA with DTT. Matrices having different
stiffnesses (50 Pa to 35 kPa) were used to incapsulate glioblastoma spheroids, that exhibited rigidity-
dependent migration and proliferation'42,

Although HA does not directly support integrin-mediated adhesion, it is still a bioactive polymer: it is
recognized and internalized by cells through specific receptors such as CD44!%%, and it is the substrate
of hyaluronidase enzymes, involved in ECM remodeling!4+!14°,

For instance, FN coated HA hydrogels have been shown to enhance mechanotransduction in multiple
non-transformed cell lines compared to PAA hydrogels'*® and HA matrices enhance MSCs
chondrogenesis compared to an inert polyethylene glycol (PEG) scaffolds with similar mechanical

7

properties!#’. It was found that HA interactions prelude and modulate integrin-based adhesions in

chondrocytes'*® and glioblastoma cells'#-15,

Mechanical properties of hydrogels and their characterization

The interactions making up the network result in markedly different mechanical properties of the gel,
and different responses to stimuli: for instance, physical gels can fully dissipate mechanical stresses
(given enough time) and can dissolve under mild conditions (such as changes in temperature, or ionic

strength), while covalent hydrogels are more rigid and are typically irreversible.
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The mechanics of hydrogels are impacted by their multi-phase nature: although they contain a
significant amount of water, it is sufficiently retained by the network so it does not readily flow like a
liquid, and their mechanical properties are significantly poorer than common solid materials. In fact,
they exhibit nonlinear stress (o)-strain (€) behaviors and time-dependent responses (viscoelasticity).

In the field of mechanobiology, stiffness has been typically identified with the elastic behavior of the
material®, in particular the Young’s modulus E, that can obtained from uniaxial compressive or tensile

testing as the slope of the stress-strain curve in the linear region of deformation (for small strains):

E_Aa
"~ As

for instance, in one of the early implementations of PAA hydrogels for cell culture Wang® obtained the
elastic moduli of a range of composition by traction measurements of gel cast as sheets and deformed
applying a known weight with a clamp. Measurements of elasticity can also be obtained from shear

tests like rheometry as the shear modulus G, which is related to E through Poisson’s ratio v.
E=2G(1+v)

Gels can be approximated as homogeneous materials with v = 0.5 for sufficiently rapid deformations,
lower Poisson ratios result in the case of slow deformation rates due to water flow through the
network!>!

There are number of practical obstacles in handling hydrogel samples for collecting tensile
measurements, as hydrogels tend to break or slip, and can deform under their own weight. Also, their
mechanical properties are highly dependent on their degree of swelling, so their moisture needs to be
controlled during such measurements.

The mechanosensitive elements of the cell, such as nascent adhesions or contractile units, can have
dimensions as small as 100 nm, accordingly, cells can sense the underlying material properties features
of comparable size'*?, and stiffnesses at a depth that has been estimated to range from a few
micrometers!> to dimensions comparable to the cell area'>*. As a result, (sub)micro-scale techniques
have been applied to characterize the surface of biomaterials, with the possibility of collecting maps
of mechanical properties at nano-scale resolutions, such as AFM!*3 and nanoindentation!>® methods.
While gel behavior can be approximated as linearly elastic, this holds only in the linear viscoelastic
regime, valid only low deformations and frequencies, and recent studies have highlighted the impact

of viscoelastic (time/frequency dependent) properties on cell behavior!®71%8,
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Dynamic hydrogels

According to the tensegrity model, the architecture of the cell continuously adapts to changes of their
environment by reversible perturbations>?. Instead, in classical stiffness assays, cells are plated on
static hydrogels, by first detaching them from a typically super-physiologically stiff culture substrate,
or dissociating them from tissue, greatly disrupting their cytoskeletal architecture. Enzymatic
dissociation can also lead to loss of (integrin) receptors on the cell surface and lower the strength of
adhesions to the substrate!*®. Additionally, diverse cell types display a “mechanical memory” effect,
that biases their response after extended periods of culture on stiff substrates’!6°,

Thus, to better mimic a gradual adjustment of cells to the dynamic evolution of ECM mechanics,

culture substrates allowing controllable changes of their mechanical properties in the presence of

adherent cells are preferrable.

Light-controlled dynamic hydrogels

For this class of materials, strategies to realize in-situ dynamic hydrogels are mainly based on
photoreactions that increase or decrease the crosslinking degree.
For material softening, photocleavable moieties such as o-nytrobenzyl esthers (Scheme 5) have been

exploited to obtain on-demand softening of PEG-based!¢! and PAA-based!¢%!9 hydrogels.

NO, A NO;
Rl T R1 ©
Scheme 5: photoinduced cleavage of the o-nytrobenzyl esther bond

The advantage of this approach resides in the high spatial resolution of the degradation process, as o-
nytrobenzyl esters (0-NB) can undergo two-photon photolysis!®4, on the other hand, the portion of the
gel that can be modified is limited by the irradiation area, and for 3D applications the absorption of
light throughout the material limits the attainable depth of softening.

A PEG-based hydrogel obtained with an acrylic ester of 0-NB, allowing in situ softening form 10kPa
to 2kPa was instrumental in advancing the concept that MSC differentiation is influenced by a
“mechanical memory” effect: in fact a high enough mechanical dose (days in culture on the stiffer gel)
leads to persistent YAP activity, biasing differentiation towards an osteogenic fate even when the

substrate is ultimately converted to a mechanically deactivating (soft) state.”?
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A similar photodegradable PEG hydrogel system allowing in situ softening from 32kPa to 7kPa was
used to show how substrate softening can induce valvular interstitial cells to revert from a
myofibroblast phenotype (associated with cardiovascular disease) to a quiescent fibroblast one.!®®

Alternatively, photoinitiator-promoted reactions can be exploited to remove crosslinks: for example

166

allyl sulfide crosslinks can be cleaved by radical addition-fragmentation chain transfer'®°, initiated by
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Scheme 6: radical promoted cleavage of allyl sulfides
UV light irradiation of LAP in the presence of soluble thiols.
While this approach requires two additional soluble species to the system, the main advantage,
compared to direct photolysis, resides in improving the efficiency of the process: given by the chain
propagation nature of the reaction, low photoinitiator concentration are required, thus limiting light
absorption, and the extent of degradation can be tuned by changes of the thiol concentration'®’.
This strategy was exploited to obtain PEG based hydrogels allowing rapid softening of the elastic
modulus from 32.7kPa to 5.5kPa. This substrate was used to show that stiffness-induced epigenetic
chromatin modifications in hMSC can be reversible depending on mechanical dosing (culture time, in
days, on the stiffer condition).
For photo-stiffening materials, additional crosslinks can be introduced through residual reactive groups
from the gelation reaction. For instance, in a HA based hydrogel, methacrylate groups were partially
crosslinked by a Michael-type addition with a limiting amount of DTT crosslinker, allowing
subsequent photopolymerization raising E from 3kPa to 30kPa. hMSC cultured on the soft substrate
and stiffened at later days showed increased differentiation bias to adipogenic differentiation the longer

they experienced a soft substrate!®®

. A similar material ranging from 0.1 to 3 kPa was used to study the
stiffening-induced EMT behavior of epithelial spheroids (MCF10A)"!.

Using a similar strategy, photostiffening hydrogels were prepared through a SPAAC reaction between
8-arm DBCO terminated PEG and azide-functionalized 4arm-PEG, the residual alkyne groups from

gelation allowed LAP-mediated photostiffening ranging from 2-16 kPa to 32 kPa.

16



This hydrogel system was used in conjunction with primary muscle stem cells to recapitulate the effect

of muscular tissue stiffening following injury!¢’

A >300 nm O O
A <300 nm O O
Scheme 7: anthracene dimerization

Alternatively, the introduction of additional crosslinks can entail photoreactions of different chemical
groups (one example being anthracene dimerization (Scheme 7) which was introduced in a PEG
hydrogel to achieve photostiffening from 10 to 50kPa and study the effect on the NFAT transcription
factor, involved in mechanosensitive calcium signaling!”®

Another approach involves the polymerization of a secondary network, as with PEG-based hydrogel
that was prepared by first embedding cells in a soft matrix crosslinked with metalloproteinase-sensitive
peptides and subsequently photopolymerizing a secondary network using thiol and norbornene-
functionalized 8-arm PEG monomers network!”!,

Light controlled tuning of crosslinking degree can also be used to obtain materials that allow reversible
stiffness control, for instance, a hydrogel was prepared from a doubly functionalized HA, allowing a
stiff-soft-stiff (14.8-3.5-27.7 kPa) sequence!’?. In this system the difference in reactivities of acrylate
and methacrylate in Michael-type additions has been exploited: o-NB moieties connected to the more
reactive methacrylates were first crosslinked by reaction of DTT to obtain a gel and, after
photosoftening, the crosslinking degree was enhanced by a LAP mediated reaction of acrylates.

