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ABSTRACT

Cells are in constant communication with their surroundings. This is possible by
establishing focal adhesions (FAs) formed by the attachment of transmembrane
proteins known as integrins, with proteins from the extracellular matrix (ECM)
(e.g. fibronectin (FN) or collagen). The ECM is the natural scaffold of the cells
within the tissues. It is a three-dimensional scaffold generated by molecules
secreted by the cells themselves. The properties of the ECM vary among the
different tissues, which influences different cellular behaviour and differentiation
(1,2). For instance, bone presents a stiffer ECM than the brain, which has one of
the softest matrices within the body (1). The ECM is the direct link of the cell with
the environment and every piece of information gathered from the FAs plays an

important role in cellular fate (1).

Mesenchymal stem cells (MSCs) are multipotent cells that have self-renewal
capacity and can differentiate into different tissues such as bone, adipose tissue
or cartilage (3). In the last decade, those cells have gained high importance in
research, especially in regenerative medicine since they can be used in vivo and
in vitro (4). The type of tissue they differentiate into depends on how they sense
the matrix, among other things. It has been shown that on stiff surfaces they
differentiate into harder tissues, such as bone, while on softer matrices they
differentiate into a less rigid tissue as is the case of adipose tissue (1,5).
Therefore, it is important to understand cell-ECM interactions and what

intracellular changes occur upon these interactions.

Multiple studies have demonstrated the implications of matrix mechanical
properties in cellular mechanical and metabolic activity (6,7). In general, cells on
stiff matrices can form mature FAs where all the proteins involved are gathered
to resist the ECM tension and attach (8). Cells form their actin-cytoskeleton and
contract to generate high intracellular tension. This is necessary to exert forces
through the FAs and compensate for that extrinsic tension (9). This increase in
cellular contractility and tension triggers different pathways (e.g. YAP/TAZ) and
leads to nuclear flattening, which favours the translocation of transcriptional
factors into it such as YAP to the nucleus (10-12). Once in the nucleus YAP binds

to the DNA and starts the expression of different proteins involved in cellular
7



mechanics and metabolism (13). All this implies high energy investment from the
cell. The main source of energy is ATP, which is generated during cell respiration.
Thereby, on stiff surfaces cellular respiration increases to supply that energy
demand (13). On the contrary, on soft surfaces FAs maturation, cell contractility,
nuclear flattering and YAP nuclear translocation decreases (11,12). Under these
circumstances, cells do not consume as much energy as on stiff surfaces, hence

cellular respiration decreases as it does ATP production and consumption.

We hypothesise that cells require mechanical and metabolic energy during ECM-
cell interactions to generate forces and create an adaptive response. This work
aims to bring together how cells behave from mechanical and metabolic
perspectives during their attachment, proliferation, migration and
differentiation, in relation to the matrix properties, in particular depending on
matrix stiffness and degradability. This will provide a better understanding of how
microenvironmental cues can be used to control cell fate, enhancing studies in
multiple fields e.g. tissue regeneration or drug testing. In order to do this, cells
were seeded on full-length FN-PEG and polyacrylamide (PAA) hydrogels of
different stiffnesses. Traction Force Microscopy (TFM) was used to study cellular
force generation on different surfaces and YAP nuclear translocation was followed
by immunostaining. Cellular respiration rate, metabolites, and ATP generation
were analysed to complete the cellular mechanobiological activity studied with
TFM. Also, different metabolic pathways such as AMPK, NAD*/NADH or ATP/ADP
were studied using ratiometric sensors. Blebbistatin was incorporated to
demonstrate the importance of cell contractility in cellular response. This study
concludes that cellular mechanical and metabolic activity are not independent of
one to another and they are influenced by the properties of the matrix. These
finding contribute to get a better understanding of cellular behaviour and, hence,

develop optimal scaffolds that can be used in tissue regeneration.
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CHAPTER 1 : INTRODUCTION

1.1. RELATIONSHIP BETWEEN EXTRACELLULAR MATRIX (ECM) AND
CELLS

Cells are the basic unit that forms the tissues within the body. The three-
dimensional scaffold where cells are embedded to support the integrity of the
tissues is called the extracellular matrix (ECM). How this matrix and cells are
organised establishes the different tissues in the organism. The properties of a
particular tissue are given by the interactions between ECM-cell and cell-cell.
When this communication is interrupted, the stability of the tissue is lost. In
regenerative medicine is particularly important to understand how cells interact
with their environment and what leads to losing the homeostasis of the tissue, in

order to develop new ways to solve it.

1.1.1. Extracellular matrix

The ECM is the natural scaffold of the cells within the tissues. It is generated by
cell-secreted molecules (Figure 1-1), present in all tissues and has an important
role in cell proliferation, differentiation and migration (14). The main components
of the ECM are proteoglycans, hyaluronic acid, soluble molecules (e.g. growth
factors (GFs)) and proteins. There are four main proteins: collagen, the main
structural element; elastin, responsible for ECM elasticity and stiffness together
with collagen; and two adhesion proteins, fibronectin (FN) and laminin (LM)
(2,15). Cells establish physical connections with the ECM by binding
transmembrane proteins, known as integrins, with proteins in the ECM (e.g. FN
and collagen). These interactions allow an exchange of information between the
cells and the microenvironment. The information gathered by the cells will initiate
a series of mechanical and metabolic cues to generate a response, which will be
transmitted to the ECM (2,16)

For this project, two of the four main proteins in the ECM were selected: collagen

and FN. Both of them contain cell adhesion binding domains and have been widely
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studied in the literature (17,18) gaining great importance in regenerative

medicine.
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Figure 1-1. Extracellular matrix (ECM) structure and interactions cell-ECM
(figure taken from (19)). The ECM is formed by proteoglycans
(glycosaminoglycans joined to specific protein core with exception of hyaluronic
acid, a GAG without protein core linkage) and fibrous proteins. There are four
main fibrous proteins: collagen, elastin, fibronectin and laminin. Integrins are
transmembrane proteins formed by two subunits that attach to ECM proteins such

as FN, being the connection of the ECM with the internal actin-cytoskeleton (19)

Collagen

Collagen is discussed to be the most abundant protein in the ECM (20). It consists
of a triple helix composed of three polypeptide chains, known as a-chains,
twisted, which have one or more regions of a repeating amino acid motif glycine
(Gly)-X-Y, where X and Y can be any amino acid (18,20). However, the most
frequent combination is glycine, proline and hydroxyproline. This tripeptide
sequence allows the establishment of interchain and intrachain hydrogen bonds,
which, together with electrostatic interactions, stabilises the triple helix (20).
Collagen can be assembled as a homotrimer, when the three chains are identical,
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or as a heterotrimer when they are different. The different combinations lead to
different types of collagens. So far, it has been identified 28 different types of
collagens. For our study, the type of collagen that is of special interest is fibrillar
collagen. This family of collagens is integrated by the types I, II, IIl, V, XI, XXIV
and XXVII (18,20). The distribution of these collagens within the body is not
uniform. Some tissues are richer in one type than another, which determines their
properties. For instance, collagen type | can be found in bone, skin or tendons;
while type Il appears mainly in cartilage (18). These collagens are synthesised in
the cell and released into the extracellular space as a precursor. Outside the cell,
the amino and carboxy terminals of the procollagen are cut by specific enzymes.
The resulting protein goes through a process of oxidative deamination of its
peptidyl lysine residues by a lysyl oxidase, facilitating the crosslinking of individual
collagen molecules to form a supramolecular assembly in the ECM (20). Fibrillar
collagens have an important structural role, they confer mechanical strength and
are involved in signalling functions by interacting with cellular receptors and other
components of the ECM (18).

Even though collagen has an essential role in maintaining the structure of the ECM,
it is also involved in cell adhesion. Cells can interact with collagen either directly
by expressing integrins that bind to specific adhesion domains in the protein (21),
or indirectly through glycoproteins in the ECM (e.g. Fibronectin) (22). There are
four main groups of receptor-binding motifs in collagen: i) specific domains
integrated in the triple helix that can only be recognised by integrins with a high
affinity for them (21). One example is the GFOGER motif, recognised by the
integrins aif1 and a:B1 (21,23). ii) The second type of binding sites are well-
conserved domains to which cells have evolutionally created receptors that can
recognise and bind to them (e.g. glycine-proline-hydroxyproline (GPO)). iii)
Collagen contains cell-adhesion domains that are only accessible to their cellular
receptors after protein denaturation (21). iv) The last category are receptor

binding sites in non-collagenous domains (e.g. NC1) (24,25).
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Fibronectin

Fibronectin is a glycoprotein which exists as a dimer connected by two disulphide
bonds near their C-termini (Figure 1-2). Each of these monomers is integrated by
three repeating units: type |, which appears twelve times; two repeats of type Il
and fifteen to seventeen type lll. The whole protein is encoded in one gene and
depending on the RNA splicing it is possible to find different isoforms of FN. Two
extra type Il units can be generated from the splicing known as EIlIA and EIIIB.
Type | and type Il modules have two disulphide bonds that stabilise the protein
conformation. The absence of disulphide bonds in type lll facilitates protein to
unfold under applied forces (17,26). In vertebrates, there are two types of
fibronectin: plasma fibronectin and cellular fibronectin. Plasma fibronectin is a
soluble protein which forms part of the blood and is produced by hepatocytes.
EIlIA and EIlIB are not present in this type of FN. On the contrary, cellular FN does
contain these two extra type Il repetitions. Cellular FN is insoluble and is secreted
by the cells to integrate the ECM (17).

FN binds to multiple other components of the ECM, such as collagen or fibrin, as
well as to the cells (17). This association between FN and cells takes place through
integrins, which are heterodimeric (a and B subunits) transmembrane receptors
that link the ECM with the cytoskeleton. This linkage could be direct when
integrins bind to specific domains on FN; or indirect, when integrins interact with
actin via cytoplasmic proteins (2). The FN sequence has binding domains to a wide
range of biomolecules. One of the most studied ones is an integrin-binding
sequence that consists of three amino acids: arginine glycine and aspartic acid
(RGD). This peptide motif has become a paradigm in cell adhesion (27,28).
Scaffolds are engineered to present these adhesion motifs (via either the use of
full-length proteins, protein fragments or peptide sequences) to allow cell
attachment, which is, in general, one of the first events that need to happen

before other cell functions (29).
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Figure 1-2. Fibronectin structure. FN is a dimer linked by two disulphide bonds
near the C-terminal. Each monomer contains three types of repeating subunits:
12 type | repeats (in blue), two type Il (in yellow) and 15-17 type Ill (in green).
Brackets in orange indicate the binding regions to different molecules. The
cysteine residues contained in the protein are marked with asterisks (*). FN can
bind to multiple biological molecules (e.g. collagen, heparin, GFs or fibrin) and
cells through their integrins (transmembrane proteins). There are multiple
integrins domains within the fibronectin, but it is of special relevance RGD

peptide.

The ECM undergoes constant remodelling among tissues, being degraded and
reassembled all the time by cells to maintain homeostasis, especially during
development or in a stressful situation (e.g. wound healing or diseases) (2,14,15).
This remodelling allows cells to migrate within the ECM. Any change in the ECM
will be directly translocated to the cell, triggering distinct metabolic cascades in
response. Therefore, the ECM plays an important role in tissue homeostasis and

cell behaviour regulation (2,15).
1.1.2. Mesenchymal stem cells (MSCs)

Mesenchymal Stem Cells (MSCs) are stromal cells that have the capacity of self-
renewal and differentiation into different cell types (multipotency) such as
osteoblasts, adipocytes or chondrocytes (Figure 1-3). The capacity of self-renewal
involves all the biological processes that maintain a pool of undifferentiated MSCs,
which has great importance in tissue healing (30-32). They are found in many adult
tissues from where they can be isolated, but the most common one is from bone

marrow (3,33).
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Figure 1-3 Mesenchymal stem cells (MSCs) differentiate into different tissues
depending on substrate stiffness (Biorender made). MSCs are stromal cells that
can be isolated from bone marrow. They have multipotency being able to
differentiate into osteoblasts on stiffnesses around 40 kPa or above, chondrocytes
(3-5 kPa) or adipocytes (1-3 kPa). It has been demonstrated that MSCs can also
differentiate into myocytes on stiffnesses around 15-25 kPa, or into neurons on

really soft matrices (5).

The characteristics of the niche will ultimately determine mesenchymal stem cell
commitment and fate (1). The process through which cells sense mechanical
signals in the environment and transform them into a biochemical intracellular
response is called mechanotransduction. This is mediated by cell-ECM and cell-
cell interactions, which are constituted mainly by integrins and cadherins,
respectively, and regulate intracellular signalling pathways. Cells generate and
transfer forces to the ECM and neighbour cells through these connections. Also,
external forces applied by shear, compression or tension produce changes in the
cell cytoskeleton which will transfer these forces from the membrane proteins to

intracellular organs (34).
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Since MSCs may be produced and cultured ex vivo, they have gained a lot of
interest in regenerative medicine (4). Their use together with synthetic matrices
(whose mechanical properties can be finely tuned) is very promising in
regenerative medicine, to design new biomaterials with better control of stem
cell fate. It has been shown that on soft surfaces, MSCs differentiate into soft
tissues as can be adipose tissue, while stiffer surfaces direct cell differentiation
more into bone (1,35). Also, it has been shown that actin-cytoskeleton and cell
contractility are of great importance in MSCs differentiation (1). On stiffer
surfaces, cells present an organised actin-cytoskeleton, being able to contract
more leading to osteogenesis differentiation. Whereas on softer surfaces, the cell
cytoskeleton is disorganised, which is related to low contractility and
differentiation into softer tissues. Therefore, regardless of how rigid the surface
is, if cell contractility is inhibited cells perceive it as soft, and as a result, other

cell differentiation pathways are triggered (1).

1.1.3. Influence of stiffness and degradability in stem cell

differentiation and migration

Prior to their attachment, cells probe the matrix to sense the rigidity. Then, focal
adhesions (FAs) are assembled, which are multiprotein structures that bridge ECM
proteins (e.g. fibronectin) and the cytoskeleton (36). It is through these links that
cells exert forces, pull to deform the matrix and transmit these forces through the

cytoskeleton to the nucleus (37).

FAs are formed by integrins and a series of adaptor proteins. These proteins can
be divided into two groups: i) adaptors that directly link the actin cytoskeleton
with integrins (e.g. talin, tensin), and ii) a second group of proteins that create
an indirect interaction between integrins and the actin cytoskeleton (e.g.
vinculin, FAK, paxillin). For instance, talin binds to integrins and the actin
cytoskeleton, creating a direct connection between both. On the contrary,
vinculin binds to the actin-cytoskeleton and talin, creating an indirect link (37,38).
The natural assembly of these proteins into FAs depends on ECM properties such
as stiffness (8,37) or viscosity (39). Those matrix features determine cell

behaviour (e.g. attachment, proliferation and differentiation) and also cellular
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mechanical properties (e.g. cell shape, cytoskeleton organisation, F-actin
assembling and force loading) (40,41) (Figure 1-4). How cells interact with the
ECM depending on its mechanical properties, as well as FAs assembling and their
engage and disengage dynamics, can be explained by the molecular clutch model
(38,39,42). On soft or low viscous surfaces, the nucleus is relaxed, it appears
round, and its pores are closed. Plus, the cell circularly increases and cells present
a poor cytoskeleton organisation (37,39,43,44) (Figure 1-4A). Under these
circumstances, talin is folded and vinculin is not recruited. FAs are weakly
assembled, which leads to a slow force generation. The bond ECM protein-integrin
ends up dissociated before the force can be loaded (44-46). On the other hand, as
stiffness and viscosity increase, the bond with the matrix is firmer, giving the cells
time to load enough forces on the FAs. This force loading leads to talin unfolding
and vinculin recruitment, which strengthens the clutch actin-FA-ECM (37,39,42)
(Figure 1-4B).
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Figure 1-4. Mechanical forces and FAs reinforcement increase with surface

stiffness (Biorender made). A) On soft matrices, cells do not have enough
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strength to generate mature focal adhesions. Talin remains unfold and vinculin
is not recruited to the FAs. The cells are rounder as well as the nucleus. The
nuclear pores are closed and chromatin remains unfolded. Transcriptional factors
are inactive in the cytoplasm. Actin fibres (F-actin) are not tense, and the
intracellular tension is low. B) On stiff surfaces, talin unfolds and vinculin can be
recruited to the focal adhesions along with other proteins involved in the
molecular clutch, forming mature FAs. Actin cytoskeleton is established and cells
can contract by hydrolysing ATP. Cells are more spread and the nucleus stretch
opening the pores. Transcriptional factors are activated and capable to enter the
nucleus and bind to the DNA.

The molecular mechanism to detect rigidity and trigger downstream signalling has
been widely investigated. Integrins play an essential role as they are the direct
link between actin-cytoskeleton and the ECM (Figure 1-4). Also, their binding and
unbinding rate works as a rigidity sensor (4,45,46). Moreover, there is a wide
variety of identified integrins with different binding rates to the same ECM
components, what could be an important rigidity adaptation mechanism.
Furthermore, not all cell lines express the same type of integrins or at the same
density, what changes the cellular response to a same surface. The density of ECM
proteins on the substrate will also have an impact on the forces that the cells
exert (43,47,48). In summary, the total force loaded is determined by the protein

concentration and the density of integrins available for interaction (49).

As well as stiffness and protein density, matrix degradability plays an important
role in cell behaviour. In order to migrate and proliferate, cells have to break the
ECM network. To remodel the ECM, it is necessary the action of matrix
metalloproteinases (MMP), which are enzymes that are able to recognise specific
domains in the ECM proteins and cleave them. These enzymes can be secreted or
be bound to the membrane (known as MT-MMP). The Table 1-1 taken from Cabral
Pacharo G. et al. 2020 (50) describes the main MMPs classified by structure and

the main substrate where they act.
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Table 1-1. Classification of metaloproteinases depending on their structure

and the substrate where they act. Taken from (50).