A different approach for stiffness phototuning involves molecules that undergo conformational
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Scheme §: light-promoted azobenzene isomerization

transitions when exposed to light, one example being azobenzene, a compound that converts from the
E isomer to the Z one upon exposure to UV radiation, and returns to the original structure with thermal
relaxation or exposure to visible light (Scheme 8).

The azobenzene moiety has been exploited to achieve PEG-based173 and PAA-based174 hydrogels
that can withstand multiple cycles of softening-stiffening, however the overall change in modulus was
modest for the PEG system (in the order of 200 Pa, G’) and for the PAA system, only the stiffening
effect was investigated, as the UV dose required for softening was found to be incompatible with the
hMSC used in the study. Indeed, a major drawback of many light controlled system is that most

photosensitive reactions require UV or blue light, with potential of phototoxicity. In fact studies
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employing light-controlled systems are often validated by monitoring the effects of light exposure on
the cells of interest, such as assays for viability or DNA damage!%:173:174,

Recently, materials that respond to lower energy light have been explored: an example being a PEG
based hydrogel, where light-responsive crosslinks were introduced by coupling protein domains from
cyanobacterial photoreceptor Cphl, that undergoes a conformational change under red light (660nm)
favoring dimerization and increasing stiffness. Upon irradiation with far red light (740nm) the

transition is reversed and the hydrogel softens from 18 kPa to 14kPa!”>.

Hydrolysis/Enzymatic activity for dynamic hydrogels

Synthetic PEG hydrogels can be subject to network degradation by non-specific hydrolysis (for
instance of the ester groups from acrylate monomers such as PEGDA), however the process is
relatively slow under physiological conditions!’®, and the otherwise uncomplicated temporal control
of the process through pH or temperature is potentially harmful for cells. Instead, control of the
network degradation time can be achieved by changes in the network structure, such as co-
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polymerization to obtain blocks of more reactive PGA and PLGA chains'’/, or changing the chemical

environment of the hydrolysable groups!’. This strategy has been employed to overcome the
constraints imposed on cell growth in three dimensional PEG matrices!’%17°,

Hydrolytic softening gels based on hyaluronic acid have been applied to study the stiffness dependent
behavior of hepatic stellate cells, in a model of liver fibrosis regression, however the process involved
14 days of degradation without the possibility to tune the timing of the process!®’.

Another strategy that enables hydrogel softening , especially relevant for 3D cell culture, is the
introduction of enzyme-cleavable peptide crosslinkers, that allow cells to grow and migrate through

181

the matrix'°'. While the effect of this cell-controlled modulation of matrix properties, has far reaching

182,183

consequence in matrix-confined cell and organoid cultures , it does not readily allow external

control over the softening process.

(Bio)molecule-controlled dynamic hydrogels

In situ modulation of substrate stiffness can also be achieved through soluble small molecules.

The glycation of proteins (crosslinking of proteins with reducing sugars), has been used for stiffening
of Collagen I matrices in a model for tumor-induced ECM crosslinking!34, however the process
requires several days if the concentration of sugar is kept at cell-tolerable levels!®>.

Divalent cations such as calcium can form crosslinks between guluronate groups in alginate chains,

for instance, formation of an interpenetrating polymer network (IPN) within a basement membrane
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extract (matrigel) was applied to achieve stiffening of a 3D scaffold independently from ligand density
in a model of stiffness induced malignancy of mammary epithelium!',

This strategy can also be modified to achieve spatial control of the process, for instance the
photothermal effect of gold nanorods has been exploited to obtain NIR irradiation-triggered release of

chelators from liposomes, and soften an alginate hydrogel'®’.
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RESULTS

Several obstacles prevent the widespread usage of hydrogel supports for biological assays, despite the
advantages offered by this class of biomaterials. Conventional hydrogel preparation and
characterization protocols, with defined static rigidities or in situ modulable mechanical properties, are
fairly complex, requiring synthetic and advanced material science expertise and/or dedicated
equipment (AFM, UV light sources), thus limiting the ease of access to these protocols to the biological
community.

Furthermore, while there is considerable evidence on the effects of cell behavior modification due to
substrate elasticity, recent publications in the field contained seemingly contradicting conclusions on
which other biophysical features of cell culture substrates (ligand density, substrate porosity, protein
tethering)!®%1%° predominantly impact on cellular mechanosensing.

The aim of the present work is the development and application of hydrogels platforms having static
and dynamic stiffnesses, establishing easily implementable and reliable fabrication procedures and

using them for cell mechanobiology studies.

PAA-OH (Hydroxyl-functionalized polyacrylamide hydrogels)

Synthetic hydrogels having defined stiffness and coated with ECM proteins (such as fibronectin or
collagen) for cell attachment are instrumental in mechanobiology studies. However established
protocols for the fabrication of these substrates pose a number of complications we here sought to
overcome: covalent coupling strategies rely on coupling reagents such as sulfo-SANPAH, that require
dedicated equipment for UV activation and are unstable, or functionalization of monomers with N-
succinimidyl ester prior to polymerization!?, overall these steps negatively impact the scalability of
the process.

Conversely, hydroxyl-functionalized polyacrylamide hydrogels (PAA-OH), are readily prepared by
introducing an inexpensive reagent, N-Hydroxyethyl acrylamide (HEA) in the prepolymer solution,
and allow hydrogen bond interactions for the attachment of proteins, in fact cell-adhesive proteins have
been patterned on PAA-OH hydrogel substrates through micro-contact printing methods!!.

By introducing HEA and varying the concentration of acrylamide and bis-acrylamide, we obtained
hydrogels with a broad range of elastic moduli, and similar mechanical properties to conventional PAA
substrates (Table 1).

To further characterize the materials structure, the diffusion of fluorescent probes of defined size (
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Table 2) into the swollen hydrogels was used to characterize the range of mesh sizes for each of the
compositions (Figure 4).

Table 1: PAA-OH hydrogel formulations, with corresponding elastic modulus measurements collected with the micropipette aspiration

method and meash size as determined by permeation or exclusion of fluorescent probes.

Hydrogel AA wt% BA wt% E PAA-OH [kPa] Mesh size [nm]
PAA-OH1 3.5 0.03 0.32+0.03 61.83-100
PAA-OH2 3 0.15 3.15+£0.27 22.63-31.64
PAA-OH3 5 0.15 6.09 +1.35 9.33-12.23
PAA-OH4 5 0.225 13.39+1.73 9.33-12.23
PAA-OHS5 8 0.48 50.01 +3.07 <9.33

Table 2: molecular weights (Mw), intrinsic viscosity and corresponding hydrodynamic radii (Rh) of the FITC-dextran probes used for

mesh size measurements (See Methods section for the derivation of the parameters).

Mw [g/mol] n [mL/g] Rh [nm] d [nm]
40000 1.60 4.67 9.33
70000 2.06 6.12 12.23
250000 3.66 11.32 22.63
500000 4.99 15.82 31.64
2000000 9.32 30.92 61.83

PAA-OH1 PAA-OH2 PAA-OH3 PAA-OH4 PAA-OHS

0.32 kPa 3.15kPa 6.09 kPa 13.39 kPa 50.01 kPa

12,23 nm

Figure 4: Representative confocal images of the PAA-OH gel (left)-solution(right) interface used to evaluate the cut-off values of mesh

size for the reported compositions, the diameter of the probe is reported at the bottom of each picture

For the coating strategy, as contact printing requires specialized equipment, we opted to introduce the
ECM protein through a direct adsorption coating method, by incubating the hydrogels in a fibronectin

solution. We can conclude that the improved efficiency of protein coating was due to the introduction
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of the functional co-monomer HEA by performing the same procedure on PAA hydrogels without
hydroxyl groups as controls (Figure 5).

The coating procedure was also successfully applied with a different ECM adhesion protein, laminin,
confirming the versatility of the procedure (Figure 5).
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Figure 5: a) visualization of fibronectin coating on PAA-OH hydrogels by AF488-coupled fibrinogen b) visualization of laminin coating

by IF staining, soft condition corresponds to PAA-OH1 and stiff conditions to PAA-OH5

FN coated PAA-OH

To obtain homogeneous fibronectin coating, it was essential to control the substrate drying conditions
before cell seeding. This was particularly evident by observing YAP/TAZ localization on soft
hydrogels, as with an excessive drying time (>15’) cells exhibited nuclear localization despite the
underlying substrate had stiffness values definitely insufficient to support mechanical activation of
YAP/TAZ. Visualizing the coating distribution on gels vs drying times, by incubation with AF488
labelled fibrinogen, showed that fibronectin assembled in fibers, exposing an uneven distribution of

adhesive cues and overshadowing the intended low mechanics of soft substrates (Figure 6).