Feature Subgroup Description MMPs
- . MMP-7,
Minimal domain MMPs Secreted MMP-26
MMP-1, -
3, -8, 10,
Simple Hemopexin domain- -12, -13,
containing MMPs Secreted 18, -19,
-22, -20,
27
. - MMP-2,
Gelating binding MMPs Secreted MMP-9
Structure N MMP-11,
Furin-activated MMPs Secreted MMP-28
Vitronectin-like insert MMPs Secreted MMP-21
. TM: MMP-
Transmembrane MMPs (with Membrane-type MMPs 14, -15, -
cytoplasmic domain)
16, -24.
glycosylphosphatidylinositol ) MMP-17,
(GPl)-anchored MMPs Membrane-type MMPs —yup o5
Type Il transmembrane MMPs
(cysteine array and Membrane-type MMPs MMP-23
immunoglobulin-like domains)
Substrates: Col II, II, I, VIII, MMP-1. -
Collagenases (1-4) X, gelatins, aggrecan, ’
- 8,-13, -18
entactin
Substrates: gelatins,
collagens I, IV, V, VII, X, XI, MMP-2
Gelatinases (A and B) fibronectin elastin, laminin, MMP-9’
vitronectin, proMMPs-9 and
13
Substrates: proteoglycans,
laminin, gelatins,
fibronectin, entactin, MMP-3. -
Substrate Stromelysins (1-3) collagens Ill, IV, V, IX, X, XI, 10 _1’1
pProMMPs 1, 8, 9 and 13, ’
vitronectin, a 1-proteinase
inhibitor
Substrates: proteoglycans,
Matrilvsin laminin, fibronectin, MMP-7,
y gelatins, entactin, collagen =~ MMP-26
IV, elastin, tenascin
Substrates: col I, II, III, MMP-14, -
Membrane-type MMPs (MT-MMP- gelatins, fibronectin, 15, -16, -
1, -3, -4) laminin, proteoglycans, 17, -24, -
proMMP-2 and 13 25
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These specific domains that can be recognised by the MMPs can be engineered to
create proteolytically cleavable crosslinkers, which will be incorporated in the
hydrogel to create a biodegradable network. This will change the matrix stiffness
and, hence, how cells sense the matrix. It has been shown that the higher
biodegradability, the higher cell circularity and cell viability, while cell density
and area decrease. Biodegradation makes the hydrogels softer, therefore, the cell

differentiation pattern changes (51,52).

Matrix degradability is of special interest in 3D systems. Cells need to degrade the
matrix to be able to migrate and proliferate (34,53). Depending on the
biodegradation rate of the matrix, MSCs will present a different differentiation
pattern. Cells cultured in a non-biodegradable gel will not be able to migrate and
proliferate, being confined in the hydrogel. In those cases, cells adopt a more
rounded shape and tend to differentiate into softer tissues, such as adipose tissue
(54). However, when a biodegradable crosslinker is added to the system, MSCs can
cut the network by secreting metalloproteinases. Thus, they will be able to
migrate, proliferate and expand, which allows the cells to generate more force
tension and, hence, differentiate into stiffer tissues such as bone (55,56). This is
because, in non-degradable 3D systems, MSCs cannot form mature FAs and, hence,
load enough forces to deform the matrix. It has been also observed that this
behaviour can be reversed with high RGD density. In those cases, cells will be able
to generate more FAs and exert enough traction forces to differentiate into bone,
when the stiffness is 11-20 kPa (44,57). All these outcomes provide important

insight into the importance of degradability and force generation in 3D systems.

Even though the implication of matrix degradability has not been fully studied on
2D systems, there are few studies that have seen differences in cell behaviour
(58). It has been shown that adipogenesis is enhanced on softer surfaces,
independent of degradability. Surprisingly, there has been observed an
upregulation of osteogenesis as the degradation rate increases (51). Matrix
degradability has been shown to play an important role in cancer cell invasion. In
a metastasis study carried out by Dvir et, al, they observed that cancer cells with

high metastatic potential are able to indent either on degradable or non-
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degradable surfaces regardless of the stiffness. However, the indentation depth

and the forces applied were higher on stiff degradable matrices (58).

To recapitulate, MSCs differentiation depends on ECM characteristics such as
stiffness or degradability. Taking this into account, controlling the rigidity and
degradability of the scaffold makes it possible to direct cell differentiation into a

specific cell type to be used in tissue regeneration.

1.1.4. Cell contractility has an essential role in cell attachment,

force generation and differentiation

Cells must contract their actin cytoskeleton to generate the forces needed to
remodel the ECM. This actin structure is directly linked to FAs responsible for force
transmission from inside the cell to the matrix. Cells on stiff surfaces present a
well-organised cytoskeleton, with high expression of F-actin fibres, which allows
them to generate higher traction forces (42,49). However, we should not confuse
cytoskeleton organisation with cell shape. Even though on stiff surfaces cells tend
to present a more elongated shape, the cellular shape is not an indicator of force
magnitude generated by the cell, as it happens with the cytoskeleton (a more
organised cytoskeleton leads to higher contractility and force generation). Cells
change shape while they are indenting and penetrating the surfaces while they
are applying mechanical forces, hence, cell shape is not related to force
magnitude (58,59).

The proteins present in these FAs, such as non-muscle myosin Il isoforms, are the
ones that sense matrix elasticity and drive lineage differentiation. Therefore,
inhibition of non-muscle myosin Il blocks all elasticity directed lineage
specification, without strongly perturbing many other aspects of cell function and
shape (60,61).

Blebbistatin is a specific inhibitor of the ATPase activity of non-muscle myosin Il
(62,63), a hexameric actin-binding protein formed by two heavy chains with
ATPase activity in its head domains (64). Blebbistatin binds to the ATPase when

this one is in a complex myosin-ADP-Pi, slowing down the ATP molecule release
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(Figure 1-5). It does not interfere with the actin-myosin bonding or with ATP-
induced actomyosin dissociation (62) (Figure 1-5). Therefore, the presence of

blebbistatin decreases cell contractility by disrupting the actin retrograde flow.
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Figure 1-5. The mechanism of action of blebbistatin (Biorender made).
Blebbistatin is a non-muscular myosin Il inhibitor. It binds to the ATPase of the
myosin Il when it is in a complex myosin-ADP-Pi, slowing down the ATP molecule

renovation in the contractile cycle.

In MSCs, treatment with inhibitors of actomyosin contractile units blocks
osteogenesis in favour of adipogenesis, regardless of surface stiffness (65,66)
(Figure 1-6). These observations indicate that mechanically driven cell fate
determination relies on the contractility of the actomyosin cytoskeleton.
Moreover, as matrix stiffness increases, MSCs alter their non-muscle myosin Il
expression to prepare their actin-cytoskeleton to generate an appropriate force
rate to deform the matrix. But this behaviour is not shown in cells treated with
blebbistatin. This inhibition not only prevents cell contractility but also makes the

cells unable to migrate and blocks cytokinesis (1).

MSCs differentiation is also regulated by the RhoA-dependent actomyosin
contractility (67,68). Higher contractility is linked to an increase in RhoA

expression, and this triggers osteogenic differentiation. RhoA is a GTPase protein
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that activates ROCK. ROCK phosphorylates myosin light chain enhancing
actomyosin contraction. Thus, as happens with blebbistatin, inhibiting actomyosin
contractility with a ROCK inhibitor, such as Y-27632, favours adipogenesis and
down regulates the expression of osteogenic markers (69). In support of ROCK
activity, the myosin light chain can be also phosphorylated by Ca%*/ calmodulin
(CaM)-dependent myosin light-chain kinase (MLCK) (70). The activity of this
enzyme can be specifically inhibited using ML-7 (71).

Based on these studies, inhibition of cell contractility has big consequences on
mechanosensing and cell differentiation. In most cases, cells tend to behave as

they were on soft surfaces, being adipogenesis upregulated over osteogenesis.
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Figure 1-6. The implication of actomyosin contractility and FAs alteration in
cell differentiation and actomyosin contractility inhibition (Biorender made).
There are multiple compounds that can inhibit cell contractility at different
points such as blebbistatin which act at non-muscle myosin Il A level, while
Y27632 blocks RhoA activity, or ML-7 which inhibits MLCK. The inhibition of cell

contractility will change how cells sense the surface.
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1.2. YAP: AN IMPORTANT MECHANOTRANSDUCTION FACTOR

Cells create adequate FAs to be able to communicate with the ECM. The activity
of the focal adhesion kinase (FAK) in FAs is essential to transmit the signals
gathered from the ECM through the cytoskeleton to the nucleus. This enzyme
phosphorylates and activates mechanoresponsive signalling elements, which leads
to an increase in cellular contractility and the nuclear translocation of
transcriptional factors (e.g. Yes-associated protein (YAP) and transcriptional co-
activator with PDZ-binding motif (TAZ)) as well as activation of lamina proteins in
the nucleus (e.g. LMNA) regulating transcription pathways (34). One of the most
widely studied mechanosensing transcriptional factors is YAP. This protein remains
phosphorylated in the cytoplasm as its inactive form. Under the pertinent stimuli,
can be dephosphorylated into its active form through different pathways (e.g.
Hippo Pathway inhibition, RhoA activation), form a dimer with TAZ
(transcriptional coactivator with PDZ-binding motif) and migrate into the nucleus.
Once inside the nucleus, YAP/TAZ will join to specific domains of the DNA by
activating and forming a complex with. transcriptional enhanced associate domain
(TEAD) protein. This interaction triggers the expression of genes involved in
multiple cellular processes including cell proliferation and differentiation
(39,61,72,73). YAP/TAZ activity is involved in cytoskeleton stability and FAs

assembly, thereby it is important to control cellular tension and mechanics (74).

The number of FAs and YAP translocation are related to the adhesion area and the
cell area (Figure 1-7). Nardone. G. et al showed that FAs assembly depends on
adhesion area and YAP activation. On the other hand, YAP nuclear translocation,
even though it is triggered by FA-cytoskeleton stabilisation, is independent of FA
formation and dependent on cell area through the activation of the Rho/ROCK
mechanosensing pathway (74,75). YAP nuclear translocation activates gene
expression involved in FA reinforcement. The disruption of the YAP/TAZ
mechanical pathway leads to cytoskeleton disorganisation, a decrease in cell
stiffness, failure in cell attachment and a complete disruption in cellular

mechanical cues to respond to ECM signals (74).
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Figure 1-7. Mechanotransduction within the cell (image taken from (34)). A)
Cells interact with the ECM through integrins and with other cells through
cadherins. Through these connections, they are able to exert forces and sense
external forces. B) The information gathered by the integrins is going to trigger
different intracellular pathways to generate an ultimate response to the initial

stimulus. (34).

Depending on how stiff cells detect the surface, YAP nuclear translocation varies
(75) (Figure 1-8). On stiffer matrices, YAP translocates into the nucleus and
favours osteogenic differentiation (Figure 1-8B). Whereas, on softer substrates,
YAP is phosphorylated and excluded from the nucleus remaining cytoplasmatic,
being adipogenesis differentiation enhanced (61,75-77) (Figure 1-8A). This
behaviour is directly related to actin-cytoskeleton contractility. On soft surfaces,
cells present low contractility, there is low F-actin fibres expression, and the
nucleus remains round (Figure 1-4A). YAP cannot translocate to the nucleus and
remains trapped in the cytoplasm (11). On the other hand, as surface stiffness
increases, cells load higher forces by the generation of further F-actin stress fibres
and contraction. The increment of tension within the cell provokes nucleus
flattering and nucleus pores stretching, leaning to YAP nuclear translocation
(11,77) (Figure 1-4B). This same behaviour that appears on rigid surfaces also

happens when a force is applied to the cell (11).
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Figure 1-8. YAP translocation relies on ECM stiffness and cell contractility
(Biorender made). a) When cells find low resistance in the ECM (soft) the tension
rate decrease, and YAP remains cytoplasmic phosphorylated (inactive). b) When
the ECM resistance increase (stiff matrices), the actomyosin contractility is
higher, allowing YAP to dephosphorylate and translocate into the nucleus where
it binds to the DNA.

YAP nuclear translocation is different in 2D and 3D models. As described above, in
cells cultured in 2D, YAP translocates into the nucleus on stiffer hydrogels (75).
However, when cells are embedded in a hydrogel (3D model), YAP nuclear
translocation increases with matrix degradability and lower stiffnesses (78,79).
Contrary to what happens in 2D, cells encapsulated in stiff hydrogels are not able
to elongate and YAP appears in the cytoplasm (75). These discrepancies between
2D and 3D might explain the difficulty to translate what we observe in vitro with

what is happening in vivo(75).

Regardless of surface stiffness, YAP translocation is also influenced by cell
attachment. Modifying cell attachment by changing the ligand available for cells

to attach to the surface, as well as its density is going to have an effect in cell
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mechanotransduction. For instance, coating the surface with poly-L-lysine (PLL)
reduces FAs formation, cell area and favours adipogenesis (75). In another study
done by Stanton A et at., they demonstrated that in cells seeded in polyacrylamide
gel functionalised with fibronectin, YAP translocation is influenced by surface
stiffness only in intermediate ligand densities (80). However, on low or high ligand
density YAP is going to remain cytoplasmatic or translocate into the nucleus,
respectively, regardless of the surface stiffness. This has also an effect on cell
differentiation, increasing the fibronectin density favours osteogenesis over
adipogenesis differentiation (80). Furthermore, cell contractility and integrin
expression influence YAP translocation (80). Lee et. al. studied YAP localisation
after the knockdown of two integrins B1 and Bs. When integrin B was knocked
down, cells could not spread, and YAP remained cytoplasmatic which confirms the
influence of cells spreading in YAP translocation. However, cells with integrin B4
knocked out did not present a decrease in the cell area, but YAP nuclear
translocation was affected, which indicated that cell spreading is not the only

factor to have in consideration in YAP activity (77).

YAP localisation can also vary depending on cell density. In a high confluent
scenario, cell-cell contact through cadherins increases, while cell-ECM link
through integrins decreases (81). Regardless of matrix stiffness, YAP starts to
accumulate in the cytoplasm. Also, densely plated cells express fewer stress fibres
compared with the widespread plated ones which present a well-organised

cytoskeleton (77).

1.3. CELL METABOLISM

Metabolism is the series of biochemical reactions mediated by enzymes that
occurs within the cells and are essential for life-sustaining. The intermediate or
final products generated in this process are known as metabolites. These
molecules can be categorised as primary metabolites if they are directly involved
in cell growth and development; or secondary metabolites, generated from the
primary metabolites and without a direct implication in cellular function

maintenance.
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The different metabolic pathways can lead to the biosynthesis of small molecules,
known as anabolism (e.g. protein synthesis), or their breakdown, called
catabolism (e.g. cellular respiration). In general, anabolic reactions consume
energy, while catabolic reactions release it. These reactions occur thanks to
enzymes: proteins that catalyse the metabolic reactions and couple the anabolic
pathways with the catabolism ones. Those enzymes provide energy released
during the catabolism, generally, in the form of ATP to the anabolic processes
(82).

1.3.1. Cellular respiration influences cell differentiation

Glycolysis is an oxygen-independent metabolic pathway that occurs in the
cytoplasm (Figure 1-9A). Through this process one molecule of glucose is broken
into 2 molecules of pyruvate, yielding 2 ATP and 2 NADH (83). Depending on the
oxygen available, pyruvate can follow two different pathways: anaerobic
(fermentation, also known as anaerobic glycolysis) (Figure 1-9C) or aerobic
(oxidative phosphorylation) (Figure 1-9B) (84). Under the presence of enough
levels of oxygen, aerobic organisms use pyruvate to create energy through
oxidative phosphorylation (OXPHOS), a life-sustaining process that occurs in the
mitochondria to generate energy in form of ATP by transferring electrons from
NADH or FADH; to oxygen (0z). Commonly, the set of all these reactions is known

as cellular respiration.
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Figure 1-9. Cell metabolism under aerobic and anaerobic conditions. Pathways
templates taken from BioRender. A) Glycolysis: glucose metabolism to pyruvate.
In total the process vields 2 molecules of ATP. Enzymes involved: hexokinase (HK),
phosphoglucose isomerase (GPl), phosphofructokinase-1 (PFK1), aldolase,
triosephosphate isomerase (TPI1), glyceraldehyde 3-phosphate deshydrogenase
(GAPDH), phosphoglycerate kinase (PGK), phosphoglyceromutase (PGAM), enolase
and pyruvate kinase (PK). B) Under aerobic conditions, pyruvate is converted into
acetil-CoA by the pyruvate deshydrogenase. Acetyl-CoA enters into the
mitochondria to me metabolised in the tricarboxylic acid cycle. ATP is generated
in the electron transport chain by the reduction of oxygen in a process called
oxidative phosphorylation (OXPHQOS). At the end of this process around 36 ATP
molecules are generated. C) Under anaerobic conditions where the oxygen
available is limited, pyruvate will be converted into lactate in a reversible

reaction by the lactate dehydrogenase.

Mitochondrial activity and oxidative metabolism play an important role in stem

cell pluripotency control. It has been shown that during differentiation oxidative
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phosphorylation increases (85). Cells regulate their respiratory rate and
mitochondria activity and number, depending on how they sense the environment.
Pluripotent stem cells and also mesenchymal stem cells mainly have a glycolysis
metabolism (83). They present a low number of mitochondria which are poorly
developed. In their naive environment, stem cells have a low proliferation rate
and high differentiation potency capacity. However, during cell maturation and
differentiation, the proliferation rate increases, as it does mitochondria
expression (there is an increment in mitochondrial DNA and mass). Glycolysis-
based cell metabolism shifts to OXPHOS-based metabolism (83). Differentiated
cells have a higher demand for oxygen, which translated to an increase in
respiratory rate and, hence, in intracellular ATP content. However, during
stemness reprogramming of pluripotent stem cells from adult tissue, there is a
setback, the metabolism shifts from oxidative phosphorylation to glycolysis. Also,
cells in hypoxia enter into a glycolytic quiescent state protecting the tissues from
reactive oxygen species (ROS) generation and ensuring tissue regenerative
capacity. Interestingly, if MSCs are cultured in normoxia the proliferation and

senescence increase while they lose their stemness (86).

On the other hand, osteogenic differentiation requires OXPHOS activity (87).
During differentiation, MSCs express fewer pluripotency genes and start to
upregulate terminal-specific genes. At the same time, they go through a metabolic
switch, respiratory metabolic enzymes are expressed and mitochondria DNA
increases. Glycolysis markers, such as hypoxia-inducible factor (HIF)-1a, start to
decrease and the oxygen consumption rate increases (83). Recently, Guo et. al.
have shown that by transferring mitochondria from a donor bone marrow MSCs to
a recipient bone marrow MSCs, osteogenic differentiation and wound healing are
enhanced. After mitochondria transfer, modified MSCs showed higher osteogenic
markers (Runx2, ALP, and BMP2) after 14 days of culture compared with the
control (88). Furthermore, those mitochondria-recipient MSCs have been
demonstrated to heal bone defects in vivo faster than the control cells. When the
metabolism activity of mitochondria transfer cells was investigated, a greater
OXPHOS activity and ATP production were found (83,88). Under any cellular stress
situation as could be applied forces, a defect on the bone or skin, the respiratory

rate increases. This study has demonstrated that an upregulated mitochondria
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activity could improve cell viability by decreasing cell senescence and enhancing

cell proliferation and migration, yielding a faster and greater recovery(88).