Having established a suitable coating procedure, we then used YAP/TAZ localization as an immediate
and quantitative proxy of cell interactions with these hydrogels, monitoring the effect of a range of
stiffnesses on two different cell lines: immortalized mammary epithelial cells MCF10A and
transformed osteosarcoma U20S cells. YAP/TAZ activity was quantified by immunofluorescence
imaging, through the ratio of nuclear over cytoplasmic signal. (Figure 7). We found that for both cell
types, YAP/TAZ localization closely followed the trend in stiffness of the set of hydrogels, hereby
validating the fabrication protocol. The set of materials afforded a full range of YAP/TAZ responses,
from predominantly cytoplasmic for the softest (0.32 kPa) hydrogel to mainly nuclear for the stiffest
one (50.01 kPa).
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Figure 6: Fluorescence images of the PAA-OH substrates coated with a solution of fibronectin (FN, 25 ug mL—1) and Alexa488 conjugated
Fibrinogen (2 ug mL—1), for two different stiffnesses (a,b: soft 0.32 kPa, c: stiff, 50 kPa) and two drying times (for the soft hydrogel) after
FN incubation. For each picture it is shown an example of cell (MCF10A) seeded on that substrate (bright field images d—f'). FN fibers are
visible in the rectangle of figure e. YAP/TAZ staining of U2OS cells seeded on: soft PAA-OH (g), FN fibers conjugated to soft PAA-OH (h)
and stiff PAA-OH (i). From the staining are visible: nuclei (in blue) and YAP/TAZ (in green). 1) quantifications of the Nuclear to Cytoplasmic
ratio (N/C) of YAP/TAZ subcellular localization in U20S seeded on soft PAA-OH (0.32 kPa), FN fibers conjugated to soft PAA-OH (0.32
kPa) and stiff PAA-OH (50 kPa). Number of cells for each lane in Figure 21 is: lane 1:36, lane 2:19; lane 3:48. Scale bar: 100 um (a—c), 200
um (d—f) and 50 um (g—i)
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Figure 7: Representative immunofluorescence (IF) images (a,c) and quantifications (b,d) of the Nuclear to Cytoplasmic (N/C) ratio of
YAP/TAZ sub- cellular localization in MCF10A (a,b) or U20S (c,d) cells, after seeding on PAA-OH substrates, coated with FN of five
different stiffness. From the staining are visible: nuclei (in blue), F-actin (in red), and YAP/TAZ (in green). F-actin was stained with
fluorescently labeled phalloidin to serve as cell shape reference. Each dot in b,d) corresponds to quantification of the N/C ratios of
YAP/TAZ subcellular localization in individual cells, as obtained with software-assisted imaging processing of confocal images (see
Methods Section). Number of cells for each lanes are: b) lane 1: 116, lane 2: 93; lane 3: 146, lane 4: 210; lane 5: 120. d) lane 1: 36;
lane 2: 27, lane 3: 31; lane 4: 48; lane 5: 48.7
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PEG-RGD (RGD-functionalized polyethyleneglycol hydrogels)

We then investigated if also a fully synthetic PEG-based hydrogel could allow to be synthesized with
a precise and independent tuning of gel stiffness and ligand presentation.

To this end, we used a norbornene (NB) terminated 8-arm PEG as a precursor macromer, crosslinked
by di-cysteine peptides and functionalized with mono-cysteine RGD peptides by means of a thiol-ene
click reaction, photoinitiated with LAP by exposure to near-UV light. The advantage of these gels is
that their chemistry could in principle be used in 3D, embedding cells during the thiolene
cytocompatible crosslinking chemistry.

A drawback of related previously reported synthesis, is that the competition of crosslinking and cell
adhesive peptides for the same NB moieties, limited the range of stiffnesses below 1 kPa'®2. However,
by adapting the concentration of the gel precursors we achieved high elastic moduli even with a

relatively high content of RGD peptides (Table 3).

Table 3: compositions and elastic moduli of the PEG hydrogels [1] Cys/NB molar ratio of the Cysteine (Cys) terminal groups of the
cross-linking peptide to the norbornene groups of the PEG macromers. RGD concentration is fixed to 3:10—3M [2] NB-8ArmPEG wt%
is the percentage by weight of macromer used to synthesize PEG-RGD hydrogels 3 Stiffness measurements by micropipette aspiration.
*Stiffness of PEG-RGD formulations prepared with the synthesis reported in literature (pre-polymerization coupling of RGD peptides
to PEG)

Hydrogel Cys/NBM PEG wt%! E [kPa]™ E* [kPa] P
PEG-RGD1 0.4/1 4.7 0.30+0.13 0.02 £0.08
PEG-RGD2 0.5/1 5.0 0.87+0.13 0.11 £0.01
PEG-RGD3 0.6/1 5.2 1.17+£0.31 0.20+0.03
PEG-RGD4 0.7/1 5.5 2.63+£0.38 0.71 £0.08
PEG-RGD5 0.8/1 9.0 7.71 £0.38 1.62+0.03
PEG-RGD6 0.8/1 12.5 13.7 £0.48 4.47 £0.65

To effectively decuple the density of integrin ligands of the substrates from network structure (and its
mechanical properties) a cysteine-terminated scrambled peptide, which is not recognized by integrins
(containing the RDG sequence), was used to partially substitute the RGD one, while keeping the total
peptide concentration constant.
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Figure 8: a) Representative confocal images of the gel-solution interface used to evaluate the cut-off values of mesh size for the reported
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compositions b) hydrogel volumetric swelling measured using an automatic surface approaching sequence of a Netzsch lab+ rheometer
with plate-plate configuration for PEG-RGD hydrogels. Samples’ thicknesses were measured post- synthesis and after 24h swelling
in IXPBS. For each composition the percentage swelling with respect to the initial height is reported as the mean of two samples.
Finally, we selected a set of hydrogels having low (0.3kPa), medium (2.6kPa) and high (13.7kPa)
elastic modulus, to achieve a range of mechanical stimuli representative of the stiffnesses found in soft
tissue (respectively low, medium and high) and for each stiffness, three RGD concentrations (1-2-3
mM). To fully characterize these materials, we monitored the impact of the different compositions on
the network structure after 24h equilibration with PBS: the swelling behavior and the mesh size were
assessed using a set of fluorescent probes having defined hydrodynamic radii

Table 2). The swelling degree was largely constant across the different compositions (Figure 8) and
the lateral swelling is minimal'®?, due to the thin gels casting attached to glass coverslip. It follows that

the RGD ligand superficial density is controlled by the concentration in the precursor solution.

Table 4: range of PAA-RGD hydrogel mesh size, as assessed by exclusion of fluorescent probes evaluated by confocal microscopy

Hydrogel E [kPa] Mesh size [nm]
PEG-RGD1 0.3 60-100
PEG-RGD4 2.6 23-32
PEG-RGD6 13.7 <9
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The YAP/TAZ activity of U20S cells seeded on this set of hydrogels was comparable to the ones on
PAA-OH substrates, and greatly enhanced with respect to PAA-RGD gels with similar stiffnesses
(compare Figure 7 with Figure 10. Using the substrates and U20S as a paradigm, we gathered several

insights: we found that, while the elastic modulus is the overarching mechanical signal controlling

YAP/TAZ

0.5 mM 1mM 3mM 0.5 mM 1mM 3mM 0.5 mM 1mM 3mM
SOFT 0.3 kPa MEDIUM 2.6 kPa STIFF 13.7 kPa

Figure 9: Immunofluorescence (IF) of U20S plated on PEG-RGD hydrogels at three different values of stiffness and RGD

concentration. From the staining are visible: nuclei (in blue), F-actin (in red), and YAP/TAZ (in green). F-actin was stained with

fluorescently labeled phalloidin to serve as cell shape reference.

ns kK ok Kk k

G 8-
= | 1 I ns | |
€ 7-
& 6- o
-— | 1
§ 5- : :
— 1 1
1+ 4_ 1 |
2 | I
- 3- : l
1w 1
E 2- ' :'5 :
t 1 1 34 1 ]
o 17 { e - e
0 l l | | 1 1 1 | 1
Lanes 1 2 3 4 5 6 7 8 9
el el @l  RGD conc.
0.5 1 3 0.5 1 3 0.5 1 3 (mM)
SOFT 0.3 kPa MEDIUM 2.6 kPa STIFF 13.7 kPa

Figure 10: Quantifications of the Nuclear to Cytoplasmic (N/C) ratio of YAP/TAZ subcellular localization in U20S plated on PEG-
RGD hydrogels at three different values of stiffness and RGD concentration. Statistically significative differences were evaluated
comparing two groups performing a one-way ANOVA with Tukey’s multiple comparison test using GraphPad Prism 9 and considering
a confidence interval of 95% (p-values obtained comparing: lanes 1 versus 3, p = 0.99; lane 4 versus 6, p < 0.001; lane 6 versus 7, p