In their natural niche, MSCs are in hypoxia conditions (89,90). They present a
glycolysis-based metabolism with the downregulation of respiratory enzymes and
oxygen consumption rate decrease. Hypoxia allows stem cells to proliferate,
maintaining their self-renewal and potency abilities. MSCs are still able to
differentiate into chondrocytes, adipocytes or cardiomyocytes under hypoxic or
ischemic conditions (83). Notice that in a hypoxia environment, ROS levels are
enabled and osteogenesis differentiation of hMSCS will be inhibited in favour of
adipogenesis. Also, ROS levels have an implication on senescence and stemness,
hMSCs will remain undifferentiated and maintain their self-renewal and
multipotency abilities. However, to maintain low levels of ROS is necessary to

reduce mitochondrial activity (83,86).

1.3.2. ATP: the energy currency of the cells

ATP is the principal source of energy in life sustainability. It is mainly produced
during cell respiration. The highest amount of ATP is produced in the electron
transport chain, situated in the inner membrane of the mitochondria during
OXPHOS. Other pathways which also contribute to the overall amount of ATP, are
the metabolism of fatty acids through B-oxidation or during ketosis. Under
situations of low oxygen, ATP is also produced in a much lower amount. One
example would be the fermentation of glucose into lactic acid which yields only 2
molecules of ATP compared with 36 molecules obtained in aerobic cell respiration
(OXPHOS) (Figure 1-9). There are multiple molecules from where ATP can be
obtained. However, the one that yields more ATP is glucose. Cells use the energy

accumulated in ATP bonds by breaking the molecule into ADP or further into AMP.

ATP is implicated in multiple processes of cell mechanics and metabolism. One
molecule of ATP must be hydrolysed into ADP and Pi to get actin-myosin coupling
and the consequent pulling of the actin filaments to contract. Furthermore, ATP
is essential to establish FAs and, in the cytoskeleton remodelling and cell

spreading. As well as in cell-cell interactions (91). In epithelial cells, applied
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mechanical forces increase the formation of cell-cell adhesions through E-
cadherin. This reinforcement of cell connections required remodelling of the actin
cytoskeleton for which they need energy supplied by ATP (92). However, when
cells are in glucose starvation, they cannot produce enough levels of ATP showing
a decrease in FAs formation, less cellular spreading and cytoskeleton organisation.
Therefore, cells required glucose to maintain an adequate level of ATP. Also,
inhibiting cytoskeleton remodelling with Cytochalasin D (CytoD), which blocks
actin polymerisation, leads to a diminution in ATP consumption. Under these
circumstances, cells could not form their actin-cytoskeleton and spread. When
CytoD is washed out, cells recover their activity and ATP levels decrease,
confirming that this molecule is essential for actin-cytoskeleton formation and
spreading (91). A similar pattern occurs when cellular contractility is inhibited
with blebbistatin or ROCK inhibitor Y27632, ATP levels remain constant over time,
but cellular contraction decreases, and cells appear more round (91). ATP is also
involved in cell migration. Mousawi et. al. showed that MSCs treated with Yoda1,
an activator of the ion channel Piezo 1, caused an increase in ATP release with
the subsequent activation of the mitogen-activated protein kinase/extracellular

signal-regulated kinase (MEK/ERK) implicated in cell migration (93).

Cellular energetic levels are altered when there is DNA damage. Milanese et.al
have demonstrated that interrupting the DNA repair pathways (transcription-
coupled DNA repair (TCR) and nucleotide excision repair (NER)) leads to an
increase in ATP levels and a decrease in DNA transcription (94). As an adaptive
response, glycolysis is inhibited and glucose is directed to the pentose phosphate
pathway, changing the cell metabolism completely (94). Through this pathway,
cells are capable to reduce redox stress and NADPH is produced as a reducing
equivalent to supply the energy requirements under these circumstances (94,95).

This underlines the importance of ATP in DNA repair, transcription and translation.

Another process where ATP plays an important role is in protein metabolism.
During protein synthesis, one molecule of ATP is hydrolysed into AMP and PP; by
the aminoacyl tRNA synthetase. This enzyme binds the corresponding amino acid
in the gene code of the protein being synthesised, to the transfer RNA (tRNA).

Later, the tRNA enters the ribosome, couples to the messenger RNA (mRNA) and
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transfers that amino acid to the elongating protein in synthesis. Therefore, any

alteration in ATP synthesis is going to have an effect on protein synthesis.

ATP does not only act as in intracellular signalling molecule. It has been
demonstrated its implication in multiple extracellular processes. It acts as a
neurotransmitter in neurotoxicity (96) or in the activation of sensory nerves
terminal in the gastrointestinal tract (97). Under brain damage, ATP is released
to the extracellular space. Once there it interacts with different neuronal
receptors (e.g. P2X7R) to trigger pro-inflammatory pathways (e.g. release IF-8 or
cytokines) to reduce the neurotoxicity (96). Recently, it has been shown that
extracellular ATP is one of the main sources of pyrophosphate, which is the main
endogenous inhibitor of vascular calcification. Therefore, the ATP/pyrophosphate

metabolism could be a potential target to reduce vascular calcification (98).

To sum up, ATP is essential for cell survival. If ATP metabolism is dysregulated it
can lead to multiple pathologies. For instance, it has been shown that during
tumorigenic processes there is an increase in the uptake of glucose which leads to
a higher production of ATP and a faster tumour growth (99). Hence, targeting

glucose metabolism could reduce cancer progression.

1.3.3. AMPK acts as an energy regulator

When the levels of ATP are too low to sustain cell life, AMPK is activated. This
usually happens under mitochondrial stress. Cells enter into a low-energy
consumption mode increasing nutrient intake and activating alternative energy

source pathways (e.g. turning macromolecules into nutrients) (100).

AMP can sense the amount of energy available by an allosteric mechanism. When
the ratio AMP/ATP increases the kinase activity of the enzyme is activated. It
directs cellular metabolism towards catabolism pathways to generate nutrients
from where energy can be obtained and decreases anabolism to reduce ATP usage
(92,100). Once AMPK is activated, it phosphorylates key metabolism enzymes and
triggers the expression of different transcription factors (e.g. GLUT1 and GLUT4
which increases glucose intake). For instance, AMPK phosphorylates the enzyme

HMG-CoA reductase (HMGCR) and the acetyl-CoA carboxylases ACC1 and ACC2,
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inhibiting cholesterol and lipid synthesis respectively (100). Lipid synthesis is also
inhibited by phosphorylating the transcriptional factor sterol regulatory element
binding proteins 1c (SREBP-1a) in hepatocytes. When this transcriptional factor is
phosphorylated, it cannot be cleaved and translocated into the nucleus to activate

the expression of lipid synthesis genes (101).

The AMPK pathway is directly linked with the mechanistic Target of Rapamycin
(mTOR) pathway. mTOR acts as a regulator of cell growth and metabolism. It
adapts the cellular functions depending on the nutrients available (102). In normal
situations where there is a good supply of nutrients, AMPK is inactive while mTOR
promotes cell growth and anabolism increasing the production of protein, lipids,
nucleotides and ATP (100). On the other hand, under a lack of nutrients, AMPK is
activated, and it inactivates mTOR by phosphorylating its subunit RAPTOR and
indirectly by activating its negative regulator tuberin (TSC2) (100,102). As
described above, in a situation of cell starvation catabolism primes over
anabolism, and cell growth decrease whereas cell autophagy increases to get more
nutrients (100).

AMPK plays an important role in cell homeostasis. Most importantly, it regulates
the levels of ATP in situations of cellular stress. Understanding how AMPK works
could provide a better knowledge of the cellular metabolism in different

environments.

1.4. CELLULAR MECHANICS AND METABOLISM ARE NOT SEPARATED
PROCESSES

The connection between mechanotransduction and metabolism has not been fully
addressed yet. However, they are not independent of one another. In the last
years, there have been arising multiple studies where the link between cellular
mechanotransduction and metabolism has been demonstrated. In order to resist
the stress caused by applied forces, cells have to couple and reinforce the actin-
cytoskeleton and the FAs (103,104). To do so they increase enzymatic activity,
actin polymerization and cell contractility which requires ATP energy (104,105).

L. Bays et al. have demonstrated that when a force is applied on E-cadherins in
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epithelial cells leads to AMPK recruitment and activation. As a result, cell
contractility via RhoA and glucose uptake increase to produce more ATP.
Interestingly, AMPK recruitment to the E-cadherin junction is also favoured by cell
contractility. Cells treated with blebbistatin cannot transmit the mechanical force
signal through the cell cytoskeleton, showing a lower level of AMPK recruitment
to E-cadherin (104). Actomyosin contractility also regulates lipid metabolism.
Romani et al. show that when cell contractility was inhibited via ROCK by Y27632
there was a lipid and cholesterol accumulation. Genes involved in lipid synthesis
(e.g. SREBP) were upregulated. This also coincides with a decrease in YAP/TAZ
nuclear translocation. A similar pattern appears in cells seeded on soft substrates

which present low contractility (106) (107).

In addition to the connection between the mechanical and metabolic activity of
the cells, there is a regulation of mitochondria ATP levels in relation to surface
stiffness (108). One example is the recycling of ATP through the phosphocreatine
(pCr)-creatine kinase (CK) system. which plays an essential role in
mechanotransduction. Stiff surfaces not only promote an increase in mitochondria
number and activity but also triggers ATP recycling though the pCr-CK system.
This system depends on arginine flux through the urea cycle, which is reflected
by the increased incorporation of carbon and nitrogen from L-arginine into

creatine and phosphocreatine on stiff matrix (109).

Depending on how the cells sense the stiffness of the surface when they stablish
FAs is going to direct cell fate. The tension generated when cells attach is going
to be transmitted from the FAs to the nucleus through the actin-cytoskeleton, this
connection is also known as the linker of nucleoskeleton and cytoskeleton (LINC)
(10). On stiff surfaces, cells present a more spread shape and more mechanical
forces are generated. This tension leads to a flatter nucleus and hence, wider
pores (10,12). Chromatin is stretched and transcriptional factors enter into the
nucleus more easily and bind to the DNA, which triggers the expression of
mechanosensitive genes (12,110). As a result, cells undergo an adaptation of their
mechanics and metabolism depending on the information gathered from the ECM
in the first place. Nonetheless, mechanical forces are not only going to change the

shape and morphology of the nucleus but of different organelles changing the cell
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activity completely. Furthermore, on stiff surfaces, molecules involved in
glycolysis (e.g. TRIM21) are going to be trapped within the actin fibres incapable
to act. Under these circumstances, glycolysis is going to be triggered to supply the
energy demand (111). On the other hand, on soft surfaces, the actin filaments are
not formed and these molecules are released and free to act (111). Thereby, the
higher stress fibres density and actin-cytoskeleton contractility on stiff surfaces
correlate with an upregulation of metabolites implicated in glycolysis and
tricarboxylic acid cycle (TCA). Whereas on soft surfaces cells adopted a lower
contractility and an accumulation of glucose-6-phosphate indicates inhibition of

early stages of glycolysis (111).

Understanding how cells metabolomics and mechanotransduction are going to
change depending on the mechanical properties of the substrate and environment
conditions provides a complete overview of cellular behaviour. All this knowledge
can be used later in regenerative medicine to develop the most adequate scaffold

to direct cell differentiation to the tissue of interest.

1.5. ENGINEERING THE EXTRACELLULAR MATRIX (ECM)

A well-known method to mimic the ECM characteristics and have complete control
of the mechanical properties is through hydrogels. Generally, hydrogels are
viscoelastic networks which can swell without dissolving in water (112). It is
possible to incorporate biologically active molecules like ECM proteins to allow
cell attachment or other molecules such as growth factors to drive cell
differentiation (113). As a result, hydrogels can be easily controlled to have
certain physicochemical and biochemical properties, being a suitable scaffold for
cell biology studies while mimicking certain aspects of the natural ECM (66,114).
Furthermore, they are also a perfect scaffold for cell culture as they can be used

either in 2D or 3D culture.

Hydrogels can be obtained from natural or synthetic sources, depending on if they
derivate from animals or plants, or have been originated by crosslinking polymers

using chemical reactions respectively.
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1.5.1. Matrigel: a widely used natural hydrogel

Natural hydrogels coming from mammalian cells are normally obtained by
extracting the cells and antigens of the ECM using detergents. The main advantage
of this method is that the composition of the ECM is preserved. The same proteins,
adhesion ligands and soluble molecules that were on the original tissue or organ

remain intact, making the hydrogel an environment closer to reality.

One example of a natural hydrogel widely used to study cell behaviour in vitro is
Matrigel, a commercial matrix obtained from an Engelbreth-Holm-Swarm mouse
tumour (115,116). This is a chondrosarcoma which produces large amounts of the
basement membrane, a type of extracellular matrix characteristic of epithelial
and endothelial cells. This matrix is really rich in collagen, among other cell
adhesion proteins such as laminin, and soluble molecules (e.g. growth factors and
cytokines). These properties make it suitable to study cell attachment and
differentiation (116). Also, it can be used directly in 3D models providing the
physiological requirements to allow cell proliferation, migration and
differentiation (115,116). It has been also useful to study angiogenesis in mice
(117,118).

Nonetheless, Matrigel has a series of disadvantages. As they come from a natural
source, there are multiple variables that cannot be controllable and can cause
off-target effects. It cannot be used for clinical purposes due to its murine origin,
plus it can be tumorigenic(115). That is why, synthetic hydrogels are a more
suitable tool for tissue regeneration as they can be manipulated to be used in vitro

and in vivo with the characteristics of interest.

1.5.2. Synthetic hydrogels: a suitable tool in regenerative

medicine.

Synthetic hydrogels have a series of advantages over natural ones. They are
bioinert, which means that they are not hazard for the cells, and malleable, which
makes easier the manipulation of their chemistry, shape and properties. However,

due to their bioinert nature, cells cannot attach to synthetic hydrogels
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themselves. Thereby hydrogels must be tethered to biologically active compounds
like proteins naturally found in ECM such as fibronectin. Moreover, synthetic
hydrogels are not degradable, which limits cell migration, proliferation and
differentiation (113). To make them degradable it is necessary to include
crosslinkers with a domain recognisable by metalloproteinases (MMPs) secreted by
the cells. For example, VPM (GCRDVPMSMRGGDRCG) is a cysteine-flanked enzyme-
sensitive peptide sequence that can be degraded by MMP-1and MMP-2 (119). Once
these enzymes are secreted to the extracellular space, they recognise and cut
these specific domains in the matrix network, allowing cell migration,
proliferation and differentiation within the system. These processes of introducing

molecules recognisable by the cells in the hydrogel is known as bioactivation.

After the bioactivation of the hydrogel, cells can behave as they usually do in vivo,
they sense the surface and create FAs through which they exert forces of different
magnitude depending on the mechanical properties of the surface. This triggers
different mechanical and metabolic pathways within cells leading to different
cellular behaviours. Being able to manipulate the nature of the matrix starting
with a bioinert material can be a big advantage as it is possible to elucidate how
cells behave mechanically and metabolically depending on the matrix properties.
Furthermore, it will be possible to generate optimum scaffolds in vitro that can

be used in vivo for regenerative medicine.
1.5.2.1. Polyacrylamide (PAA) hydrogels

Since they were first described in 1997 by Pelham and Wang (120), polyacrylamide
(PAA) hydrogels have been widely used to study cell mechanobiology. They have
been highly characterised, being one of the most reproducible hydrogels. It also
provides total control of the mechanical properties under physiological conditions.
Polyacrylamide hydrogels consist of a covalent crosslinking of the main polymer
acrylamide with the crosslinker bisacrylamide in an aqueous medium. The
polymerisation takes place when the gel solution is irradiated with UV light which
initiates a free radical polymerisation, yielding a purely elastic system. PAA
hydrogels can be easily bioactivated to allow cell attachment by covalently linking

proteins from the ECM.
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Recently it has been described a method to produce a viscoelastic PAA hydrogel.
The ECM is not purely elastic, also this elasticity is variable among the different
tissues. Furthermore, it has a viscous component that affects cellular response.
Being able to recreate a viscoelastic system in vitro permits us to get a better
understating of cell-ECM interactions and their implications in cellular response.
This viscoelasticity is created by entrapping a linear PAA molecule in the network
acrylamide-bisacrylamide (121,122). By changing the concentration of the linear
PAA and the polymers it is possible to vary the viscoelastic properties of the
hydrogel (121).

The main disadvantage of PAA hydrogels is that the polymer network cannot be
broken by the cellular metalloproteinases. Therefore, these hydrogels cannot be
used in 3D culture, as cells will not be able to migrate and proliferate within the

system. Also, these hydrogels are not bioinert, being impossible to be used in vivo.
1.5.2.2. Poly-(ethylene)glycol (PEG) hydrogels

PEG hydrogels are one of the most common synthetic hydrogels used. They have
the advantage of being biocompatible, non-toxic and bioinert, allowing to control
cell adhesion and protein adsorption with minimum unspecific bindings.
Furthermore, they can be crosslinked under mild or physiological conditions. All
these characteristics make it possible to include cells in situ and used the scaffold

developed in vivo.

PEG can be found with a linear or multi-arm structure. The basic PEG structure is
PEG diol with two hydroxyl end groups. These end groups can be substituted with
a functional group e.g. methyloxyl, carboxyl, amine, thiol, azide, vinyl sulfone,
azide, acetylene or acrylate; and in this way PEG molecules can crosslink (Figure
1-10). PEG works in a wide range of pHs and its hydrophilic nature provides similar
characteristics to the ECM. Thereby, PEG hydrogels are a high tuneable model to

construct the most ideal environment for the cells.
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Figure 1-10. PEG linear and 4-arm structure, and possible functional end
groups (image taken from (113)). PEG is a polymer widely used for hydrogels
synthesis. The basic structure is PEG diol with two hydroxyl end groups. These

end groups can be substituted with multiple functional groups (113)
There are three possible methods of PEG polymerisation:

1. Free-radical photopolymerisation. This polymerisation reaction occurs in
the presence of UV light which split initiator molecules into free radicals.
These free radicals can react with acrylate or vinyl groups on PEG molecules
(123).

2. Step-growth polymerisation. The reaction takes place at physiological
conditions between two reactive groups (e.g. Michael-type addition) (124).

3. Mixed-mode polymerisation. This method involves the initiation of a thiol-
acrylate polymerization upon UV light irradiation, without the requirement

for a photoinitiator (125).

For this project, the method selected was photopolymerisation as it is a suitable

technique to get a good gel structure before it starts polymerising.

Photopolymerisation

The photopolymerisation technique uses UV light to crosslink the polymer and
form the hydrogel at physiological temperature and pH. It consists in a free radical
polymerisation that occurs within minutes under controllable circumstances.