=0.3; lane 7 versus 9, p < 0.0001)
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YAP/TAZ activity (compare lanes 3,6,9 with 2,5,8 or 1,4 and 7 of Figure 10), increasing the density
of RGD sites can enhance mechanosensing (lanes 4 and 6, 7 and 9 in Figure 10) and even compensate
for a lower ECM modulus (lanes 6 and 7 in Figure 10). Nevertheless, a minimal stiffness threshold is
required to induce YAP/TAZ nuclear localization (as can be seen with low stiffnesses lanes 1-3 in
Figure 10).In these experiments immunofluorescence analyses are made after the 24h of culture, and
it was found that the changes in YAP/TAZ activity coincide with differences in cell spreading, as
assessed by F-actin staining (see Figure 10). However, cells displayed nuclear YAP/TAZ localization

even shortly after attachment to the biomaterial surface, while still maintaining a round morphology
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Figure 11: a) Quantifications of Nuclear to Cytoplasmic ratio of YAP/TAZ (N/C) of U20S cells, as a function of the elapsed time after
seeding, on stiff PEG-RGD (13.7 kPa) after 10, 30, 60, 90, and 120 min. Statistically significative differences were evaluated by one-
way ANOVA with Tukey multiple comparison. p-values for YAP/TAZ localization: 10 versus 30 min, p = 0.95; 30 versus 60 min, p =
0.003; 60 versus 90, p = 0.047; 90 versus 120, p = 0.99. p-values for cell dimension: 10 versus 30 min, p = 0.068; 30 versus 60 min,
p = 0.77; 60 versus 90 min, p = 0.003; 90 versus 120 min, p = 0.755. Number of cells for each time are: 10m: 21; 30m: 20; 60m: 24,
90m: 20; 120m: 25. b) Representative immunofluorescence (IF) images of the corresponding YAP/TAZ subcellular localization in
U20S cells. Staining shows nuclei (in blue), YAP/TAZ (in green), and F-actin (in red).

(Figure 11), suggesting that mechanosensing occurs independently of the whole cell shape, and that
the formation of initial adhesions and nuclear spreading are the fundamental steps for rigidity sensing,
independently and anticipating cell spreading. Indeed, recent work in the literature show how
substrates of different stiffnesses can induce changes in nuclear shape, and thus promote nuclear entry
of YAP/TAZ, however in these experiments the hydrogel substrate having lowest stiffness still resulted
in YAP/TAZ nuclear localization®

In order to monitor the impact of substrate stiffness on the shape of the nucleus, and how this effect
can be affected by changes in cell ligand density, we analyzed confocal images of the nuclei of U20S
cells plated on the PEG substrate. We found that these cells were sensitive the substrate mechanics

through nuclear spreading: we followed two nuclear shape parameters: nuclear height, quantified by
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z-stack measurements of the distance between basal and dorsal surfaces of the nucleus (Figure 12),

and nuclear spreading, quantified as the Nuclear Projected Area (NPA) (Figure 13).
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Figure 12: (a) Nuclear thickness of U20S cells plated on PEG-RGD hydrogels at three different values of stiffness and RGD
concentration, number of cells lane 1: 8; lane 2: 4, lane 3: 15, lane 4: 13, lane 5: 11, lane 6: 14; lane 7: 13; lane 8: 13; and lane 9:

13. (b) representative 3D reconstructions of nuclear shapes of U20S seeded on PEG-RGD hydrogels.

We observed that, while nuclear height sharply dropped upon mechanical activation, for both medium

and high stiffnesses and independently of cell adhesiveness, the NPA remained constant at around 100
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Figure 13: (left) Nuclear thickness of U20S cells plated on PEG-RGD hydrogels at three different values of stiffness and RGD
concentration, number of cells lane 1: 8; lane 2: 8; lane 3: 15, lane 4: 14, lane 5: 13; lane 6: 13, lane 7: 15; lane 8: 15; lane 9: 15
(right) YAP/TAZ Nuclear/Cytoplasmic ratio (N/C) measured for indi- vidual U2OS cells (plated on PEG-RGD and PAA-OH hydrogels
with dif- ferent values of stiffness and RGD concentration) as a function of their individual Nuclear Projected Area (NPA). Black
dashed line at N/C = 1 give an indication of cells with even YAP/TAZ localization and at NPA = 150 um?2 indicates a threshold for the
efficient activation of YAP/TAZ. Sta- tistical significance for monotonic correlation between N/C and NPA was evaluated by
Spearman’s correlation analysis using 95% as confidence in- terval (rs = 0.7277, p < 0.0001 and rs = 0.5337, p < 0.0001 for PEG-
RGD and PAA-OH, respectively). The number of total cells analyzed is 153.
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pum?2 on soft hydrogels at all values of RGD concentration. Conversely, the NPA was maximal (270
um?2) on the stiffer substrates (13.7 kPa) and 3mM RGD concentration. Interestingly, the NPA was
sensitive to changes in RGD concentration, and ranged between 180 and 240 um? on substrates at
intermediate rigidities.

These results, together with the YAP/TAZ localization data, pointed at a threshold for YAP/TAZ
activation for NPA of 150 um?, placing this shape parameter as a potential permissive checkpoint for
YAP/TAZ nuclear entry. To confirm this, we collected the YAP/TAZ N/C values of individual U20S
cells, plated on both PAA-OH and PEG-RGD substrates, as a function of NPA (Figure 13a). A clear
correlation emerges between the NPA and YAP/TAZ localization, with most cells surpassing the value

of 150um to achieve nuclear localization, independently from the substrate chemistry (Figure 13b).

DPAA (Dynamic PAA-RGD hydrogels)

How cells adjust their tensional state and mechanotrasduction events to substrate stiffness has been so
far mainly investigated using different substrates of fixed rigidities: cell-culture plastic, stiff hydrogels,
micro-nanopillars. In these studies, cells are dethatched from tissue culture plastic and seeded on the
different substrates having defined stiffness*2%6%:193,

The various structural elements of the cell are inhibited through genetic manipulation of
mechanosensitive proteins (an example being talin ablation or mutation of its binding domains)® or
pharmacological methods (inhibitory and agonist antibodies or small molecules), in order to correlate
cell traction and mechanosensing with aspi integrins?’ or actin cap fibers and associated perinuclear
adhesions®.

Therefore, while there exist considerable evidences regarding the assembly of the cell tension elements

on static substrates, or the effects of external forces®’, information about their response to a variation

in mechanical cues is lacking.
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Figure 14: bright-field microscope images of cells seeded on the PAA-OH gels modified with BAC crosslinker, a) before GSH treatment
b) after addition of GSH

To fill this gap, we developed a hydrogel material responsive to a mild, cytocompatible trigger for
softening: glutathione (GSH), a key component of the endogenous antioxidant system of the cell.
Glutathione levels in the cytosol of mammalian cells are reported in the millimolar range (1-10mM)!!
and it is a common component of cell culture media as a protecting agent from oxidative stress'®*.To
achieve softening using GSH, we introduced disulfide crosslinks in PAA hydrogels by using N,N'-
Bis(acryloyl)cystamine (BAC), a commercially available and disulfide containing analogue of BA that
has been used to prepare thiol-dissolvable gels for electrophoretic separations'®>.

We first attempted this approach for FN coated PAA-OH hydrogels, by substituting a significant
amount of BA with BAC (>70% w/w), however the coating procedure was incompatible with this
softening strategy, as upon adding the GSH containing medium the protein coating detached from the
gel surface, producing bundles of fibers and cell detachment (Figure 14).

To overcome the limitations posed by the protein coating, we opted for a chemistry similar to the PAA-
RGD system: by using variable monomer concentrations of AA, BA and BAC, gels with different
starting stiffnesses were obtained (Table 5, Figure 16).
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b

Figure 15: schematic representation of the DPAA hydrogels structure and the GSH mediated softening process
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Table 5: monomer compositions of the prepared DPAA hydrogels and corresponding elastic moduli measurements collected with the

micropipette aspiration method before the softening process (Ei,) and after 1h of treatment (Ej,) using different concentrations of GSH

Degradable DPAA gel compositions Initial and final stiffness (kPa) after GSH degradation for 1h
%AA %BAC Ein Efin 10mMgns Efin 1ImMgans
5 0.1 2.80+0.17 - 0.29 + 0.05

5 0.2 3.93+0.49 - 0.85+0.20

5 0.3 4.67+0.38 - 1.35£0.11

5 0.4 6.610.46 - 4.09+£0.20

7 0.1 3.83+0.35 0.004 £ 0.001 0.43+0.14

7 0.15 6.02 +£0.45 0.07 £ 0.02 -

7 0.2 7.41£0.10 0.10 £ 0.03 -

7 0.3 12.23 £0.45 0.50 £ 0.05 1.86 £ 0.17

7 0.48 19.08 £ 0.84 3.14 £ 0.400 -

Elastic modulus measurements were carried out by micropipette aspiration during the softening
process in culture medium supplemented with 1mM GSH, to assess the degradation process: the elastic
modulus gradually decreased when placing the hydrogels, over the course of about 1-2h, a timescale

compatible with live-cell imaging and PFA fixation at defined timepoints (Figure 17).
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Figure 16:elastic moduli of gels prepared with an AA concentration of 7% or 5% and variable BAC amount after 24h equilibration
in PBS (blue) and softened in 1h with ImM (a) or 10mM (b) of GSH (orange)

Although for all of the prepared hydrogel compositions the total amount of GSH added was in
stoichiometric excess with respect to the disulfide bonds, dissolution was not observed, so we
investigated the effect of higher amounts of GSH and longer exposure times.

Indeed, full degradation of the gels was observed, for lightly crosslinked hydrogels (<0.3% BAC) with
1h exposure in 10mM GSH. Conversely, gels with a higher amount of crosslinker resisted exposure
up to 2h with a measurable elastic modulus (Figure 16), suggesting the presence of cross-links that are
not susceptible to GSH reduction, such as polymer entanglements, or partial oxidation of GSH in the
softening medium from dissolved oxygen.

We also verified whether the process could be reversed by washing the medium and adding oxidized

glutathione (GSSG) to a softened substrate, but no effect on the gel stiffness was obtained. Possibly,
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the thiol groups in the reduced network are brought too far apart to establish elastically effective

crosslinks after swelling.
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Figure 17: Results on softening experiments made on degradable gels with two formulations and initial stiffnesses (7%AA and 0.48 or
0.3% BAC) and different GSH concentrations. The degradation has been followed until a plateau value of stiffness is reached.
Depending on the amount of GSH the degradation rate ranges from some minutes to a couple of hours. The formulations of all gels
are reported in Table I. (d) Softening of degradable gel used for the seeding experiments.

Then, we conducted AFM measurements to assess whether the stiffness at the very surface of the gels,
which is directly perceived by cells, follows the same changes as the bulk material, as measured by
micropipette aspiration.

First, we verified if the polymerization conditions lead to uniform mechanical properties of the gel
surface and the bulk material. By casting the gels against different substrates (Kapton plastic or glass
slides), we found that when Kapton slides were used, oxygen diffusion from the plastic film inhibited

the polymerization at the gel surface!®¢, leading to lowered surface stiffness compared to the hydrogel
bulk (Table 6).

Table 6: elastic moduli for two DPAA hydrogel composition, as measured through a surface-sensitive method (AFM indentation) and a

material bulk-sensitive one (micropipette aspiration)

%AA - %BA Bulk E / plastic Bulk E / glass Sup. E / plastic Sup. E / glass
7-0.1 2 kPa 2 kPa 65 Pa 2 kPa
7-0.3 10 kPa 10 kPa 600Pa 10 kPa

We then measured the elastic modulus of the surface during the softening process, to assess whether a
stiffness gradient is realized or rather the gel is homogenously softened throughout its thickness. From
the results (Figure 18) the surface and bulk elasticity of the material, as measured by AFM and
micropipette aspiration respectively, are comparable throughout the process, considering the different
accuracies of the two techniques'®’. It follows that GSH can quickly react and diffuse through the

material leading to a uniform softening process.
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To ensure that the swelling process did not distort the hydrogel during 1mM GSH softening, the
behavior of the surface of the gel was assessed by embedding fluorescent nanoparticles and imaging
them through confocal microscopy. While there was significant vertical swelling (Figure 19), the fact
that the hydrogels are bound to the coverslip, effectively prevented lateral swelling, as distances
between particles were constant (Figure 19), this is a critical feature of the system as it guarantees that

the surface distribution of integrin ligands remains constant during the softening process.
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Figure 18: stiffness measurements conducted during the softening process mediated by 1mM GSH on 0.3%BAC hydrogel, micropipette

measurements are reported in the graph as blue symbols and AFM measurements as red symbols.

z swelling

80

60
[=2]
£
T 404
7
2

20

O 1 I 1 I
0 30 60 90 120
time (m)

Figure 19: (left) confocal images displaying the relative positions (in micrometers) of fluorescent beads embedded on the surface of a
DPAA hydrogel before (T = 0 min) and after (T = 120 min) 10mM GSH mediated softening (right) hydrogel volumetric swelling
monitored during the softening process by recording the focal plane height during the process.

As fibroblasts have been shown to be responsive to changes in substrate stiffness by reorganizing their
cytoskeleton, we investigated the effect of these dynamic substrates on Wi38 cells.

As a reference, Wi38 cells were plated on static gels, with stiffnesses ranging from 0.3 to 30 kPa, and

we monitored their cytoskeletal morphology and YAP/TAZ localization on the substrates (Figure 20).
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PAA STATICI

Figure 20:representative IF images of Wi38 fibroblasts seeded on PAA-RGD hydrogels with static elasticity (left) and fixed at
defined timepoints on DPAA hydrogels during the softening process with ImM GSH (right). Nuclear DNA signal is reported in
blue, F-actin in red, and YAP/TAZ in green.

Cells were fully spread on the stiffer substrates and exhibited a dramatic transition towards a rounded
shape occurring between 10kPa and 0.3 kPa. Following a similar trend, YAP/TAZ localization shifted
from prevalently nuclear on the 30 kPa substrates, towards a fully cytoplasmic localization on soft
substrates < 0.3 kPa. (Figure 20)

Having defined a stiffness range of interest, as Wi38 fibroblasts exhibited the most relevant differences
between static gels at 10kPa and 2kPa, we observed the response of these cells to a gradual suppression
of mechanical cues, by plating Wi38 cells on DPAA gels with initial and final stiffness of about 12kPa

and 1kPa respectively. The cells response was followed by processing the samples for
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Figure 21: (left) representative 3D reconstructions of the nuclear shape of Wi38 cells seeded on static PAA-RGD hydrogels, from
stacking of confocal images of the nuclei stained with Hoechst 33342 (top) and DPAA hydrogels during softening (bottom). (right)

cell shape parameters quantified at the starting timepoint (t0) and 1h (t60) and 2h (t120) timepoints.

immunofluorescence after PFA fixation at defined timepoints, over an interval of 2h. (Figure 20).
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During the softening process, cells quickly responded to gradual stiffness changes by adapting their
shape (as quantified by the cytoskeletal area Figure 20, Figure 21). However, up to 60 min softening
corresponding to E = 2kPa, cells preserved the orientation of their actin cytoskeleton (major axis
length) and most cells still displayed actin cap fibers, aligned with the major axis of the cell.
Accordingly, while a discrete increase in NPA is observed during the first hour, the actin cap still
preserves a flat nuclear shape (Figure 21). This is markedly different from the behavior of cells plated
on static gels with comparable stiffness.

After an additional hour of softening elapsed, with the substrate approaching a 1kPa elastic modulus,
the cell structure further adapts, and while cell area significantly lowers, the cytoskeleton still displays
a weak elongation, and a limited number of actin cap fibers are observable. Differently from the
cytoskeletal area, the NPA is only marginally reduced, along with YAP/TAZ localization (Figure 21).
Consistently with the behavior of cells seeded on PEG-RGD hydrogels at early timepoints, these
observations support the hypothesis that cell mechanoresponse occurs independently from cell

spreading.

Fibroblasts express two major integrin dimers that recognize the RGD sequence: asP1 (also termed the
fibronectin receptor) and ayf3 (the vitronectin receptor), and studies attribute distinct localization and
force generation®, or roles in establishing adhesion force and mechanosensing to the two subtypes?’.
Observations on fibroblasts seeded on lipid-membrane bound RGD, that are able to translocate
laterally and do not allow to develop actomyosin contractility, revealed that RGD ligands were able to
activate both 1 and Bs integrins, however clusters of B3 integrins required establishment of tension
(glass-bound RGD) for maturation, and were otherwise targeted for endocytosis'*®

We observed the localization and shape of the adhesions containing the two integrins by IF staining
(Figure 22). Cells displayed adhesions containing the RGD specific integrins avB3 and a5f1 in both
the static and DPAA hydrogels throughout the softening experiments, confirming that the change in
morphology is due to the cell response to a lowered elastic modulus and not to a loss of cell-adhesive
moieties of the substrate. While on stiff (30kPa) static gels both oyf3 and asp: integrin types are
localized in elongated FA, 1 containing adhesions are present at a higher density in the perinuclear

region as punctiform spots.
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Figure 22:representative IF images of Wi38 cells seeded on PAA-RGD hydrogels (left) and on DPAA substrate fixed at defined

timepoints after adding ImM GSH medium (right). Nuclear DNA signal is reported in blue, F-actin in red, osf; integrins in white

and o.f3integrins in purple.