Photopolymerisation is being widely used lately due to its advantages: i) allows to
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control of the spatial and temporal formation of the scaffolds in situ without
damaging the surroundings, and ii) cells can be encapsulated with other biological
agents during the polymerisation process. The main advantage of this technique

in tissue regeneration is that it can be used in vivo (126,127).

A photoinitiator is needed to start the polymerisation. Those are molecules with
high absorption at a specific wavelength of light, once are induced with UV they
will produce free radicals, which initiate the polymerisation by crosslinking the
polymer. There are three types of photoinitiators depending on the photolysis
mechanism: radical photopolymerisation through photocleavage, hydrogen
absorption and cationic photopolymerization. This last method is not
recommended in tissue engineering as can generate protonic acids (127). A widely
used photoinitiator is 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone,
known as Irgacure 2959, is a photoinitiator that undergoes cleavage when exposed

to UV light, yielding free radicals to promote the polymerisation reaction.
Bioactive modification of PEG-hydrogels to mimic ECM

As has been pointed out before, cells cannot attach to synthetic hydrogels if they
do not incorporate biologically active molecules that the cells can recognise. Cell
attachment peptides can be chemically bound to the hydrogel and come from ECM
proteins: FN (e.g. REDV), laminin (e.g. IKVAV), collagen (e.g. DGEA, GFOGER) and
elastin (e.g. VAPG). Although, RGD is the cell adhesive peptide more widely used

and can be obtained from FN, laminin o collagen (128).

It is important to know how cells interact with the ECM proteins, as cellular
response changes depending on what ECM peptides are incorporated into the
hydrogel. For instance, it has been shown that on surfaces functionalised with
both gelatin and FN, cells reduce the level of traction forces on FN, being mainly
applied on the gelatin. Interestingly, the traction forces on surfaces coated with
FN alone (without gelatin) are higher than on surfaces functionalised with both

proteins (129).

Nowadays, it is possible to covalently link full proteins into synthetic hydrogels.

One possible procedure to do this is through a method known as PEGylation
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(69,130). The possibility to have the entire molecule in the hydrogel will provide
better protein recognition by the cells and a closer image of the natural ECM (131).
Karuri and co-workers have described two methods of FN PEGylation: via lysine
(132) or cysteine amino acids, both do not have an effect on cell attachment and
FN-fibrinollogenesis in 2D (69,130).

Our group has developed a third PEGylation technique based on a Michael-type
addition reaction between the maleimide (133) groups of a PEG functionalised
polymer and the cysteines from the FN. One of the advantages of this technique
is that the growth factor binding site of FN is available to be used as a synergic
domain to promote either cell differentiation as migration, what will have a big
implication in 3D culture. Also, as the reaction occurs with the cysteines of the
proteins, we can make sure that the PEGylation will happen at specific sites within
the FN. This high specificity occurs because the cysteines are not abundant in
nature, so the reaction is concentrated in the protein with minimum loss of
biological activity. These reactive groups are hidden inside the molecule, hence
the protein has to be unfolded to react. Moreover, this process can happen at

physiological pH which reduces the side effects and facilitate the reaction (134).

To summarise, PEG-hydrogels are a promising scaffold in tissue regeneration due
to their facility to be modified physically and chemically. PEG-hydrogels are
completely compatible with cells due to their bioinert nature. Furthermore, the
fact that they must be bioactivated, allows the incorporation of bioactive
molecules that can provide a better understanding of how cells interact with their
environment. Furthermore, one of the main advantages is that can be used for 2D

and 3D cultures which gives the possibility to form the gel in situ.

1.6. TRACTION FORCE MICROSCOPY (TFM)

Cells remodel their surrounding matrix either by proteolysis or mechanically. This
kind of behaviour underlines the importance of matrix remodelling in cell-ECM
interactions, cell migration and differentiation (54). To do this, cells generate
traction forces to deform the matrix. However, the overall forces change

depending on the ECM characteristics. Other factors, such as cell confluency, also
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have an effect on the transmission of forces. It has been shown that force
transmission is mainly occurring between cells when they are forming a cluster.
Whereas in absence of cell-cell contact, force transmission is mainly between the
cell and the substrate (135). Also, cells mechanically adapt to the surface in a
different way depending on the surface coating (129). Studying what are the
forces that cells exerted on the matrix provides a better knowledge of cellular

mechanical behaviour and their relation with the ECM.

Traction force microscopy (TFM) is a technique that measures cellular forces
exerted on elastic substrates. It consists of the quantification and analysis of
elastic substrate deformation by the cells, generating map stresses (force per unit

area) when these deformations are converted into traction forces.

This technique has some advantages: i) it is easy to set up and perform, ii) there
is not a specific size or force scale, so by adjusting the substrate stiffness and the
imaging technique a wide range of length and force scale can be measured. (iii)
As it measures spatially, interfacial forces across the cells can be also quantified.
All this makes TFM an easy and versatile technique to measure interfacial forces

compare to others.

In general, for TFM experiments, cells interact with a hydrogel which has a
functionalised protein adsorbed on the surface and fluorescent beads embedded.
The position of these beads during the pulling of the cells is imaged to quantify
the displacement. Later, TFM analysis software compares two images: one
corresponds to the material relaxed (no cellular forces applied) and another one
of the materials under stress (cells are pulling) (Figure 1-11). From these two
images, it is possible to analyse the displacement of the pixels from the relaxed
to the stressed position. One of the most common methods to calculate this
displacement is using Particle Image Velocity (PIV). Combining the calculated
displacement and the hydrogel mechanical properties it is possible to calculate
the traction forces by Fourier Transform Traction Cytometry (FTTC) (136). Finally,
a stress map will be generated which gives information about what forces are the
cells ejecting (136,137).
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Selected cell mask

Gel stressed
(cells pulling)

Beads stack with their
position after and before
cell removal

Gel relaxed
(no effect of cells)

Figure 1-11. Traction Force Microscopy (TFM) analysis scheme (Biorender
made). Cells seeded on a hydrogel (A) attach to it through focal adhesions (light
blue rectangle). Through these focal adhesions they exert forces (black arrows)
and pull, drawing the fluorescent beads embedded in the hydrogel (red arrows).
In this moment a picture of the cells (C) and the position of the beads (D) are
taken. After cells are removed, the gel relaxes (B), allowing the beads to come
back to their original position (red arrows). This time, a picture of the position
of the beads without the influence of the cells (E) is taken. From the cells picture
one is selected, and a mask is done (F). To be able to compare the position of the
beads, a stack of the cells after and before cell removal is done (G). To only have
into consideration the cells influenced by the studied cell, the beads stack is cut
using the cell mask (H). The displacement of the beads is calculated through the

stack (1) and from the displacement data a stress map is generated (J).

Originally, TFM measured the 2D force field exerted by a single cell seeded on top
of a 2D surface. It is possible to go further and measure multicellular clusters on
2D substrates at the same time. However, this is not accurate enough as cells
exert forces in three directions and not only in two, even when they are seeded
in 2D. In the last few years, methods to analyse 3D forces in 2D surfaces (often

known as 2.5 tractions) have been studied (119,138).

Even though, TFM is a promising technique to study cellular forces that can help
to understand better the mechanobiology, it has limitations. The main limitation
is that TFM techniques do not allow the characterisation of the mechanical

properties (e.g. deformability, viscosity or stiffness). Also, 2D TFM only provides
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information on the forces applied on the apical flat surface of the hydrogel.
Although, the recent experiments of 2.5 and 3D TFM, the actual techniques are
not yet well-stabilised, and they need further investigations (139). Another big
problem is the tracking of the beads over time. The density of the beads must be
enough to cover the whole surface, so if there are parts without beads, when the
traction forces are applied, part of the displacement information is lost. However,
if the bead density is too high, the signal of the beads in different planes can
overlap. This makes it difficult to analyse the displacement and hence,
information is lost. On top of this, beads lose fluorescent emission over time.
Consequently, TFM is tight to an optimal bead density that can provide all the
displacement information across the gel to be able to analyse the traction field
applied by the cells (140).

There are different study lines that are working to solve these problems. One
example would be a new type of TFM known as STED-TFM (STFM) which uses
optimal super-resolution stimulated emission depletion (STED) microscopy (140).
This technique allows a better quantification of cellular tractions. However, it
still has the limitations of other optical techniques (e.g. the density of the beads
within the gel, beads tracking and the fluorescence light sensitivity of the
biological specimen). To measure the displacement, there are two types of
methods: the ones that track a single particle and the techniques that depend on
correlating displacements within regions of an image (e.g. particle image velocity
(PIV)). In relation to the expected nature of the forces and the density of beads
used one of the two methods is going to be more suitable for the experiment in

question (140).

Besides its limitations, TFM is a very promising technique to understand the forces
exerted by the cells and the ones applied inside the cells by the organelles or
individual receptors. Traction force quantification has a huge implication in the
understanding of the role of mechanics in many disciplines e.g. tissue

regeneration.
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1.7. AIMS AND OBJECTIVES

ECM mechanical properties have a direct effect on cellular fate. When this ECM-
cell interaction is disrupted, a pathology can be developed (2). Understanding
these interactions would provide a better understanding to tackle tissue damage
and diseases.

Cells respond to the physicochemical properties of the material (e.g. stiffness,
degradability, viscosity). Recently, it is being studied cellular force transmission
during cell attachment using TFM (9,34,141). Other studies have been more
focused on cell metabolism (95,142) as well as cell respiration and ATP production
in response to different mechanical properties of the surface (143). However, it
has not been fully addressed the connection between the mechanical and the

metabolic response of the cells to the ECM.

The main objective of this work is to study at the same time the mechanical and
metabolic activity of cells during their attachment to the ECM. Observing the
respiration rate, ATP production and metabolic profile when cells exert forces on
surfaces with different stiffness will provide a complete overview of the cellular
response to different environments. To carry out this study different cell types
(L929 fibroblasts, MSCs and 3T3-L1) were seeded on full-length FN-PEG, PAA and
Matrigel hydrogels. Incorporating full-length FN hydrogels improves cell
attachment and it provides more similar scenario to the natural ECM. Also, it can
be brought to 3D studies.

The specific aims of this work are:

e Toinvestigate cell adhesion looking at FAs assembly and the traction forces
exerted in relation to matrix stiffness and degradability.

e To investigate the mechanical cues triggered during force exertion, in
particular YAP nuclear translocation.

e To establish a metabolic profile during cell-ECM interactions.

e To explore the implications of cellular contractility inhibition in cell

attachment, traction force exertion and cell metabolomics.
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e To determine if there is any correlation among TFM, FAs assembly, cell

mechanotransduction, metabolite generation and cell respiration.
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2.1. MATERIALS

CHAPTER 2 : MATERIAL AND METHODS

The materials used in this project are listed in the following tables:

Table 2-1. List of silanes

94%

Reagent Product Provider
(3-Mercaptopropyl)-trimethoxysilane 175617 Sigma
3-(Acryloyloxy) propyltrimethoxysilane, | L16400 Alfa Aesar

Table 2-2. List of materials used for full-length FN-PEG hydrogels

methylpropiophenone

Reagent Product Provider Notes

4-arm-PEG-Maleimide 4arm-PEG- LaysanBio PEG-(4)-MAL, 20 kDa
MAL-20K-5¢g

Fibronectin 663 YoProteins Human, from plasma

Tris(2-carboxyethyl) 75259-5G Sigma TCEP

phosphine

hydrochloride

Urea U5378 Sigma

lodoacetamide 11149-5G Sigma IAA

NaOH S/4920/53 Fisher

4-arm-PEG-Acrylamide | 4arm-PEG- LaysanBio PEG-(4)-ACRL, 10 kDa
ACRL-10K-5g

PEG-dithiol PSB-613 Creative SH-PEG-SH, 2 kDa

PEGworks

VPM peptide Custom GensScript GCRDVPMSMRGGDRCG
synthesised

2-Hydroxy-4'-(2- 410896-10G Sigma Irgacure-

hydroxyethoxy)-2- 2959

57



Table 2-3. List of reagents used in polyacrylamide hydrogels.

Reagent Product Provider Notes
Acrylamide 40% A4058-100ML | Sigma AAm
N,N’-Methylene-Bis-Acrylamide 2% | M1533-25ML Sigma BisAAm
N,N,N’,N’- T9281-50ML Sigma TEMED
Tetramethylethylenediamine
Ammonium persulfate A3678-25G Sigma APS
Sulfo-SANPAH (sulfosuccinimidyl 803332-50MG | Sigma 0.2 mg/ml in
6-(4'-azido-2' H20
nitrophenylamino)hexanoate)
HEPES >99.5% (titration) H3375-1KG Sigma
Table 2-4.List of cells and cell culture reagents used
Reagent Product Provider Notes
Fibroblasts L929 Murine
Bone marrow hMSC hMCS PromoCell Human, single
donor
Fibroblasts 3T3-L1 Prof. Sirio Murine,
Dupont’s lab, | adipocyte
University of | differentiation
Padua ability
Penicillin/Streptomycin 15140-122 Gibco P/S
Foetal Bovine Serum 10500-064 Gibco FBS
L-Glutamine L-Glu
Non-essential aminoacids 11140-035 Gibco MEM NEAA (100X)
Sodium pyruvate solution S8636-100ML | Sigma SP
Amphotericin B 15290-026 Gibco Fungizone
Dulbecco’s modified Eagle’s | D5671 Sigma DMEM
medium
Dulbecco’s modified Eagle’s | 41965-039 Gibco DMEM
medium
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Table 2-5. List of kits

Reagent Product Provider Notes
ATP Assay Kit ab83355 | Abcam
(Colorimetric/Fluorometric)
Luminescent ATP Detection ab113849 | Abcam
Assay Kit
Lipofectamine 3000 L3000001 | ThermoFisher | Transfection

reagent

PureLink™ HiPure Plasmid Filter | K210017 | ThermoFisher DNA extraction

Maxiprep Kit

Table 2-6. List of Seahorse Reagents

Reagent Product Provider
Seahorse XF Cell Mito Stress Test Kit 103015-100 Agilent
Seahorse XF Cell Culture Microplates 102340-100 Agilent
Seahorse XF DMEM 103575-100 Agilent
Seahorse XF Calibrant 100840-000 Agilent
Table 2-7. List of plasmids
Reagent Product Provider
GW1-PercevalHR 49082 AddGene
GW1-pHRed 31473 AddGene
GW1-Peredox-mCherry-NLS | 32381 AddGene

ExRai AMPKAR T-A

Dr. Zhang’s Lab, UC San Diego

pcDNA3-ExRai-AMPKAR1

Dr. Zhang’s Lab, UC San Diego

iNapC

Prof. Sirio Dupont’s Lab, University of
Padua
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iNapl

Padua

Prof. Sirio Dupont’s Lab, University of

Table 2-8. List of restriction enzymes and buffer used

Reagent Product Provider Notes

Ndel RO111 New England Biolabs 5.CATTATG..3’
J.GTAT,AC.Y

Xhol RO146 New England Biolabs 5.CTCGAG..3’
3.GAGCT,C.5

HindllI-HF R3104 New England Biolabs 5.AYAGCTT.3
JL.TTCGAA.Y

EcoRI-HF R3101 New England Biolabs 5..GAATTC..3’
J.CTTAAG.5

Bsal-HFv2 R3733 New England Biolabs 5.GGTCTC (N)I..3’

3.CCAGAG (N)i...5’

Apal RO114 New England Biolabs 5.GGGCCYC..3’
3.LCCGGG.5

Scal-HF R3122 New England Biolabs 5. AGTACT..3’
JLTCATGALY

rCutSmart B6004S New England Biolabs

Buffer

Table 2-9. Inmunostaining antibodies and reagents used

Reagent Product Provider Notes
Mouse-anti-YAP (monoclonal) | Sc-101199 | Santa Cruz Dilution 1:100
Mouse-anti-vinculin V9131 Sigma Dilution 1:400
(monoclonal)

Rabbit-anti-mouse-Cy3 315-165- Jackson Dilution 1:200
003 Immunoresearch
Alexa Fluor 488 Phalloidin A12379 ThermoFisher Dilution 1:100
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Triton-X100 T8787 Sigma

Tween 20 P2287 Sigma

Vectashield with DAPI H-1200-10 | Vectorlabs

Bovine Serum Albumin A7979 Sigma BSA
Table 2-10. List of other reagents used

Reagent Product Provider Notes

Rain-X 80199200 Rain-X

Anhydrous Dimethyl Sulfoxide | 276855 Sigma DMSO
Dulbecco’s Phosphate buffer | 14190-094 Gibco PBS
solution

Trypsin-EDTA T4049-100ML | Sigma 0.25%
Sodium dodecyl sulfate L5750 Sigma 0.5% SDS
FluoSpheres™ Carboxylate- F8810 ThermoFisher | 0.2 pm, red
Modified Microspheres (580/605)
Matrigel 356234 BD Bioscience

DMEM, no glucose, no A1443001 Gibco

glutamine, no phenol red
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2.2. METHODS

2.2.1. Silanisation

Silanisation is the process through which a surface, such as glass, is functionalised
with a monolayer of silanes in order to make the surface hydrophobic or to act as
a coupling agent between the hydrogel and the surface. In this project, the

silanisation process was essential to couple the hydrogel to a glass coverslip.

Round coverslips were cleaned following a RCA cleaning protocol. These glass
coverslips were submerged in a solution of H20:H;02:NH4* (5:1:1) during 10

minutes to remove all the organic material on their surface.

Depending on what type of gels were going to be fabricated, two different types

of silanisation were used.

2.2.1.1. Thiol-silanisation

For full-length FN-PEG hydrogels, glass coverslips were coated using a vapour
thiol-silanisation. Cleaned coverslips were placed in a desiccator, next to a glass
slide with few drops of (3-Mercaptopropyl)-trimethoxysilane (Sigma) (Figure
2-1A). Vacuum was applied for 3 hours to allow silanisation at room temperature.
Afterwards, the silanised coverslips were cured in the oven for 1 h at 70°C.
Silanised coverslips (Figure 2-1B) were stored at room temperature under nitrogen

inert atmosphere until use.

The acrylate groups of the PEG polymer react with the thiol groups of the silane
in a reaction 1:1 (Figure 2-1C), allowing the gel to attach to the coverslip. The
thiol groups of the crosslinker (SH-PEH-SH or VPM) can react with the silane
forming disulphide bonds (Figure 2-1D).
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Figure 2-1. Thiol-silanisation. A) Thiol-silane chemical formula. B) Depiction of
a glass coverslip silanised. C) 4-arm PEG-Acrylate reaction with the thiol of the
silane. Essential interaction in order to attach the PEG-hydrogel to the coverslip.
D) Possible reaction between the thiol group of the silane and the crosslinker of
the PEG-hydrogel (SH-PEH-SH or VPM). This reaction would vield a disulphide
bond.