Role of YAP/TAZ as determinant of nuclear integrity and in turn control of cell senescence.

In experiments shown in Figure 13 above, we showed how dosing mechanical cues using defined
hydrogels impacts on nuclear shape. Cells in a YAP ON, mechano-activated state, display a flattened
nucleus (Fig 13b 6-9). Instead, mechanically inhibited cells, that is cells in a YAP OFF state, display a
progressively increased nuclear thickness, blebbing and wrinkling. But is there a causative,
mechanistic connection between the YAP ON vs OFF state and nuclear shape? And, if so, what are the
phenotypic consequences at the cell biology level of this connection? During my PhD I contributed
to a paper that addressed these questions in the context of a broad theme, that is, how YAP
mechanosignaling prevents aging'®. The main conclusion from that work is that YAP/TAZ
mechanotransduction plays an active role at preserving the integrity of nuclear envelope by controlling
organization of the perinuclear set of special F-actin filaments, termed the actin-cap**’, and expression
of Lamin B1, a main component of the nuclear envelope’®. The actin cap is, in fibroblasts, what
controls the shape of the nucleus: it represents a dome-like structure of F-actin filaments that wraps
around the apical surface of the nucleus, anchoring it to integrins on the basal surface of cells, as such
keeping the NE smoothly distended and preventing its deformation?°!-2%2, Actin cap filaments directly
connect to the NE, in part through LINC complexes?® and end to specialized focal adhesions on the

cell basal surface?®. Interestingly, the actin cap and its nuclear shape-determining functions are lost in
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lamin-deficient fibroblasts, such as in progeria?2. Work led by Hanna Sladitschek in our laboratory
showed that loss of YAP/TAZ in mechano-OFF cells causes cells to lose ARP2/3, a direct
transcriptional target of YAP/TAZ, and this loss is what causes loss of the actin-cap and increased
nuclear thickness. We further discovered that these nuclear dysmorphologies were followed by cGAS
activation and transcription of SASP markers. cGAS is a sensor of cytoplasmic DNA, induced by viral
infection of by the rupture of the NE, in turn causing spill-over of nuclear DNA in the cytoplasm.

cGAS is a leading inducer of cellular senescence (Figure 23).
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Figure 23: Role of YAP/TAZ in maintaining nuclear morphology and actin cap architecture. a) Nuclear morphology of WI-38 cells
treated with 0.1 um Lat.B (2 hours) or Vehicle (Veh) visualized by Lamin A immunostaining (bar=10 um). c) Quantifications of
phenotypes shown in panels a-b, presented as mean * s.d.; P values are derived from unpaired t-test, e) RT-qPCR analysis of SASP
marker genes in WI-38 upon treatment with 0.1 uM Latrunculin B (Lat.B, 5 hours) with or without concomitant STING inhibition

(STINGi, 1 uM H-151). Data are shown as mean +s.d.; P values are derived from one-way ANOVA with Dunnett’s multiple comparison

test.

This work thus offered direct evidence that YAP/TAZ mechanotransduction in stromal cells of adult
organs is crucial to keep senescence at bay, and suggests that YAP/TAZ biology in these cell types may
serve as primary target of future efforts to interfere with aging. My contribution to the above work has

been the generation of soft hydrogels for YAP/TAZ and cGAS/STING mechanobiology assays.

Mechano-activation of YAP/TAZ protects the nucleus from damage caused by mechanical

strains

As unpublished evidence that we find appropriate to mention as ongoing follow up work, we

considered that high levels of mechanical deformations, such as cell pulling-and-squeezing, can
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themselves induce tearing of the nuclear envelope?*?. With this background in mind, we considered to
expose primary fibroblasts to an extended series of mechanical deformations by plating them as
confluent monolayers on fibronectin-coated PDMS membranes and subjecting these cells to a regimen
of 0.5 Hz cyclic stretching-and-recoil over 2 hours (Fig. 5k). To carry out these experiments, we used
a stretching device (MCBI1, CellScale) applying a controlled biaxial stretch and recovery to a PDMS
membrane covalently functionalized with fibronectin.

In order to avoid artefacts due to uneven distribution of the cell-adhesive protein, we adjusted the
functionalization protocol, in particular the concentration of the fibronectin solution, to achieve

uniform functionalization of the membranes, as assessed by IF staining (Figure 24)

Figure 24: representative epifluorescence images of PDMS membranes functionalized by incubation in PBS buffer with different

concentrations of fibronectin

We found that these mechanical strains had only limited effects on activation of cGAS/STING

signaling in control cells (Figure 25).
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Figure 25: a) schematic representation of the cell-stretching experiments b) EGFP-cGAS reporter signal in control and YAP/TAZ cKO
primary MAFs plated on PDMS membranes, either left unstretched or after 2 hours of stretch-recoil cycles. Insets are immunostaining
for YAP. Note nuclear accumulation of YAP upon stretching (bar=10 um) c) quantification of control and Y/T cKO MAFs displaying
EGFP-cGAS reporter activation in resting state (Unstr.) or after 2 hours of cyclic stretching (Str.) (n=3) d) RT-qPCR analysis of the
YAP/TAZ target genes in MAFss, either unstretched (Unstr.) or after 2 hours of cyclic stretching (Str.). Genetic ablation of YAP/TAZ
serves as specificity control of YAP/TAZ activation by stretching (n=3).
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However, we noticed that this regime also triggered massive YAP/TAZ nuclear accumulation and

activation (Figure 25 b), in line with the possibility that this may in fact imbue protection from such

a
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520 251 §100
o 15 204 z
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Control Y/T cKO Control Y/T cKO

Figure 26: RT-gPCR analysis of SASP marker gene expression in primary MAFs (a) or in WI-38 cells

(b) after depletion of YAP/TAZ, cither left unstretched or after 2 hours of cyclic stretch, in absence or

presence of STING inhibitor (STINGi, 1uM H-151) (n=3).
repeated mechanical strains. To address this, we tested the effects of cyclic stretching on YAP/TAZ
knockout cells in both MAF and WI-38 fibroblasts, finding dramatic upregulation of cGAS and SASP
expression (Figure 25 c, Figure 26).
Thus, an excess of mechanical strain has the potential to induce cell senescence, but the concomitant
activation of YAP/TAZ prevents this event. This configures YAP/TAZ as elements of a feedback loop
by which their activation by mechanical stimulations in stromal cells in fact shields from the potentially

harmful effects of the same mechanical forces.
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DISCUSSION AND PERSPECTIVES

In this work, we developed and optimized diverse hydrogel systems as supports for mechanobiology
studies and validated the mechanical response of different cell lines through YAP/TAZ, two
transcriptional regulators functioning as a molecular beacon of cell mechanotransduction'?.

In this framework, an easily scalable fabrication method based on hydroxyl-functionalized
polyacrylamide hydrogels (PAA-OH) was developed to present cells with culture substrates with
defined stiffness and full-length cell adhesive proteins. Then, a fully synthetic matrix, PEG-RGD, was
prepared, to decouple the contributions of hydrogel stiffness and density of cell-adhesive island to
determine the mechanical response of cells.

Furthermore, since in living tissues cells continuously adapt their structure their mechanochemical
environment, materials that allow in situ tuning in their surface properties are needed to better mimic
the continuous changes in physical signals occurring in both normal physiology (blood flow, muscle
contraction) and during development, tissue repair or disease states**.

To address this, we developed a dynamic hydrogel system, DPAA, that enables controllable and
tunable decrease in substrate stiffness, and observe the resulting cell response through YAP/TAZ
localization during the process. We also followed the disassembly of the key mechanosensitive
cytoskeletal structures, focal adhesions and actin cap stress fibers in fibroblasts.

The hydrogel systems developed in this work were optimized to be applied for cell
mechanotransduction studies, using YAP/TAZ as proxy of the cell response induced by the substrate
physical properties, guiding the process of developing the materials. This approach to biomaterial
design does not constitute the norm in the field, where typically materials are first designed and
characterized for their physicochemical features, and then assayed in their application with cells, often

dispensing of analyzing YAP/TAZ activity!7!:174.188.192.205

In particular, the application of substrate
softening to observe the disassembly of key structural elements of the cell, while preserving the
components of the initial tensegrity architecture, constitutes a novel approach with respect of recent
studies in the field, that rely instead on disruption of mechanosensitive proteins or cell contractility to
evaluate their contribution to the mechanoresponse of the cell?”4%-85% This work thus addresses the
lack of insights about the response of the load-bearing elements of the cell induced by decreasing the

mechanical stimuli originating from the ECM.
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Static hydrogels

In order to develop a streamlined and scalable protocol for the fabrication of substrates for stiffness
assays in mechanobiology, we optimized the polymerization and functionalization of PAA-OH
hydrogels with fibronectin. By monitoring YAP/TAZ activity of cells seeded on the PAA-OH
hydrogels, we optimized the system under two key aspects: first and foremost, the efficacy of the
materials in providing a full range of adhesive and mechanical cues to cell, capable of eliciting a
spectrum of mechanotransduction responses, from fully inactivating (cytoplasmic YAP) to activating
(nuclear YAP) was confirmed. Secondly, we were able to address a critical aspect of the fabrication
procedure (the extent of surface drying) and found that the functionalization procedure was also
applicable to another ECM protein, laminin.