2.2.1.2. Acryl-silanisation

In the case of PAA hydrogels, coverslips were coated using acrylsilanisation. In this
occasion, a solution of 50 mL ethanol, 2.5 mL H,0 and 0.231 mL acylsilane (3-
(Acryloyloxy)propyltrimethoxysilane, 94%, stab. with 100ppm BHT, Alfa Aesar) was
prepared and the coverslips were submerged for 2 - 3 hours (Figure 2-2A). After
this time, they were rinsed with water twice. The silanised coverslips were cured
in the oven for 1 h at 70°C and stored in the fridge in inert atmosphere of nitrogen

until use.

During gel formation, the acrylamide groups of the polymer react with the acrylic
acid ester group of the silanes. This reaction is possible for the presence of a
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catalyser (tetramethylethylenediamine, TEMED) and an initiator ammonium
persulfate (APS), both incorporated in the gel solution (Figure 2-2B). This reaction

will be explained in detail in the polyacrylamide hydrogels section.
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Figure 2-2. Acrylsilanisation. A) Coverslips are silanised submerging them in a

HCO/ 0CHs

OCH;

solution prepared with acrylsilane, absolute ethanol and H20. The reaction takes
place for 2-3 hours at room temperature. Later, the coverslips are cured for 1
hour at 70°C. B) The acrylamide group of the polymer and crosslinker of the gel
solution will react with the acrylate group of the silane. In order for this reaction

to happen two initiators are required (TEMED and APS).

2.2.2. Fibronectin PEGylation

Prior to gel formation, fibronectin was functionalised to be able to covalently link
it to the PEG network. For PEGylation, fibronectin was bound to 4-arm-PEG-
Maleimide molecules (PEG-(4)-MAL, LaysanBio,20 KDa) through Michael-type

addition reaction (i.e. via thiol groups of FN cysteines) (Figure 2-3).
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Figure 2-3. Michael-type addition reaction for FN-PEGylation. The maleimides
attached to PEG will react with the thiol groups of the FN's cysteines in a ratio
1:1.

First, fibronectin was denatured to expose its thiol groups. The required amount
of fibronectin (YO proteins, 3 mg/ml stock) to get 50 pg of fibronectin per 50 pL
gel (final concentration of 1mg/mL) was added and mixed with urea 8M (Fisher)
to unfold the fibronectin. To get the thiol groups of the fibronectin available to
react, tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (stock 0.1M, pH 7,
sigma) was added. The mixture was let to react for 15 min at room temperature
(RT).

Afterwards, PEG-(4)-MAL was added (LaysanBio, 20 KDa) to have a molar ratio of
1:4 FN:PEG-(4)-MAL. It was kept shaking at room temperature for 30 min. After
this time, the reaction was stopped with 0.5 uL NaOH (Fisher, 1M stock).

The following step was protein alkylation. In this step, 14 mM of iodoacetamide
(Sigma) was added. The reaction was left for 2 hours at room temperature, shaking
and covered from light. The iodoacetamide blocks the unreacted fibronectin’s
thiol groups. The PEGylated FN was dialysed (Mini-A-Lyzer, MWCO 10KDa,
ThermoFisher) for 1 hour at RT against phosphate-buffered saline (PBS).

For protein precipitation, 9 volumes of cold absolute ethanol were added, and the

mixture was left at -20°C for 24 hours. The following day, all the samples were

65



centrifuged at 15000 g and 4°C for 15 minutes. The supernatant was removed,
and the pellet was washed with 90% cold ethanol (200 pL). All the tubes were
centrifuged again at 15000 g, 4°C for 5 minutes. The supernatant was discarded,
and the pellet was dried in the fume hood. When the pellet was completely dried,
it was resuspended in 8M sterile urea to a final concentration of 2.5 mg/mL of
fibronectin. Finally, the protein was dialysed again against PBS for 1 hour at room
temperature. The total amount collected was measured to calculate the final

fibronectin concentration.

The final concentration of FN is calculated multiplying the initial amount of FN
that was added in each tube (50 pg) by the total number of tubes used (Ntubes),
and then divided by the total volume collected from all the tubes (Vtotal). The

final protein solution was stored at -20°C.
Equation 2-1. FN-PEGylated concentration

50 of FN/tube x N
[FN]f — ng f / tubes

Viotar collected

2.2.3. PEG-Acrylate hydrogel preparation

PEG hydrogels were formed at room temperature and physiological pH by
photopolymerization (Table 2-11). Three different percentages of 4 arm
polyethylene glycol-acrylate (PEG-(4)-ACRL) (3%, 5% and 10% wt, LaysanBio,
10kDa) were used to get the different stiffnesses. A constant concentration of FN-

PEG of 0.5 mg/mL was kept among all stiffnesses.

To obtain gels with different degradability, SH-PEG-SH (Creative PEG works, 2kDa)
or a protease-degradable peptide (VPM peptide, GCRDVPMSMRGGDRCG, purity
96.9%, Mw 1696.96 Da, GenScript) were added as crosslinker, getting non-
degradable and degradable gels respectively. Those react with the polymer 4arm
PEG-Ac at a molar ratio 1:2. The reaction occurs following a Michael-type addition
between the thiol groups of the crosslinker (2 groups in each) with the acrylate

groups of the polymer (4 groups in total).
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The reaction was initiated adding 0.5 mg/mL of the photoinitiator Irgacure 2959

(2-Hydroxy-4'-(2-hydroxyethoxy)- 2-methylpropiophenone, Sigma).

Table 2-11. Concentrations used in the different PEG gels expressed in mg/mL

3% wt 5% wt 10% wt
REAGENT
PEG-(4)-ACRL PEG-(4)-ACRL PEG-(4)-ACRL

PEG-(4)-ACRL 30 50 100

VPM 12 20 40
SH-PEG-SH 12 20 40
FN-PEG 0.5

Irgacure 2959 0.5

For traction force microscopy, 1 pL of FluoSpheres™ Carboxylate-Modified
Microspheres (0.2 pm, red fluorescent (580/605), 2% solids) diluted 1/10 in PBS
was added to each gel solution. Once everything was properly mixed, the mixture
drop was poured on a hydrophobic coverslip and the silanised coverslip placed on
top. Everything was photopolymerised under the UV lamp, set at 10 mW/cm?, for
10 min (Figure 2-4).

UV light
10 mW/cm?
Hydrophobic \ 10 min
coverSV
’

Hydrogel
solution

Hydrogel
network

Silanised coverslip

Crosslink .
Irgacure 2959 @ Fluorescent beads /@AFN-PEG >< PEG-(4)-ACRL (SH-PE?ES:SSEUEIFVPM) @ Focal adhesion

Figure 2-4. Proposed system. The pre-gel solution contains the photoinitiator
(Irgacure 2959), the polymer (4 arm PEG-Ac), crosslinker (SH-PEG-SH, for non-
degradable gels, or VPM (GCRDVPMSMRGGDRCG), for degradable gels), full-
length fibronectin (FN) pegylated (FN-PEG) and fluorescent beads. The solution
is incorporated between two coverslips, one silanised and a hydrophobic one. The

whole sandwich system irradiated with 10 mW/cm? UV light, for 10 min. After
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this time, the gel has been formed and the hydrophobic coverslip is removed. The
cells seeded on top attach to the gel forming focal adhesions between their
integrins and the FN in the gels (red rectangle). Cells will pull the hydrogel with
a specific force. The final diameter of the gels was 12 mm and the heigh around

1T mm.

Photopholymerisation was selected due to the facility to go from 2D to 3D culture

maintaining the same conditions and reagents.

2.2.4. Polyacrylamide (PAA) hydrogels

Polyacrylamide hydrogels were formed at room temperature and physiological pH
under the fume hood. A commercial kit of 40% (w/w) acrylamide (monomer) and
2% (w/w) bis-acrylamide (crosslinker) was acquired from sigma. Firstly, a solution
of 1.5 % (w/w) tetramethylethylenediamine (TEMED, sigma) and 5% (w/w)

ammonium persulfate (APS, sigma) were prepared.

The reaction between the acrylamide and bis-acrylamide occurs between their
vinyl groups. In order of this reaction to happen a catalyst, in this case the TEMED,
is needed to create free radicals that can react to create the new bonds C-C (144).
To start this reaction and allow the TEMED to work, an initiator is required.

Thereby, the reaction is not going to happen unless the APS is present (144).

Three different stiffnesses 3 kPa (20.4), 9 kPa (x0.7) and 35 kPa (+4) were
obtained following the ratios described in Justin R.Tse and Adam J.Engler work
(145).

2.2.5. Rheology

Hydrogels are formed by a polymer network. Depending on the physical structure
of this network, gels have different stiffness and, hence, different cellular
behaviour on the surface will be observed. In order to characterize the properties
of the gels, full-length FN-PEG hydrogels with different stiffness were subjected

to a changing frequency (to measure stress when a force is applied) and a changing
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strain (to measure deformation of the gel) in a rotational MCR302 rheometer

(Anton Paar) using a parallel-plate of 15 mm diameter geometry.

The gel was placed on the bottom fixed plate. The upper plate was mobile and
going to approach at a determined frequency and strain. A constant temperature
of 25°C was set during the assessment and solvent was added frequently to avoid

evaporation.

Firstly, measurements were taken with an angular frequency sweep from 100 to 1
rad/s, keeping the amplitude gamma constant at 0.06%. Afterwards, we measure
the same gel again changing the strain and maintaining the frequency. This time,
we used an amplitude gamma sweep from 0.01 to 1% and a constant frequency of
10 rad/s.

In order to study the influence of the beads embedded in the gel, both, gel with

and without beads, were analysed.

2.2.6. Nanoindentation

The results obtained in rheology were compared with nanoindentation. A
nanoindenter (Chiaro, Optics11) mounted on top of an inverted phase contrast
microscope (Evos XL Core, Thermofisher) was used. This is a new technique to
measure the mechanical properties of the material. It is versatile method that
allow to measure a large number of samples in less time. A spherical glass tip with
a specific area is approached to the surface, once this one is reached a
nanoindentation is done at a specific load and depth. Analysing the surface
deformation, mechanical details such as Young s Modulus (E), storage (E’) and loss

moduli (E’’) were provided.

2.2.7. Cell culture

The first experiments were carried out with L929 mouse fibroblasts. They are easy
to work with and grow fast what made them suitable for the protocol optimisation

and to fulfil all the requirements before moving to mesenchymal stem cells.
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L929 fibroblasts were cultured in a 75 cm? flask until confluence, in 10 mL of
Dulbecco's Modified Eagle Medium (DMEM, Gibco) (4.5 g/L glucose without
pyruvate) complemented with 10% fetal bovine serum (FBS, Gibco) and 1%
antibiotics (Penicillin/Streptomycin, Gibco). The media was changed one day
after the cells were defrosted and exchanged every two days and one day before

the seeding.

For the traction force microscopy experiments, 10000 L929 cells per cm? were
seeded in a 24 well plate with the gels attached to the bottom. The cells were
cultured with 1 mL of DMEM (4.5 g/L glucose without pyruvate) complemented
with 10% FBS and 1% Penicillin/Streptomycin for 24 hours before imaging.

To study the behaviour of MSCs during cell adhesion, MSCs were seeded at 4000
cells per cm? on top of full-length FN-PEG hydrogels for 24 hours before imaging
or fixation. Commercial human MSCs harvested from bone marrow from PromoCell
were used. They are obtained from human individual donors and has been tested
for their ability to differentiate in vitro into adipocytes, chondrocytes and

osteoblasts.

MCSs were cultured in DMEM (4.5 g/L glucose without pyruvate, Sigma)
complemented with 10% FBS, 1% Sodium pyruvate (Sigma), 1% non-essential amino
acids (ThermoFisher) and 2% mix of L-Glutamine: Penicillin/Streptomycin:
Fungizone (150:100:12.5). Generally, MSCs were used in a passage 2-5, with media
change every two days MSCs were serum starved (1% FBS) the day before seeding,

synchronising their cell cycle and metabolic activity. (146).

Due to the difficulty of transfecting MSCs, 3T3-L1 murine fibroblast were used to
carry out ratiometric experiments. The election of these cells was done for their
ability to differentiate into adipocytes, following a MSCs like behaviour. 3T3-L1
cells were culture in 125 cm? flasks upon confluency in high glucose DMEM media
supplied with 1% sodium pyruvate (Gibco), 2mM glutamine, 20% FBS and
1%Penicillin/Streptomycin. To study the expression of proteins under different
conditions we use ratiometric reporters. Those are useful tools to measure the
relative abundance of proteins by fluorescence. For these ratiometric

experiments, 3T3-L1 cells were seeded on 96 well Falcon plates coated with
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Matrigel, to test their behaviour on soft matrices, or directly on the well plate.
The following day, they were transfected using Lipofectamine 3000 (Invitrogen)
and incubated overnight at 37°C. The media was changed before imaging to DMEM
supplied with the appropriate supplement depending on the sensor which was
going to be observed. The transfection success was confirmed looking at the
fluorescent cells in the well after 24h using a conventional fluoresce microscopy
(ZEISS AxioObserver Z.1).

To study the cellular response to matrix stiffness, cells were seeded in three
different types of hydrogels PAA (3, 9 and 35 kPa), full-length FN-PEG (2.5, 8 and
26 kPa) and commercial Matrigel (0.2 kPa and 1 GPa) (Table 2-12).

For contractility inhibition experiments, cells were treated with 10 pM
blebbistatin (Sigma) 1 hour before imaging or fixation. Blebbistatin inhibits non-

muscle myosin Il interrupting cell-contractility (62,63).

Table 2-12. Cell types used, describing at what density and on what

substrates they were cultured in the different experiments

Cell type (CZﬁ:;::zz) Substrate Experiment
L929 10000 Full-length FN-PEG gels | TFM
Full-length FN-PEG gels | TFM, vinculin staining, YAP
staining, metabolomics
4000
MSCs PAA hydrogels | TFM, YAP staining
functionalised with FN
15000 Matrigel Seahorse
15000 Matrigel Seahorse
5000 Matrigel ATP assay, ratiometric
3T3-L1 sensors
5000 PAA hydrogels | Vinculin  staining, YAP
functionalised with FN | staining, ATP assay
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2.2.8. Metabolomics

To extract the MSCs metabolites a cold solution of chloroform: methanol: water
(1:3:1) was prepared in advance. After removing the growing media, 400 pL of
cold solution was added per 1.5 cm well diameter in a P24 well-plate. The solution
was left for one hour at 4°C. After this time the wells were scraped to improve
the metabolites extraction. All the solution in the well was transferred to a clean
eppendorf tube and vortex at 4°C for 5 min. Straight after, the eppendorf tubes
were centrifuged for 3 min at 4°C. The supernatant was collected and storage at
-80°C until it was sent for analysis. The pellet was dried and resuspended with
milliQ water for protein analysis. The protein values would be used for

normalisation.

The -80°C frozen samples collected were send to the Polynomic facilities in the
university for analysis. Liquid chromatography (LC)-mass spectroscopy (MS)-based
metabolomics with a ZIC-pHILIC column was used for it. The equipments available
were three Thermo Orbitrap instruments: an Exactive, a Q-Exactive, and an
Orbitrap Elite.

Metabolomic data analysis was carried out using Metaboanalyst (v.0.5) and Pathos
(http://motif.gla.ac.uk/Pathos/index.html). The data introduced in these
programs was pre-analysed using IDEOM, which was used to do the normalisation
between samples using the protein values. Different analysis by time points were
done: i) all time points ii) 24h iii) day 7. In all these comparisons day 0 was the

control.

2.2.9. Seahorse

The respiration rate of MSCs and 3T3-L1 fibroblasts was tested using Agilent
Seahorse XF Cell Mito Stress Test. This assay measures the oxygen consumption
rate (OCR) of alive cells at real time by injecting sequentially different drugs that

interfere in the normal mitochondrial functionality.

The day before running the assay the MSCs and 3T3-L1 cells were seeded on the

Seahorse Cell Culture Microplate at an optimum density to get a monolayer (15000
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cells/cm?). Some of the wells were coated with collagen or Matrigel, to study the
effect of this protein and the stiffness of the surface, respectively, in the cellular
respiration rate. For soft surfaces (E = 250 Pa) we used pure Matrigel gelled at
37°C for 20 min. On the other hand, 2% (v/v) Matrigel in PBS was used to get a
stiff surface (E = 1GPa). The cells were kept in growth media at 37°C overnight
(147). Also, a sensor cartridge was hydrated in Seahorse XF Calibrant at 37°C in a

non-CO; incubator overnight.

The following day, Seahorse XF DMEM was supplemented with TmM pyruvate, 2mM
glutamine, 10mM glucose and 1% Penicillium/Streptomycin. The pH was adjusted
to 7.4 and the medium was warmed up to 37°C. The different drugs were prepared

at the desire concentration in the prepared medium (Table 2-13).

Table 2-13. Drugs used and concentration

Drug Final Concentration

Olygomicin 8 UM

Carbonyl cyanide-4 (trifluoromethoxy)

phenylhydrazone (FCCP) 9 UM

Rotatone + Antimycin 10 uM (both)

Following the indications of the company, the different drugs were loaded in the
indicated ports of the hydrated cartridge. It was kept at 37°C until reading the
plate.

The plate with the cells was observed under the microscope to confirm that a
monolayer was formed. Confirming the cells viability, the growth media was
changed to the Seahorse XF DMEM, pH 7.4 previously prepared. The plate was

incubated for one hour at 37°C in non-CO; incubator.

After this time, the cartridge with the drugs was loaded in the equipment and

after calibration the plate with the cells was introduced and the assay run.

Seahorse is a good technique to study the mitochondria state. It also helps to

understand if the cell metabolism might be glycolytic or OXPHOS based.
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2.2.10. Ratiometric sensors

Perceval, pH-Red and Peredox plasmids were acquired through Addgene. All of
them were produced in GW1 vector (Figure 2-5). The plasmids were received as
an agar stab in bacteria resistant to ampicillin. After arrival, the bacteria were
grown at 37°C on agar with ampicillin doing serial dilutions. The following day 3
colonies were selected and grown in 5 ml of lysogeny broth with ampicillin at 37°C
overnight. The following day the falcons were centrifuged for 10 min at maximum

speed at 4°C. The pellet was resuspended in 700 pl of lysogeny broth growth

media.
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Figure 2-5. Addgene Plasmids maps showing restriction enzymes used. Made

in Biorender. A) Plasmid map of Peredox showing cutting sides for Ndel and Xhol.
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B) Plasmid map of PercevalHR showing cutting sites for Hindlll and Xhol. C)
Plasmid map of pHRed showing the cutting enzymes EcoRI and Ndel

From the total volume, 600 pL were used for diagnostics. Different enzyme
restrictions were selected from the plasmid map (Figure 2-5) obtained from
Addgene website (Table 2-14).

Table 2-14. Restriction enzymes used for the diagnostics of the sensors.

Plasmid Restrictions enzymes

Peredox Nde | and Xhol

Perceval HR | Hind Il and Xho |

pHRed Nde | and EcoRlI

The plasmids DNA was extracted using ZR Plasmid Miniprep kit (Zymo Research).
At the end of the protocol the DNA was dissolved in 30 pL of pure water. The
amount of DNA was measured using a Nanodrop ThermoFisher equipment. A
solution of 100 ng/pl of DNA was prepared for the diagnostics. The diagnostics

solution as prepared accordingly the following indications on (Table 2-15).

Table 2-15. Digestion solution for plasmids diagnostics.

Plasmid DNA (500 ng) 5ul (from 100 ng/pl dilution)
Buffer (10x) 3ul

Enzymes (s) 0.5 pl/enzyme

H20 Up to 30 pl

The buffer used is essential to ensure the activity of the restriction enzymes.
These buffers contain recombinant albumin and are usually supplied with the
enzymes. Not all the enzymes work in the same buffer, therefore it is essential to
select restriction endonucleases that work in the same restriction buffer. In this

case, the enzymes selected work in rCutSmart Buffer (New England BiolLabs).
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The enzymes were added in the reaction solution the last, to assure they start to

act when all the components are incorporated.

The whole solution was incubated at 37°C in the water bath for an hour. After this
time, the solution of each enzyme was loaded in a different column of an
electrophoresis gel. The samples were run through the gel at 110 mW. The gel was
imaged, and the different fragments were compared with a reference guide to

certify that the plasmids received were correct (Figure 2-6).
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Figure 2-6. Addgene plasmids diagnostics. After restriction enzymes’ plasmid
digestion, the fragments were run in an electrophoresis gel to identify their size

and certify the plasmids.

The rest 100 ul were used to isolate plasmids DNA using PureLink HiPure Plasmid
Filter Maxiprep kit (ThermoFisher). The entire volume was added to 200 mL
growth media supplemented with ampicillin. The colonies were left to grow
overnight at 37°C. The next day, the liquid was transferred to a plastic bottle and
centrifuged for 10 min at 4°C at 4100 rpm and 9 speed acceleration. The resultant
pellet was resuspended with 10 ml of resuspension buffer. Later 10 ml of lysis
buffer and incubated at room temperature for 5 min. After this time, 10 ml of
precipitation buffer was added and mixed by inversion. The mix was loaded in a
filter column to wash the DNA. To increase the purification of the DNA in the

column, 10 ml of wash buffer was incorporated and left to flow through. The part
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of the column with all the residuals was discarded and the part with the DNA
adsorbed was washed with other 50 mL of washing buffer. To elucidate the DNA
10.5 ml of cold isopropanol was added into the column. The isopropanol decreases
the DNA solubility, avoiding that it reacts with other possible materials. The DNA
dissolved in the isopropanol was collected in a falcon, which was centrifuged at
12000 g for 5 min at 4°C. The supernatant was discarded, and the pellet was
washed with 70% ethanol and centrifuged again for 5 min at 4 °C. The ethanol was
discarded, and the pellet dried down at 37°C. When the pellet was completely
dry it was resuspended in 500 pL of milliQ water.

The representative and mutant plasmids ExRai AMPKAR were provided by Jin
Zhang laboratory from Centre for Cell Signalling San Diego (Figure 2-7). The
mutant plasmid has mutated the phosphorylation site changing a threonine to
alanine (T/A). Thereby, the phosphorylation activity is lost, and the response of
this biosensor would be minimal. The mutant plasmid will be referred as ExRai
AMPKAR T/A (Figure 2-7B), while the responder is indicated as ExRai AMPKAR. The
plasmids were received on a paper. After arrival the part of the paper with the
plasmid was cut and introduced in an Eppendorf tube. To wash the plasmid from
the paper, 10 mM Tris pH7.6 was added to the eppendorf tube, then vortexed and
left the paper to hydrate for 5 min. Escherichia coli bacteria were incubated with
50 pl of the elucidated plasmid from the paper for half an hour in ice. This step
allows the plasmid DNA to approximate to the bacteria walls. To incorporate the
plasmids into the bacteria, the Eppendorf tubes were incubated for 1 min at 37°C.
Immediately after, they were brought back to ice for 2 min to leave the bacteria
recover. After this time, 250 pl of lysogeny broth were added to the Eppendorf
and left at room temperature for 30 min. This step allows the membrane of the
bacteria to seal. Before seeding the transfected bacteria on agar with ampicillin,
they were left for other 30 min at 37°C. The colonies grown on the agar were

collected and proceed as described before for the diagnostics and maxiprep.
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Figure 2-7. Plasmids ExRai AMPKAR maps. A) Representative plasmid ExRai-
AMPKAR1 showing the cutting sites for the restriction enzymes Scal and Hindlll.

B) Mutant plasmid ExRai-AMPKAR T/A showing cutting sites for the restriction
enzymes Bsal and Apal.

The restriction enzymes for the diagnostics were selected from the plasmids’ maps
(Figure 2-7) provided by Jin Zhang’s group (Table 2-16).

Table 2-16. Restriction enzymes for ExRAi AMPKAR plasmids diagnostics.

Plasmid Restriction Enzymes

ExRai AMPKAR Sca | and Hind Il

ExRai AMPKAR T/A | Bsa | and Apa |

The fragments after the enzymes’ digestion were run in an electrophoresis gel as
described before (Figure 2-8).
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Figure 2-8. ExRai AMPKAR T/A and ExRai AMPKAR diagnostics.

To compare and have a better understanding of the results obtained with Peredox,

we incorporated another plasmid iNAp1 and iNapC provided by Sirio Dupont’s lab,

who provided the plasmid DNA already extracted and analysed, therefore, no

extraction or diagnostics was needed.

The plasmids DNA was used to transfect 3T3-L1 fibroblasts cells with lipofectamine

3000 (ThermorFisher). The day after the transfection the cells were visualised in

an Operetta CLS microscope (PerkinElmer). To stimulate the movement of the

biosensors within the 3T3-L1 cells the media was change using different conditions

(Table 2-17).

Table 2-17. Medium conditions per ratiometric sensor.

Plamids

Media conditions

Perceval and pHRed

High glucose DMEM with 1% sodium pyruvate,
2ZmM glutamine, 20% FBS and
1%Penicillin/Streptomycin (control).

High glucose DMEM (no other supplements).
DMEM + 2mM glutamine.

DMEM + 20X Sodium pyruvate

DMEM + 50 mm 2-DG
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DMEM + 4.5 g/L glucose

ExRai AMPKAR and
ExRai AMPKAR T/A

High glucose DMEM with 1% sodium pyruvate,
2ZmM glutamine, 20% FBS and
1%Penicillin/Streptomycin (control).

Control media + 50mM 2-deoxy-glucose (2-DG).
Control media + 50mM 2-DG + 20 uM
dorsomorphin (Compound C)

Control media + 100 uM AICAR

Control media + 20 pM YM (ROCK inhibitor,
Y27632; and myosin light chain kinase inhibitor,
ML7)

Peredox

High glucose DMEM with 1% sodium pyruvate,
2mM glutamine, 20% FBS and
1%Penicillin/Streptomycin (control).

DMEM + 10 mM lactic acid

DMEM + 20 mM Sodium pyruvate

iNap

High glucose DMEM with 1% sodium pyruvate,
2ZmM glutamine, 20% FBS and
1%Penicillin/Streptomycin (control).

DMEM + 10 mM lactic acid

DMEM + 20 mM Sodium pyruvate

Control media + DD (50 uM DIA + 150 mM DEA)

DMEM media used differently to the control is DMEM only supplemented with L-
Glutamine (L-Glu) and P/S.

2.2.11. Traction Force Microscopy (TFM)

The gels were imaged with an EVOS™ FL Auto and EVOS™ M7000 Imaging System
(ThermoFisher) at 20x magnification. The incubator of the microscope was set at

37°C and CO2 concentration at 5% while the images were taken.
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Different beacons in the gel were selected and a Z-Stack was run. To get the
position of the beads a TexasRed channel was used and bright field to visualise
the cells. Then, the cells were removed using 0.5wt% Sodium dodecyl sulphate
(SDS). The same beacons than before were imaged again without the cells to get
the photo of the position of the beads without the influence of the cell. The
alignment of the beads’ images after and before cell removal, was made in ImageJ
1.53p (National Institutes of Health, US) for each cell. Afterwards, the traction
forces were analysed using a software in MATLAB developed by Pompe T (148).
and colleagues of the Leibniz Institute of Polymer Research Dresden (IPF) (149).
Due to different problems with this program we decided to change the traction
force analysis to ImageJ 1.53p (National Institutes of Health, US) using the plugins
for TFM developed by Qingzong Tseng (150).

First, a cell mask and the position of the beads before and after the trypsinisation
were aligned using ‘align slices in stack’ plug-in. Then the displacement of the
beads in the cell area was calculated by particle image velocity (PIV). This plug in
uses a normalised correlation coefficient algorithm to calculate the displacement,
what means that an individual interrogation window is compared with a larger
searching window. This minimise a false correlation peak due when there are

insufficient beads presented in an interrogation window.

The errors due to an insufficient number of beads in the field was filtered running
a dynamic mean test and replacing the invalid displacement vectors by the mean.
A displacement file was generated after each PIV analysis. This document was
used to reconstruct the traction force field implementing the Fourier transform
traction cytometry (FTTC) method, which has been included as a plugin in ImageJ.
To be able to set a more accurate scale for the stress map obtained in ImageJ,

this one was modified in ParaView (v5.8.0, Kitware).

2.2.12. Immunostaining

Cells were fixed with fixative buffer (4% paraformaldehyde in PBS) for 30 min at

RT. The permeabilization was done with 0.1% Triton x100 for 5 min. After washing
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the cells with PBS twice, samples were blocked using blocking buffer (1% Bovine

serum albumin, BSA, Sigma) for 30 min at room temperature.

To investigate the mechanotransduction activity of the cells, we looked at YAP
translocation. The primary antibody mouse monoclonal anti-YAP (SantaCruz) was
added in a 1:100 dilution in blocking buffer. The reaction was left for 1 hour at
RT and washed with 0.5% tween 20 three times. The second antibody donkey-anti-
mouse Cy3 (Jackson Immuno Research,1:200) together with the phalloidin
(Alexa488, 1:100), were incubated for 1 hour at room temperature, both diluted
in blocking buffer. The cells were washed 5 times with 0.5% tween 20 and then
mounted with VECTASHIELD mounting media with DAPI (Vector Laboratories).

Images were taken with a ZEISS AxioObserver Z.1 at 20X and 40X magnifications.

Vinculin staining was carried out to study the formation of the focal adhesions in
MSCs. The procedure followed was similar to the one described above for YAP.
After cell permeabilization and blocking, in this case, we used as a primary
antibody mouse anti-vinculin diluted 1:400. As before cells were incubated with
the primary antibody for 1 hour at RT. After washing three times with 0.5% tween
20, the secondary antibodies were added. The secondary antibodies used were
the same ones used for YAP: donkey-anti-mouse Cy3 (Jackson Immuno
Research,1:200) and phalloidin (Alexa488, 1:100). Once the cells were incubated
for 1hour in the darked and washed 5 times with 0.5% tween 20, the samples were
mounted VECTACHIELD with DAPI. The images were taken with the ZEISS
AxioObserver Z.1 at 20X and 40X magnifications.

2.2.13. Image analysis

Cell area

Cell area was calculated using ImageJ 1.53p. A threshold was applied in the actin
cytoskeleton images to binarized the images. This step allows to select the outline
of the cells with the wand tracing tool. Once the desired outline was selected,

the cell area was calculated running the measure function.
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FA analysis

The images taken from the vinculin staining were uploaded in ImageJ for analysis.
The cells in the images were analysed one by one. First, the images were prepared
using the functions subtract background and enhance local contrast (CLAHE). The
next step was applied a threshold to create a binary image. After that, the images
were analysed using the tool analyse particles. From the result sheet obtained,
the data used were area. Number of particles analysed and major for the length
of the FA.

YAP localisation

Yap localisation was measured in ImageJ using the fluorescence images. The
intensity of the signal in the cell and in the nucleus was calculated to do the ratio

nuclear/cytoplasm following the equation 2-2.

Equation 2-2. YAP's integrated density fluorescence nuclear/cytoplasm ratio

YAP,
mue/ Area,

YAP,,
Areacy;

YAPpyc/cyeratio =

The integrated density of YAP in the nucleus (YAPn) is normalised by the area of
the nucleus (Areanuc). Everything is divided by the integrated density of YAP in the
cytoplasm (YAPq:) normalised by the area of the cytoplasm (Areagt). The
integrated density of Yap in the cytoplasm and the area of the cytoplasm are

calculated as described in the equations 2-3 and 2-4.

Equation 2-3. YAP's integrated density in the cytoplasm

YAP.y; = YAP oy — YAPy

The integrated density obtained in the nucleus is subtracted from YAP’s integrated

density in the entire cell (YAPceu).
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Equation 2-4. Cytoplasm area calculation
Areacy: = Areace — Arean,

The area of the cytoplasm is calculated deducting the nucleus area from the area
of the entire cell (Areaceu)

2.2.14. Statistical analysis

The statistical analysis was performed using GraphPad Prism v8.2.1 software. All
the conditions were done in triplicates and an average of n=20 cells were analysed
per condition. The mean + standard deviation (SD) is represented in all the graphs
unless otherwise noted. To study if the data follow a normal distribution a

D’Agostino-Pearson Normality test was assessed.

When three or more groups were compared, normal distributed populations were
analysed by two-way ANOVA test and Tukey’s multiple comparisons test. In cases
of populations without normal distribution, a Kruskal-Wallis test was used with a

Dunn’s post hoc test to correct for multiple comparisons.

When only two groups were compared, a t-test analysis was performed in normal
distributions and as nonparametric test, we used Mann-Whitney for populations

that did not follow a normal distribution.

Differences among groups are stated as follows: for p-values <0.05 (*), when p-
values <0.01 (**), for p-values < 0.005 (***), for p-values < 0.001 (****), when

differences between groups are not statistically significant (n.s).
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CHAPTER 3 : INFLUENCE OF DEGRADABILITY AND
STIFFNESS IN CELL MECHANOSENSING

3.1. INTRODUCTION

Cells create multiprotein complexes known as FAs when they enter in contact with
the ECM. It is through these connections that cells perceive the physical and
mechanical cues from their surroundings (e.g. ECM stiffness) (114). One of the
main proteins in the FAs is vinculin, an actin-binding protein. When it is inactive,
vinculin has a cytoplasmatic location. After being activated, it is recruited to the
FAs to bind to talin, an adaptor protein that has to unfold to interact with vinculin.
Once, vinculin binds to talin, it anchors the actin filaments to the rest of the FAs
complex. This link allows to transfer the signals gathered from the ECM to the
nucleus, where the information is processed (66,114). A widely studied pathway
involved in transferring the information collected in the FAs to the nucleus is
YAP/TAZ signalling cascade (61,73,77). Of these two proteins this study focalised
in YAP, a transcriptional factor with an important role in mechanotransduction
(6,61,151). Depending on how cells sense their surroundings, YAP activates and
migrates to the nucleus. First, it dephosphorylates in the cytoplasm to be able to
enter the nucleus. Once in the nucleus YAP binds to the DNA and trigger different
pathways to create a response to the signals received through the FAs (151). YAP
regulates the formation of focal adhesions to control the mechanical cues.
Initially, YAP nuclear translocation is indirectly induced by Rho/ROCK pathway,
which is involved in actin cytoskeleton assembling. When the actin fibres are
formed, cells create tension which activates YAP nuclear translocation
(11,74,152). In a study carried out by Nardone et. al. they observed that MSCs
seeded on FN-coated micropattern, YAP translocated into the nucleus always that
cells were able to spread and form the actin cytoskeleton, regardless the density
of FAs (74). In turn, when YAP is located in the nucleus together with TAZ, they
bind to DNA transcriptional factors (e.g. TEAD), initiating the expression of genes
involved in FAs formation and cytoskeleton stability (e.g. genes involved in
Rho/ROCK) (74,152). All this create a reinforcement loop to maintain cell
attachment and cellular tension. Furthermore, either FAs formation and YAP

nuclear translocation are influenced by ECM mechanical properties (e.g.
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stiffness). As surface stiffness increases FAs assembling is favoured, cells are
spread and they present a well-organised cytoskeleton; cellular tension increase

and YAP nuclear translocation is activated (11,61)

In response to all these activation pathways, cells generated forces that are
exerted to the ECM through the FAs. The magnitude of these forces changes
depending on how cells feel the environment. In vitro it is possible to study the

mechanical behaviour of cells looking at the material deformation (9).

This study has brought together YAP nuclear translocation and FAs formation to
put them in relation with the traction forces exerted by the cells. The experiments
were done in different cell types (L939 fibroblasts, MSCs and 3T3-L1) seeded on
full-length FN-PEG hydrogels and PAA hydrogels of different stiffnesses. Moreover,
to study the influence of cell contractility in cellular mechanotransduction and
force generation, myosin Il was inhibited using blebbistatin. As described in the
general introduction blebbistatin is a specific inhibitor of non-muscle myosin Il
that blocks cell actin-cytoskeleton’s contractility (153). This changes the way cells
sense the ECM and how they exert forces. YAP nuclear translocation and FA
assembling were explored by immunostaining, using monoclonal antibodies which
target YAP and vinculin respectively. To determine the traction forces exerted by
the cells, traction force microscopy (TFM) has been used. This technique measures
the elastic substrates deformation by single cells and converts it into forces,

generating stress (force per unit area) maps (154).