In an ideal advancement with respect to PAA-OH, the synthesis of PEG-RGD hydrogels provided fully
defined substrates, obviating the drawbacks derived from full-length protein functionalization, and
allowed precise and independent control over the rigidity and concentration of adhesive cues. This
platform revealed how the substrate stiffness constitutes a prevailing input governing YAP/TAZ
activity, while increasing the amount cell-adhesive cues plays a modulating role, impacting
mechanosensing at intermediate rigidities.

The combined measurements of nuclear morphology and YAP/TAZ activity of U20S cells seeded on
all the compositions of PAA-OH and PEG-RGD hydrogels, revealed the role of nuclear shape as a
mediator of the mechanotransduction response, irrespectively of substrate chemistry, and contributed

to define a threshold of NPA (150 pm?) that cells need to surpass to attain YAP/TAZ nuclear entry.

Dynamic hydrogels

With the objective of obtaining a dynamic cell culture substrate, allowing control of softening in a
range of time and stiffnesses compatible with a gradual adaptation of cells, we developed the GSH-
responsive DPAA hydrogels. The system allows variations in the range of starting and final stiffness,
by changing the amounts of AA monomer and BAC crosslinker in the polymerization solution,
furthermore, the timing of the softening process is readily tunable by changing the concentration of
GSH in the medium. The softening procedure is homogeneous across the material, and does not affect
the surface distribution of cell-adhesive moieties on the hydrogel surface.

By prolonged exposure to 10mM GSH, hydrogels with lower BAC concentrations were fully degraded,

however for the same materials, after | mM GSH was used, a gel with measurable elastic modulus
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was obtained, thus allowing the application of these substrate in a softening experiment and processing

the hydrogels for immunofluorescence at defined timepoints.

Perspectives

As a possible development to the DPAA platform, a substrate allowing controllable stiffening would
be interesting under two main aspects: such a system would allow to observing YAP entry and
assembly of cytoskeletal structures and would be relevant for model tissue stiffening in pathologies
such as fibrosis and cancer.

The swelling of the DPAA substrates during softening represents a complication for live-cell imaging,
as the plane of focus needs to follow the rising hydrogel plane, a possible development of the system
could involve minimizing this effect. Approaches to attain hydrogel degradation with minimal swelling
have been explored in the literature, by tuning the solvent interaction parameters of the polymer
chains?°® however, this strategy would require the dedicated synthesis of modified precursors, thus

limiting the ease of access of the fabrication protocol.
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METHODS

Reagents and Plasmids

Fetal bovine serum (10270-106), L-glutamine (25030-024), Pen/Strep (15140-122), DMEM/F12
(11320-074), DMEM (41965-039), MEM (31095-029), trypsin-EDTA 0.05% (25300-054), H-151
(SML2437) were from Sigma-Aldrich. Latrunculin B was from Cayman (Item No. 10010631).

The pCW57.1-YAPS5SA vector was generated by subcloning YAPSSA into the pCW57.1 vector
(Addgene #41393). pTRIP-EF1a-EGFP-Flag-Cgas E225A-D227A was cloned by substituting the
CMYV promoter of pTRIP-CMV-EGFP-Flag-Cgas E225A-D227A vector (AddGene #86674) with the
EFla promoter from the MXS EFla vector (AddGene #62421) via Mlul/Sall. All constructs were

confirmed by sequencing.

Cell lines, treatments and transfections

MCFI10A human mammary epithelial cells were maintained in DMEM/F12 medium, with 5% horse
serum, I-glutamine and antibiotics and freshly supplemented with 20 ng/mL epidermal growth factor
(EGF), 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin,10 pg/mL insulin, and 1% (v/v) penicillin-
streptomycin (P/S).

U20S human osteosarcoma cells were maintained in DMEM, supplemented with 10% FBS, 1-
glutamine and P/S.

WI-38 human fibroblasts were maintained in MEM, supplemented with 10% FBS, I-glutamine and
P/S.

Primary mouse adult fibroblasts (MAFs) were isolated from biopsies of dorsal skin. Briefly, tissue was
minced and digested in Collagenase, Type I (2000U/ml in PBS - Thermo Fisher Scientific, CAS No.
9001-12-1) for 1 hour at 37°C, with vigorous shaking. Samples were filtered through a 70 um cell
strainer, plated on 0.2% gelatin-coated dish and maintained in DMEM-F12 medium, supplemented
with 20% Fetal Bovine Serum (FBS), L-Glutamine and antibiotics.

For in vitro YAP overexpression studies in WI-38 fibroblasts, cells were transduced with the lentiviral
pCW57.1-YAPSSA vector (or empty pCW57.1 vector as control) and maintained in the presence of 10
ng/ml Doxycycline hyclate (Sigma-Aldrich, D9891) for 36 hours. For EGFP-cGAS reporter studies
on primary MAFs and WI-38 fibroblasts, cells were transduced with the lentiviral pTRIP-EF 1a-EGFP-
Flag-Cgas E225A-D227A vector. Briefly, cells were brought to single-cell suspension, overlaid with

viral supernatant and spun at 7.0 RCF for 1.5 hours.
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siRNA transfections in WI-38 fibroblasts were carried out using Lipofectamine RNAi-MAX (Life
Technologies, 56532) in antibiotics-free medium according to the manufacturer’s instructions. siRNA
transfections in primary MAFs were carried out using GenMute siRNA transfection reagents
(SignaGen Laboratories, SL100568-SMC) according to the manufacturer’s instructions. Cells were

harvested 48 hours after siRNA transfection, unless otherwise specified.

Stretching-recoiling experiments

Stretching-recoiling experiments were carried out on a radial cell stretching device (MCB1, Cellscale)
applying a cyclic stimulation protocol with a maximum stretch of 10%. The stretching cycle had a
period of 2 seconds and consisted of a resting step of 0.25 seconds at the non-stretched position, a
stretching ramp of 0.75 seconds from 0% to 10% stretching, a holding step of 0.25 seconds at the
maximum stretch and the stretching release in 0.75 seconds from 10% to 0% stretching. This cycle
was repeated for 2 hours. The stretching culturing substrates were punched circles of a 150 um thick
Polydimethylsiloxane (PDMS) sheet (SMi Specialty manufacturing inc.). The PDMS membranes were
plasma treated in an air plasma cleaner for 90 seconds and silanized with a 10% v/v solution of (3-
Aminopropyl)trimethoxysilane (APTMS, Sigma-Aldrich) in pure ethanol. A reaction with a 3%
solution of glutaraldehyde in water was then performed for 20 minutes at room temperature.
Membranes were covalently functionalized by incubation with 10 pg/mL solution of fibronectin in
PBS for 1 hour at 37°C. The PDMS substrates were then washed with a 50 mM solution of glycine in

PBS to quench the residual reactive aldehydes, and twice with PBS before cell seeding.

Methacrylate-functionalized glass coverslips

Clean glass coverslips were treated with plasma (Harricks Expanded Plasma Cleaner 230V) and then
functionalized by applying a solution of TMSPM (diluted 1:50 with 5%v/v acetic acid in absolute

ethanol) for 15 minutes. The treated coverslips were then washed with acetone and air dried.

Non-adhesive glass coverslips

Clean microscope slides were treated with a 1M NaOH solution for 10 minutes, washed three times
with milliQ water, once with absolute ethanol and then dried. The slides were then functionalized by
applying a dimethyldichlorosilane (Repel-silane ES) solution for 10 minutes, followed by three washes

with absolute ethanol and air dried.
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PAA-OH hydrogel synthesis

Acrylamide (AA) solution (40% w/v in water), bisacrylamide (BA) solution (2% w/v in water) and
water were mixed in the proper ratio to obtain the prepolymer solution. N-hydroxyethyl acrylamide
(HEA) was added to a final molar concentration of 0.1M. The solution was then brought to 37°C with
a water bath and degassed for 15’ at 0.1 bar. Ammonium persulfate (APS) dissolved in water (10%
w/v for PAA 1-2 and 20% w/v for PAA 3-6). After degassing, polymerization was initiated by adding
0.1% v/v tetramethylethylenediamine (TEMED) and 1% v/v APS solution to the monomers. The
resulting solution was mixed and dispensed in silicone molds and a methacrylated glass coverslip was
used to seal the mold. Once polymerized, the gels were detached from the molds and placed in milliQ

water.

PAA-OH protein functionalization

Hydrogels were sterilized by UV exposure for 15 min, then they were incubated at 37°C overnight
with a 25 ug/mL fibronectin (human plasma, Corning) solution in PBS. Then, gels were extensively
washed with sterile PBS to remove excess protein. For laminin (EHS murine sarcoma, Sigma-Aldrich)
coating was performed with a 25 ug/mL laminin solution in PBS.

For fluorescence imaging of the fibronectin coating, Alexa Fluor 488 labelled fibrinogen (Thermo
Scientific) was added to the coating solution (2ug/mL).

Laminin coating was visualized by immunofluorescence staining. Confocal images were collected
immediately after the drying step for fibronectin coated gels and after immunofluorescence staining

for laminin, without applying mountant.

PEG-RGD hydrogel synthesis

A previously reported procedure!®?

was adapted to obtain hydrogels with an extended range of
stiffnesses. The following stock solutions were prepared: 8-arm PEG, norbornene (NB) terminated
(40kDa, Creative PEGworks, 250 mg/mL), bi-cysteine terminated synthetic peptides
CRDGQPGYSGQDRC (crosslinking peptide, 40mg/mL), mono-cysteine terminated adhesive peptide
GRGDSPC (37.5 mg/mL) and GRDGSPC non-adhesive peptide (37.5 mg/mL) and a photoinitiator
(Lithium phenyl-2,4,6- trimethylbenzoylphosphinate, LAP, 31.7mg/mL). The stock solutions were
mixed obtain the final PEG concentrations and molar ratios between NB functionalities and the

cysteine terminal groups of the crosslinking peptide reported in Table 3. For all compositions

GRGDSPC has a concentration in the final gel volume of 0.5, 1 or 3mM. The non-adhesive peptide
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GRDGSPC was added to have a total concentration of mono-cysteine terminated peptides of 3mM for
each composition. LAP was added to a concentration of 1% w/w respect to PEG. All peptides were
supplied by CRIBI Biotechnology Center, University of Padova.

Molds for polymerization were assembled by arranging circular gaskets of PDMS (250um thick,
diameter 22mm) on a cleaned and plasma treated glass coverslips. A 40 puL drop of the precursor
solution was poured in each gasket. An adhesive functionalized glass coverslip was then placed on top
of the solution to homogeneously spread the drop and facilitate handling the hydrogels.

The solutions were then exposed under a UV led light (Delolux 20) with the emission peak centered
at 400 nm. The light dose was dependent on the gel composition used: 10 min exposure at 65 mW/cm?
or 2 min exposure at 26 mW/cm? for the softer (PEG-RGD 1- 4) and stiffer (PEG-RGD 5 and 6) gel
respectively. After polymerization, the gels were removed from the mold and were left in PBS

overnight to reach swelling equilibrium.

PAA-RGD hydrogel synthesis / Dynamic PAA hydrogels synthesis

N,N-Bis(acryloyl)cystamine (BAC) was dissolved in 40% A A solution to a final 3% w/v concentration
of BAC. APS was dissolved 10% w/v in water. Acrylate-PEG-maleimide (Laysan Bio, MW 5000) was
conjugated with a cysteine terminated peptide containing the cell adhesive motif RGD (GRGDSPC):
the reaction was performed in water at room temperature for 20 min, with a 1.1-fold molar excess of
the peptide to a final 10% w/v concentration. The functionalized PEG monomer was used without
further purification by mixing with AA solution (40%), BA solution (2%), BAC solution and water in
the proper ratio to obtain the prepolymer solution. The prepolymer solution was brought to 37°C with
a water bath and degassed at 0.1 bar for 15 minutes. After degassing, polymerization is initiated by
adding 0.1% v/v tetramethylethylenediamine (TEMED) and 1% v/v APS solution to the monomers.
The resulting solution was mixed and dispensed in silicone molds and a methacrylated glass coverslip
was used to seal the mold. Once polymerized, the gels were detached from the molds and placed in

milliQ water.

Glutathione (GSH) mediated softening

For all softening experiments, GSH was freshly dissolved in DMEM medium to a final 1-20mM
concentration. For mechanical measurements during softening, the gels were pre-equilibrated at 37°C
with complete culture medium (DMEM supplemented with 10%FBS and 1% P/S). Then, the medium
was replaced with GSH supplemented medium at the required concentration. At the given timepoint,

gels were rinsed with PBS and their elastic moduli were measured. For in-situ softening during cell
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culture a 2X concentrated softening medium was used to dilute 1:1 the culture medium to obtain the

final working concentration.

Micropipette aspiration measurements

For measurements of the bulk Young’s modulus, hydrogel samples were prepared and swelled
overnight in 1XPBS. The measurement setup, consisting of a glass capillary connected to a syringe
pump and a pressure sensor, was mounted on an inverted optical microscope, with a sample holder
perpendicular to the imaging plane. The gel-supporting glass coverslip was placed on the holder and
the capillary was moved towards the surface of the gel until full contact was achieved.

Then, by aspiration of the syringe pump, a negative pressure was applied to the sample surface through
the capillary and an image of the aspirated gel meniscus was taken simultaneously to a pressure reading
with a sensor. The collected image was processed with a MatLab image analysis program to obtain the
aspirated length of the gel inside the glass pipette, and the stiffness of the material was obtained using
a model that correlates the aspirated length and exerted pressure with the Young’s modulus. Details of

the measurement setup are reported in reference 7.

AFM measurements

AFM measurements were conducted with the sample immersed in liquid. Elastic moduli were derived
from the force-distance curves by fitting with a Hertz model considering a blunted pyramidal probe

geometry.

Hydrogels mesh size measurements

The mesh size was estimated by observing the exclusion of fluorescent probes of known size in a
1XPBS solution. Hydrogel samples were placed in a glass bottom dish and swollen for 24h in 1XPBS.
Then, the PBS used for swelling was replaced with a solution of fluorescent dextrans (or 100nm
diameter FITC-labelled polystyrene nanospheres) and a confocal image of the gel-solution interface
was collected. To allow for probe diffusion in the material, the gel was let in the solution for an
additional 24h and after replacing the solution with fresh PBS, a second image was acquired to assess
whether the fluorescent probes were excluded from the material. The mesh size was determined as the
range of sizes between the largest diffusing probe and the smallest excluded one.

The following equations used to calculate the intrinsic viscosity [77] and the hydro- dynamic radius Rh

of the dextrans:
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[n] = KM%(mLg™)

W=

= (Somw) (e

where [n] is expressed in (mL g!) and is empirically related to molecular weight by the Mark—
Houwink equation (1) , and Rh is the hydrodynamic radius in Equation (2)?°’. The K and a parameters
(K=0.1361 mL g ! and a = 0.45) for dextrans are polymer-specific and depend on the temperature

and the kind of solvent, the values used are reported in the literature?®®,

Immunofluorescence

Cells cultured on hydrogels were washed with PBS and fixed for 15 min in 4% PFA in PBS, then,
samples were washed two times in PBS and permeabilized for 10 min with 0.3% Triton X-100.
Samples were then washed three times in PBS and blocked with 10% goat serum for 1h.

The following incubations were performed with 2% goat serum in PBS-t (0.1% Triton X-100 in PBS)
as a buffer. Primary antibodies were diluted in the buffer and incubations were performed overnight at
4°C in a humid chamber.

For F-actin labelling, samples were incubated 30’ with AF568-phalloidin (1:100 dilution).

After 5 washes in PBS-t, secondary antibody incubation was performed with AlexaFluor coupled
antibodies for 2h at room temperature in the dark. Following 5 washes in PBS-t, nuclei were stained
by incubation with Hoechst 33342 (1:1000 dilution in incubation buffer) for 10’ and mounted with

prolong diamond (Invitrogen) mountant.

Antibodies

Integrin a5B1 novus NBP2-52680 (1:100)
Integrin avp3 chemicon LM609 (1:100)
YAP Santa Cruz Biotech sc-101199 (1:100)
Laminin Invitrogen PA1-16730 (1:200)
Paxillin BD 612405 (1:1000)

Microscopy
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Confocal images were acquired on a Leica STELLARIS 5 microscope. For long-term time-lapse

imaging the sample chamber was maintained at 37 °C and 5% COx.

Quantification of Nuclear/Cytosolic fluorescence intensity ratios

To quantify the ratio of nuclear to cytosol YAP/TAZ signal, confocal images of samples
immunostained for YAP/TAZ were analyzed with CellProfiler pipeline. The process involved outlining
the nuclear projected area, and a cell area mask based on the Hoechst and phalloidin signal respectively.
The ratio N/C was then calculated by dividing the intensity in the nuclear area by the one in the cytosol

(the latter obtained by subtracting the nucleus from the cell area).
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