3.2. HYDROGELS CHARACTERISATION

In this thesis three different type of gels have been used: full-length FN-PEG
hydrogels, polyacrylamide (PAA) and Matrigel. PAA hydrogels and Matrigel have
been characterised before and the same the parameters described in the
literature were followed (145,147). The stiffness for the PAA hydrogels were 3 kPa
(x0.4), 9 kPa (x0.7) and 35 kPa (+4) (145); and for Matrigel 0.2 kPa and 1 GPa
(147). On the contrary, the full-length FN-PEG hydrogels were developed in the
lab. They were characterised using rheology and nanoindentation. The gels used

in each experiment of the thesis are described in Table 3-1.
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Table 3-1. Type of gels and cells used in each experiment of the thesis

Experiment
Type of gel used description Type of cells Chapter
FN immunostaining - 3
Vinculin
immunostaining MSCs 3

Full-length FN-PEG | y»p immunostaining

General metabolomics 4
MSCs and L939
TFM 3
Vinculin 3T3-L1
Immunostaining 3
PAA YAP immunostaining MSCs and 3T3-L1
TFM MSCs 3
ATP assay 3T3-L1 4
Seahorse MSCs and 3T3-L1 4
Matrigel ATP assay
3T3-L1 4

Ratiometric sensors

3.2.1. Mechanical characterisation

Full-length FN-peg gels were characterised in the lab using rheology and
nanoindentation. The stiffnesses described in the thesis (2.5, 8 and 26 kPa) are
the average of the results obtained in rheology and nanoindentation together
(Table 3-2). Unfortunately, 3% wt PEG-(4)-ACRL degradable hydrogels were not
possible to measure their stiffness with any of these techniques. This type of gel
cannot resist the pressure between the two plates in rheology. The degradable
network breaks easily when the plates come together yielding inaccurate
measurements. Also, this gel is sticky, hence the needle in the nanoindentor
cannot do a proper indentation and it stayed stuck in the gel. Therefore, as in
the other stiffnesses the results between degradable and non-degradable were
similar. The same assumption was taken for the soft condition (3%wt PEG-(4)-

ACRL).
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Table 3-2. Young's Modulus obtained in rheology and nanoindentation for the
full-length FN-PEG hydrogels

Rheology Young’s Nanoindentation
Modulus (kPa) Young’s Modulus (kPa)
Percentage
of PEG-(4)- Non- Non- | MEAN 4/
ACRL Degradable | degradable | Degradable | degradable (kPa)
(VPM) (SH-PEH- (VPM) (SH-PEH-
SH) SH)
3% wt X 2.3 X 3 2.5 0.4
5% wt 8 7.5 8 9 8 0.7
10% wt 22 25 29 22 26 4

3.2.2. FN immunostaining

PEG hydrogels were functionalised with full-length FN protein to allow cell

attachment. To ensure the protein incorporation into the gels a regular FN staining

was performed (Figure 3-1). As a control, the native protein, acquired from

YoProteins (Figure 3-1B), and the PEGylated FN were absorbed in a 20 pg/ml

concentration on glass coverslips (Figure 3-1C). PEG-ACRL gels were functionalised
with 50 pg/mL of PEGylated FN of three different stiffnesses (2.5, 8 and 26 kPa)

(Figure 3-1). The lowest protein fluorescence intensity was found on PEGylated

FN adsorbed on glass. While the highest signal was obtained on the native protein

from YoProteins on glass (Figure 3-1A). FN intensity in the different gels were

similar, what is a good indication that the protein is being successfully

incorporated in the gel and available for cell attachment (Figure 3-1A).
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A) PEGylated FN on glass
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Figure 3-1. FN staining on different surfaces. A) There were no significant
differences among hydrogels. Significant differences were obtained for FN
YoProtein (highest intensity) and FN-PEG on glass (lowest intensity).*P=0.02,
**P=0.001, ***P=0.0007, ****P<0.0001. B) Native protein from YoProteins adsorb on
a glass coverslip. C) Fluorescence image of PEGylated FN adsorb in glass. D) FN
intensity image in 2.5 kPa PEG-ACRL hydrogels. E) FN intensity in 8 kPa PEG-ACRL
hydrogels. F) FN intensity in 26 kPa PEG-ACRL hydrogels. Scale bar 50 um.

These results might indicate that the protein loses binding sites during protein
PEGylation. In a study made by Trujillo et al. they observed that the collagen
binding domain of the FN was hindered after PEGylation while the cell adhesion
and growth factor binding domains remain available (133). Therefore, less
adsorption of the PEGylated FN on glass than of the native protein was observed.
During PEGylation, the protein is denaturalised and some of the SH groups react
with PEG-MAL. Therefore, protein adsorption might be weaker, being easier to
lose protein during the washes during the immunostaining. Moreover, the
immunostaining was done with an anti-FN polyclonal antibody in a concentration

1:400 which binds to the whole protein. As during the PEGylation process some
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binding sites are restrained, it can lead to less antibody binding and subsequently,
to less fluorescence intensity measured. On the other hand, when the protein is
incorporated into the hydrogels, the remain SH groups will react with the acrylate
groups of the PEG-ACRL and the thiols groups in the crosslinker. These bonds are
much stronger, ensuring the protein is trapped in the hydrogel. Hence, there
would be more PEGylated FN retained in the hydrogels than when it is just

adsorbed on the glass.

3.3. VINCULIN IMMUNOSTAINING

3.3.1. The formation of FAs in MSCs increases on stiffer surfaces

Once it was confirmed that fibronectin was correctly incorporated into the
hydrogels, MSCs were seeded on full-length FN-PEG hydrogels of 2.5, 8 and 26 kPa
for 24 hours. After this time a DAPI-actin-vinculin staining was performed to
characterise FAs’ formation (Figure 3-2). On soft surfaces, MSCs do not spread and
remain poorly attach. FAs cannot be properly formed, and vinculin remains
dispersed in the cytoplasm (Figure 3-2, first row). On the contrary, on stiffer
surfaces MSCs were able to develop mature FAs (Figure 3-2, second row, red dots).
Vinculin on the stiffest surfaces is mainly localised in the FAs (Figure 3-2, third

row).
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Figure 3-2. Vinculin staining of MSC seeded on full-length FN-PEG hydrogels.
Immunostaining for DAPI (blue), actin (green) and vinculin (red). In MSCs seeded
for 24 hours on soft surfaces (2.5 kPa, first row) the highest fluoresce signal was
in the cytoplasm. On stiffer surfaces (8 kPa, second row) vinculin is localised in
the FAs. The highest localisation of vinculin in the FAs was found on the stiffest

surfaces (26 kPa, third row). Scale bar 50 um.

Cell contractility plays an essential role in cell attachment. When cells are not
able to polymerise the actin filaments and contract, as it happens on soft surfaces,
the force loading in the FAs is very low. As a consequence, talin protein remains
unfolded and it cannot bind to vinculin, which connects the actin filaments to the
focal adhesions. Due to the low tension, FAs are not reinforced and the bond
between integrins and the ECM is disrupted (37,155). By inhibiting MSCs
contractility with 10 pM blebbistatin for an hour before imaging, FAs are not
formed and vinculin remained in the cytoplasm regardless of matrix stiffness

(Figure 3-3).
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Figure 3-3. Blebbistatin blocks vinculin translocation to FAs. Immunostaining
for DAPI (blues), actin (green) and vinculin (red). When MSCs contractility is
inhibited using blebbistatin, cells presented a more branched shape, even
though, they kept being more spread on stiffer surfaces (8 and 26 kPa, second
and third rows respectively). MSCs were cultured on the gels for 24hours and
treated with 10 uM blebbistatin one hour before imaging. Blebbistatin blocked
vinculin translocation to the FAs remaining dispersed in the cytoplasm. Scale bar

50 um.

Cell area and the number, area and length of FAs were quantified. The statistical
analysis shows significant differences in cell area (Figure 3-4A). MSCs spread more
on stiffer surfaces even when their contractility is inhibited. In the case of the
FAs, MSCs created higher number of FAs on stiffer surfaces (Figure 3-4B). However,
there were no significant differences between 8 and 26 kPa. In the case of FAs
area and length (Figure 3-4C,D), the values increased with surface stiffness. For
all the parameters investigated for FAs, when blebbistatin was presented in the

medium, the values decayed (Figure 3-4B,C).
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Figure 3-4. MSC create more FAs on stiffer surfaces. MSCs were cultured for 24
hours on full-length FN-PEG gels. Blebbistatin treatment was done for one hours
before imaging. A) MSCs spread more on stiffer surfaces regardless their
contractility is inhibited with blebbistatin or not. B) The number of FAs increased
on stiffer surfaces. However, MSCs are not able to form focal adhesions when
their contractility is inhibited. When blebbistatin is added in the system the
number of focal adhesions decreases. C) FAs area increased on stiffer surfaces.
When cell contractility is inhibited using blebbistatin, the FAs area decays. D)
The length of focal adhesions increases with the surface stiffness. This difference
in the length disappears when blebbistatin is added into the system. Graphs
shown mean +SD of n>10 of one experiment, differences were analysed via non-
parametric ANOVA and t-test. **** P<0.0001.

3.3.2. FAs assembling in 3T3-L1 cells is similar on hydrogels of

different stiffness

Vinculin immunostaining was also performed in 3T3-L1 cells to compare them with
MSCs. In this case, 3T3-L1 fibroblasts were seeded on PAA hydrogels of different
stiffnesses (3, 9 and 35 kPa) and glass as a control, for 24 hours. Before imaging,

selected samples of cells were treated with blebbistatin 10 uM for one hour.

Regardless the surface stiffness, 3T3-L1 cells were able to spread in all the
surfaces and form mature FAs. Vinculin appeared gathered in FAs and in the
cytoplasm (Figure 3-5). These results differ from the case of the MSCs (Figure 3-2),
where vinculin disappeared from the cytoplasm on stiffer surfaces and was
localised mainly in the FAs.
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Figure 3-5. Fibroblast 3T3-L1 type form mature FAs in a stiffness range 3-35
kPa. 3T3-L1 cells were cultured for 24 hours on PAA gel functionalised with FN.
From left to right, images correspond to composite of all filters, nuclei in blue
(DAPI), cell cytoskeleton in green (actin) and vinculin in red. Every row of images
are cells in a different stiffness going from soft (3 kPa) to the stiffest (glass).
Scale bar is 50 uym. Looking at vinculin images, all the surfaces presented vinculin

located in the cytoplasm and forming FAs.

As it was observed in the case of the MSCs (Figure 3-3), when 3T3-L1 cells were
treated with blebbistatin they appeared more branched (Figure 3-6). The actin
filaments, which were visible before forming the cytoskeleton in 3T3-L1 cells

without blebbistatin treatment, have been disintegrated with the drug treatment
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(Figure 3-6, green images, third column from the left). No formed FAs were found,
and vinculin was localised in the cytoplasm (Figure 3-6, images in red, very right

column).
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Figure 3-6. Fibroblast 3T3-L1 treated with blebbistatin are not able to form
FAs. 3T3-L1 cells were treated with 10 uM blebbistatin for one hour before
imaging. From left to right, images correspond to composite of all filters, nuclei
in blue (DAPI), cell cytoskeleton in green (actin) and vinculin in red. Every row of
images are 3T3-L1 cells in a different stiffness going from soft (3 kPa) to the
stiffest (glass). Scale bar is 50 um. Last column on the right, vinculin disappeared

from the FAs and remained cytoplasmatic.
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When cell area was quantified for 3T3-L1 cells, no significant differences were
found among different stiffnesses. The average cell area after blebbistatin
treatment decreased (Figure 3-7A). Looking at the FAs formation, there were no
significant differences for their area (Figure 3-7C) and the length (Figure 3-7D)
among surfaces. However, in every surface stiffness there was a significant
difference between the condition with and without blebbistatin treatment. The
biggest variability among surfaces was in the number of FAs. 3T3-L1 presented
higher number of FAs on glass. On the other hand, there were no significant
variance among hydrogels stiffnesses (Figure 3-7B).
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Figure 3-7. Similar values in FAs were found in 3T3-L1 cells seeded on
different stiffnesses. 3T3-L1 cells were seeded on PAA gels functionalised with
FN for 24 hours. Blebbistatin treatment was done for one hour before imaging.
A) Average cell area does not have significant differences among surfaces. When
3T3-L1 cells were treated with blebbistatin for one hour, the area decreased
minimally (* P<0.02). B) Average number of FAs was significantly higher on glass

compare with the hydrogels. After treating cells with blebbistatin, the number
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of FAs dropped down (*P<0.002, **P=0.002, ****P<0.0001). C) The area of FAs
decreased significantly when 3T3-L1 cells were treated with blebbistatin. There
were no significant differences among different surfaces (****P<0.0001). D) The
values of FAs length were similar in all the surfaces. However, the values were
lower with blebbistatin (****P<0.0001). Graphs shown mean +SD of n>10 from one

experiment, differences were analysed via non-parametric ANOVA and t-test.

3.4. YAP TRANSLOCATION

3.4.1. YAP nuclear translocation changes with surface

degradability

A series of YAP stainings were performed to study the mechanotransduction of the
MSCs and 3T3-L1 cells on different surfaces. When YAP is inactivated, it remains
in the cytoplasm phosphorylated. Under certain stimuli it activates and
translocates into the nucleus. It has been observed that on stiff surfaces YAP

nuclear translocation increases (61,78).

In MSCs cultured on degradable FN-PEG gels, YAP remained in the cytoplasm on
the softest surfaces, where also the cell area was the smallest. On the other hand,
MSC appeared more spread on 8 kPa, 26 kPa and glass. On these surfaces YAP
translocated into the nucleus (Figure 3-8). However, no significant differences
between the two stiffer surfaces studied (8 and 26 kPa) and glass were observed
(Figure 3-12).
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Figure 3-8. MSCs seeded on degradable surfaces present more YAP
translocation as matrix stiffness increases. The staining was made for the
nucleus (DAPI, blue, second column), actin-cytoskeleton (green third column) and
YAP (red, fourth column). Scale bar 50 um. The first column corresponds to the
composite. MSCs were seeded for 24 hours on degradable full-length FN-PEG
hydrogels of different stiffnesses: 2.5 kPa (first row), 8 kPa (second row) and 26
kPA (third row). As a control they were also seeded on glass. YAP appeared

localised in the nucleus on stiffer surfaces (8 kPa, 26 kPa and glass, last column

red signal).

On non-degradable FN-PEG gels, YAP nuclear translocation was also quantified.
However, in comparison with the degradable gels, YAP also translocated into the

nucleus on the softest surfaces (2.5 kPa) (Figure 3-9).
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Figure 3-9. MSCs seeded on non-degradable surfaces showed nuclei YAP signal
even on soft surfaces. MSCs were seeded for 24 hours on non-degradable full-
length FN-PEG gel. From left to right the columns correspond to composite (all
channels together), nuclei signal (DAPI, blue), actin cytoskeletons (green) and
YAP (red). Looking at the last column YAP appeared in the nucleus in all the

surfaces. Scale bar 50 um.

When cell contractility was inhibited using 10 uM blebbistatin for one hour before
imaging, YAP translocated into the nucleus and MSCs remained spread. The same
response to the myosin Il inhibitor was observed on degradable and non-
degradable surfaces. Therefore, YAP nuclear translocation might be independent

from myosin Il inhibition and surface degradability (Figure 3-10 and Figure 3-11).
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Figure 3-10. YAP continue translocating into the nucleus in MSCs seeded on
degradable gels when their contractility is inhibited with blebbistatin. MSCs
seeded for 24 hours on degradable full-length FN-PEG gels and treated with 10
UM blebbistatin for 1 hour before imaging. From left to right the columns
correspond to composite images, nuclei (DAPI, blue), actin-cytoskeleton (green),
YAP signal (red). MSCs were seeded on degradable full-length FN-PEG gels of
different stiffnesses (first row 2.5 kPa, second row 8 kPa, third row 26 kPa) and
last on glass (last row). The contractility was inhibited using blebbistatin 10 uM.
Scale bar 50 um. Except from the softest surface, YAP kept translocated into the

nucleus on stiffer surfaces (red signal, last column).
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Figure 3-11. MSCs seeded on non-degradable surfaces keep presenting YAP in
the nucleus after inhibiting their contractility with blebbistatin. MSCs seeded
for 24 hours on non-degradable full-length FN-PEG gels and treated with 10 uM
blebbistatin for 1 hour before imaging. From left to right each column correspond
to: the composite of all the channels, nuclei signal (DAPI blue), actin-cytoskeleton
(green) and YAP (red). Each row corresponds to a surface stiffness 2.5 kPa (first
row), 8 kPa (second row) and 26 kPa (last row). Scale bar 50 um. MSCs seeded on
full-length FN-PEG hydrogels were treated with blebbistatin to inhibit their
contractility and YAP nuclear translocation was analysed. YAP nuclear signal

appeared in all cases (last column, red).

The statistical analysis showed differences between MSCs seeded on degradable
and on non-degradable gels. On degradable surfaces, higher values of YAP nuclear
/cytoplasm (n/c) ratio were obtained on stiffer surfaces. However, when they
were compared with 2.5 kPa surfaces no significant differences appeared (Figure
3-12A). On the other hand, it was interesting to see a peak on YAP nuclear
translocation on 8 kPa non-degradable surfaces, even though there were no
significant differences between 2.5 kPa and 26 kPa (Figure 3-12B).
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In both types of surfaces YAP translocated into the nucleus when the contractility
of MSCs was inhibited with blebbistatin (Figure 3-12A,B). There was only a slightly
difference on degradable 2.5 kPa FN-PEG gels (Figure 3-12A).

Cell area on degradable surfaces increased with stiffness up to 8 kPa. Afterwards,
no significant differences were found between 8 and 26 kPa gels. When cell
contractility was inhibited using blebbistatin the results changed depending on
the surface. On the stiffest hydrogels (26 kPa) MSCs showed a decrease in size

when blebbistatin was added into the media (Figure 3-12C).

On the contrary, no significant differences were found in MSCs area on non-
degradable gels. Even when blebbistatin was added into the media, MSCs

remained spread (Figure 3-12D).
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Figure 3-12. YAP translocates more into the nucleus in MSCs on stiffer
surfaces, but it is not sensitive to cell contractility with blebbistatin. A) No
significant differences were found in YAP translocation into the nucleus in

degradable surfaces. When contractility was inhibited using blebbistatin YAP kept
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translocating into the nucleus. (*P=0.03). B) On non-degradable gels a peak in YAP
translocation was found on gels of 8 kPa. For the other two stiffnesses, no
significant differences were found. Also, there are no significant differences
between the results with and without blebbistatin, apart from 8 kPa surfaces.
(****P<0.0001). C) MSCs seeded on degradable gels spread more on stiffer
surfaces. When blebbistatin is added into the system, cell area change, but MSCs
keep spreading more on stiffer surfaces. (*P=0.04, **P=0.0066, ***P=0.0004,
****P<0.0001). D) On non-degradable surfaces no significant differences were
found. Neither when blebbistatin was incorporated. (N5>0.9999). Graphs shown
mean +SD of n>10 from one experiment, differences were analysed via non-

parametric ANOVA and t-test.

When these last results were intended to be replicated, a series of problem arose.
The FN-PEG gels started to fail, and MSCs could not survive on them, while they
could do on glass. MSCs remained rounded in all the hydrogels and YAP did not
translocate into the nucleus, a pattern that it was not observed on glass
functionalised with FN (Figure 3-13). The hydrogels seemed to not polymerase

properly and some reagents, toxic for the cells, may have remained in the matrix.

DEGRADABLE (VPM) NON-DEGRADABLE (SH-PEG-SH)

COMPOSITE DAP COMPOSITE

8 kPa

26 kPa

COMPOSITE o

Figure 3-13. MSCs are not attaching properly to the surface. YAP does not
translocate. MSCs were cultured on the different gels for 24 hours. Set of four

columns on the left corresponds to MSCs seeded on full-length FN-PEH hydrogels.
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The second set of four column on the right corresponds to MSCs seeded on non-
degradable full-length FN-PEG hydrogels. IN both cases from left to right each
column represents the composite, blue signal from the nuclei (DAPI), green signal
from the actin-cytoskeleton and red signal from YAP. Set of four image sin the
bottom corresponds to MSCs seeded on glass. The order of the images is the same
as described before. Scale bar 50 um. MSCs appeared completely rounded (third
column, green, actin) and YAP dispersed in the cytoplasm (last column, red, YAP)
in all the cases of the hydrogels regardless the degradability. YAP could

translocate to the nucleus in MSCs seeded on glass.

3.4.2. MSC and 3T3-L1 cells on PAA gels are less mechanosensitive

While looking for a solution to the FN-PEG gels, cell mechanotransduction was
kept being studied on PAA gels of 3, 9 and 36 kPa. This type of gels was selected
because they are well-known, their protocol is well established and are easy to
work with (145). Therefore, they were the best option to compare our previous

results on full-length FN-PEG hydrogels.

In MSCs seeded on PAA hydrogels, YAP translocated into the nucleus in all the
surfaces (Figure 3-14A). However, the translocation on the softest surfaces (3
kPa), was significantly different compared to 9 kPa and 35 kPa gels (Figure 3-14B).
Cell area did not present significant differences among surfaces (Figure 3-14C). In

all the cases, MSCs were able to spread and attach to the surface.
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Figure 3-14. MSCs on PAA gels showed no difference in YAP translocation in
different stiffnesses. MSCs seeded on PAA gels functionalised with FN for 24
hours. A) Images of YAP translocation from MSCs seeded on PAA hydrogels of
different stiffnesses. B) No significant differences in YAP translocation were
found on stiffer surfaces. There is a lower nuclear location on 3 kPa surfaces
(***P=0.001). C) MSCs presented similar areas in all the surfaces. Graphs shown
mean +SD of n=10 from one experiment, differences were analysed via non-

parametric ANOVA.

YAP translocation was also studied in 3T3-L1 cells seeded on PAA gels of 3, 9 and
35 kPa. 3T3-L1 seeded on glass functionalised with fibronectin was used as a
control. In all the surfaces YAP signal was mainly found in the nucleus (Figure

3-15).
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Figure 3-15. YAP translocation in 3T3-L1 cells seeded on PAA gels for 24
hours. From left to right each column corresponds to composite of all the
channels, nuclei (blue, DAPI), actin cytoskeleton (green) and YAP localisation
(red). Each row corresponds to a different stiffness 3 kPa (first row), 9 kPa
(second row), 35 kPa (third row and glass (last row). Scale bar 50 ym. In all the

cases YAP nuclear localisation in visible (last column, red signal).

When cell contractility was inhibited using blebbistatin 3T3-L1 cells presented a
more branched aspect. YAP signal was detected either in the nucleus and in the

cytoplasm (Figure 3-16).
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Figure 3-16. YAP translocation in 3T3-L1 cells on PAA gels when cell
contractility is inhibited using blebbistatin for 1 hour before imaging. From
left to right each column corresponds to composite of all the channels, nuclei
(blue, DAPI), actin cytoskeleton (green) and YAP localisation (red). Each row
corresponds to a different stiffness 3 kPa (first row), 9 kPa (second row), 35 kPa

(third row and glass (last row). Scale bar 50 um.

No significant differences were found among hydrogel’s stiffnesses. YAP nuclear
translocation ratio was the highest on glass. After inhibiting the contractility using
blebbistatin there was still YAP nuclear signal. It did only decrease significantly
on the softest surfaces (3 kPa). However, on 35 kPa gels n/c ratio increased after

adding blebbistatin to the media (Figure 3-17A).
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Looking at cell area, 3T3-L1 cells spread more on glass where they went thought
a decrease after adding blebbistatin. On the gels no significant differences were

found, not even when cell contractility was inhibited (Figure 3-17B).
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Figure 3-17. In 3T3-L1 cells, YAP kept translocating into the nucleus
regardless the surface stiffness and the contractility inhibition with
blebbistatin. 3T3-L1 cells seeded on PAA gels functionalised with FN for 24 hours.
Blebbistatin treatment was done for 1 hour before imaging. A) YAP n/c ratio is
on glass. No significant differences were found among the different gel
stiffnesses. When cell contractility is inhibited using blebbistatin, YAP kept
translocating into the nucleus. (*P=0.03, ***P=0.004,****P<0.0001) B) 3T3-L1 cells
spread similarly among the different surfaces. (**P=0.003). Graphs shown mean
+SD of n>10 from one experiment, differences were analysed via non-parametric
ANOVA and t-test.

3.5. TRACTION FORCE MICROSCOPY

3.5.1. Influence of substrate degradability

To study the influence of matrix degradability on 2D models, murine fibroblast
cells (L929) were seeded on biodegradable (VPM) and non-degradable (SH-PEG-
SH) 5%PEG-(4)-Ac (8 kPa) hydrogels (Figure 3-18A). After 24 hours the traction
stress was analysed by Fourier Transform Traction Cytometry (FTTC) method
(Figure 3-18B) using an in-house software developed by Pompe T (148). L929
fibroblast were used at the beginning of the project to optimise the traction force
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microscopy model. These cells are easy to work with as they proliferate fast and
responded quite well to the surfaces used. Firstly, a unique stiffness was selected
(8 kPa), leaving the surface degradability as the only variable. The idea was to
have a quick overview of how cells respond to the surface degradability to use

later only one type of matrix and change the stiffness.

L929 cells exerted higher forces on degradable gels compare with non-degradable
(Figure 3-18B). In both surfaces, traction stress decrease after blebbistatin

treatment.
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Figure 3-18. L929 traction force microscopy seeded on 8 kPa degradable
(VPM) and non-degradable (SH-PEG-SH) full-length FN-PEG hydrogels for 24
hours. A) Hydrogels with a degradable (VPM) and a non-degradable (SH-PEG-SH)
crosslinker showed similar stiffness. In both cases a Young’s Modulus of 8 kPa was
obtained (no significant differences were observed). B) L929 cells on degradable

(VPM) surfaces exerted higher traction stress, compare with non-degradable (SH-
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PEG-SH). However, when cell contractility was inhibited using blebbistatin, a
myosin Il inhibitor, the traction stress in both surfaces dropped down.
(***P<0.0001, **P=0.01). Graphs shown mean +SD of n>10 from one experiment,
differences were analysed via non-parametric ANOVA and t-test. C) Bright field
of cells seeded on degradable (VPM) and non-degradable (SH-PEG-SH) hydrogels
(scale bar 50 um). The images on the left are without blebbistatin treatment.
The images on the right are with 10 uM blebbistatin treatment for 1h before
imaging. D) Traction stress maps of L929 cells seeded on degradable (VPM, first
row) and non-degradable (SH-PEG-SH, second row) full-length-FN-PEG hydrogels
of 8 kPa. TFM analysed with MATLAB. On the left are the maps without
blebbistatin treatment. The maps on the right represents the traction stress of
L929 cells treated with 10 uM blebbistatin for 1h. Yellow pixels are the areas

where cells are exerting higher traction stress.

3.5.2. Influence of stiffness

To have a first sight of the traction stress in the first stages of cell attachment,
human MSCs were seeded on biodegradable full-length FN-PEG hydrogels of
different stiffnesses. Cell contractility was inhibited using 10 pM blebbistatin 1

hour before imaging.

On soft surfaces, MSCs exerted lower traction forces what leaded to a decrease in
the traction stress transmitted to the ECM (Figure 3-19A). It was confirmed that
contractility is important in force generation as traction stress drop to minimum
values when blebbistatin was added to the media either on soft or stiffer surfaces
(Figure 3-19A).
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Figure 3-19. MSCs exert higher traction stress on stiffer surfaces. MSCs seeded
on full-length FN-PEG gels for 24 hours. A) MSCs seeded for 24 hours exerted
higher traction stress on stiffer surfaces. In all cases, when cell contractility was
inhibited with 10 uM blebbistatin, the traction stress registered was lower.
(**P=0.001, ***P<0.0001) Graph shown mean +SD of n>10 from one experiment,
differences were analysed via non-parametric ANOVA and t-test B) Traction stress
maps of MSCs seeded on 2.5 kPa (fist row), 8 kPa (second row) and 26 kPa (third
row) full-length FN-PEG degradable hydrogels, treated with blebbistatin (right
column) and without blebbistatin (left column).
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During this project, two types of EVOS microscopes were used. For the first
experiments, the imaging for the TFM was done in an EVOS™ FL Auto
(ThermoFisher). After one year, the group acquired the new model EVOS™ M7000
(ThermoFisher). To make sure that the results we obtained from the images taken
in this new microscope were comparable with the old one, we carried out an
experiment with MSCs seeded again on full-length FN-PEG degradable hydrogels
of 2.5 kPa, 8 kPa and 26 kPa (Figure 3-20). As it was observed before (Figure
3-20A), MSCs exerted higher forces on stiffer surfaces (Figure 3-20B). Therefore,
it is possible to conclude that as the trend and the force magnitude were similar,

the experiments run out in the different microscopes were comparable.
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Figure 3-20. TFM carried out in MSCs seeded on degradable full-length FN-
PEG gels for 24 hours in the different EVOS microscopes. A) Traction stress
exerted by MSCs imaged with EVOS™ FL Auto. MSCs seeded on soft surfaces (2.5
kPa) exerted lower forces than MSCs on stiffer surfaces (8 and 26 kPa).
(***P<0.003). B) Traction stress exerted by MSCs imaged with EVOS™ M7000. As
observed in the previous graph, MSCs seeded on soft surfaces (2.5 kPa) exert
lower traction stress than MSCs seeded on stiffer surfaces (8 kPa or 26 kPa).
Observing the highest traction stress on the stiffest surface (26 kPa). (*P=0.02,
***P<0.0001). Graphs shown mean +SD of n>10 each of them from one experiment
performed in the different microscopes, differences were analysed via non-
parametric ANOVA.
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For the last couple of years of the project, MSCs traction forces were measured

on PAA gels, due to a series of problems with FN-PEG hydrogels synthesis.

The problems of using full-length FN-PEG gels for TFM were: i) we have to work
with really thin hydrogels to be able to image the beads in the different planes
and the cells seeded on top. ii) In other to obtain them we followed a sandwich
model, polymerising the hydrogels between a hydrophobic and a silanised
coverslip (Figure 2-4). On several occasions, it was difficult to separate both
coverslips without breaking the hydrogel. iii) As described before, on top of these
main problems, the polymerisation of the hydrogels started to fail. They were not

forming properly, and cells were not able to survive on them (Figure 3-13).

Hereby, MSCs were seeded on PAA hydrogels with three different stiffnesses (3,
9,35 kPa). Looking at the traction stress maps (Figure 3-21A), the parts where the
MSCs are exerting higher traction stress appear in red. On stiffer surfaces, there
is an increase of these red areas, focalised on the edges, especially on the stiffest
surface. When the analysis was done, the highest traction stress was on the stiffest
surfaces (35 kPa). The values obtained were similar to the full-length FN-PEG
hydrogels, on average 400 Pa (Figure 3-21B). However, there were no significant

differences on the traction stress on 3 and 9 kPa surfaces (Figure 3-21B).

114



A) B)

3 kPa

600 * %%

400

200+

Traction stress (Pa)

9 kPa

35 kPa

Figure 3-21. TFM of MSCs seeded on PAA hydrogels for 24 hours. A) Bright field
of MSCs seeded on PAA hydrogels for 24hours are shown on the left column (scale
bar 50 um). The cells selected with a yellow line were analysed for TFM. Their
traction stress maps are represented in the right column. B) The highest traction
stress was registered on the stiffest surfaces. However, there were no significant
differences found between 3 kPa and 9 kPa surfaces. (***P<0.0001). Graph shown
mean +SD of n=10 from one experiment, differences were analysed via non-
parametric ANOVA.

3.6. DISCUSSION

Focal adhesions (FAs) are the direct contact of the cells with the ECM.

FAs are the physical connection of the cells with the ECM, and they are
dynamically engaging and disengaging, as has been described in the molecular
clutch model (38). Vinculin is one of the main proteins in the FAs and is involved
in the molecular clutch (38,65). When FAs formation was studied, accumulation
of vinculin was observed on MSCs seeded on degradable FN-PEG hydrogels of 8 and
26 kPa (Figure 3-2). However, the statistical analysis did not show significant
differences between these two stiffnesses. This might indicate that MSCs have

reached a threshold in FAs formation above which the reinforcement of the FAs
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starts to decrease. It has been demonstrated that FAs assembly is dependent on
surface stiffness and the loading force exerted by the cells to the ECM (38,156).
How rigidly the cells perceive the surface determines the rate at which forces are
applied to the FAs. Upon a loading rate threshold (~10 pN), cells cannot face that
much force generation, and FAs end up breaking (38,156,157). This same process
also happens when cell contractility is inhibited. The actin filaments depolymerise
and, hence, vinculin unbinds from the FAs complex. This leads to FAs turnover and
dissipation (158). After treating MSCs and 3T3-L1 cells with blebbistatin, FAs
dissipated, and vinculin appeared dispersed in the cytoplasm. The same pattern
appeared on soft surfaces, actin cytoskeleton was not formed, and vinculin
remained in the cytoplasm (Figure 3-3). Therefore, cells need to contract and
generate enough internal tension to activate vinculin. On soft surfaces, or when
cell contractility is inhibited, cells attachment to the surface is very poor and they
cannot generate enough force to establish actin filaments and produce vinculin
translocation to the FAs (38,159).

More FAs are formed on stiffer surfaces to exert higher forces.

The higher formation of FAs on stiffer surfaces coincides with a higher traction
stress recorded (Figure 3-4B,D and Figure 3-19). These forces decreased when cell
contractility was inhibited (Figure 3-19). Hence cell contractility is essential to
create enough tension within the cell and transmit the forces to the ECM through
the FAs (160,161). On stiffer surfaces cells create more FAs through which they
can exert the required forces to compensate the resistance from the ECM and
remained attached (156,160). However, if the cells are not able to contract there
is not enough tension within the cell to generate the appropriate forces. In this
situation cells attachment starts to get weaker and FAs disappear (38). Similar
pattern is observed on soft surfaces, where no FAs are formed and there is a
significant reduction of traction stress compared with the other substrates (37).
These results suggest that MSCs on degradable full-length FN-PEG gels are
mechanosensitive to matrix stiffness. However, FAs assembly and traction force
exertion appeared to have little effect on YAP nuclear translocation. Although,
higher nuclear translocation appeared on stiffer surfaces, YAP remained in the

nucleus when cell contractility was suppressed. These results suggest that YAP
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nuclear translocation is triggered by surface stiffness, but it is independent of
myosin Il inhibition (162). Hence, YAP would be able to escape blebbistatin
inhibition. Furthermore, MSCs and 3T3-L1 cells kept similar areas with and without
blebbistatin treatment on the different surfaces. This might be an indication that
cells have memory of their state just before the treatment with blebbistatin.
Therefore, they keep the same area after recognising the same substrate as before

the treatment.

YAP nuclear translocation and traction forces exertion change depending on

the mechanical properties of the surface.

On full-length FN-PEG hydrogels of different degradability YAP tended to
translocate more into the nucleus as surface stiffness increases. Regardless matrix
degradability, there was still nuclear translocation when MSCs contractility was
inhibited using blebbistatin (Figure 3-12). On PAA gels functionalised with FN,
MSCs showed YAP nuclear translocation in all the surfaces. There was only a small
decrease on the softest surface (Figure 3-14). Similar values of YAP n/c ratio were
obtained on PAA hydrogels and non-degradable full-length FN hydrogels.
Moreover, both non-degradable systems presented higher YAP nuclear
translocation than on degradable FN-PEG gels. This confirms that surface

degradability and composition play an important role even in 2D.

As a matter of fact, a difference in force exertion was also observed in L929
fibroblasts. These cells exerted higher forces on degradable gels compare with
non-degradable gels, confirming once again that the mechanical properties of the

surface are going to affect the cellular response.

Cellular behaviour changes with matrix degradability even in 2D.

However, matrix degradation by the cells over time should be considered, as it
might create inaccuracies in the analysis method. To analyse the TFM, the
displacement of the fluorescent beads from a relaxed (no cellular influence) to a
stressed (cellular influence) state is calculated to be transformed later in stress
unit by FTTC. When the images of the hydrogel are taken, cells have started to

manipulate the surface. Therefore, once cells are removed the fluorescent beads
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embedded in the gel are not going to return to their original position, creating an
extra displacement. On degradable surfaces, cells could be able to indent more
in the hydrogel, establishing FAs also within the hydrogel (58). This phenomenon
would allow the cells to pull more and exert higher forces, what is translated into
a higher traction stress (Figure 3-18B). However, it is important to bear in mind
that cells are also manipulating the surface and hence the data obtained might be
a result, not only of the cellular effect itself, but also of the surface modification.
When cells migrate within the degradable hydrogels the network breaks (34,53).
The total displacement registered is going to be higher than it should be in theory.
Not only because the cells are able to pull more, but also because of this extra

movement of the beads.

On the other hand, on non-degradable surfaces, cells cannot indent within the
hydrogel, establishing the FAs mainly on the surface (Figure 3-22A). In this case
when the cells are removed, the hydrogel network is mainly intact, and the

fluorescent beads go back to their original position (Figure 3-22A).

A)

FAs formed only
on the surface

FAs formed within
the gel and on the
~._surface

Hydrogel
network cannot
be degraded

L Hydrogel
network is
degraded

Non-degradable matrix Degradable matrix

After cell removal After cell removal

Higher Beads

Beads displacement as

displacement to
original position ‘

hydrogel network
is degraded

Figure 3-22. Cellular behaviour on non-degradable and degradable matrices
in 2D models. A) Cells seeded on non-degradable matrices are not able to break
the hydrogel network. Most of the FAs are formed on top of the hydrogel (red
squares). It is from these FAs that cells pull and exert forces, dragging the
fluorescent beads embedded in the hydrogel towards them. When cells are
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removed the hydrogel network relaxes and the embedded fluorescent beads
recover their original position. B) On the other hand, cells seeded on degradable
surfaces can indent more in the hydrogel, breaking the hydrogel network. FAs are
created within the hydrogel (pointed line delimitates the hydrogel edges), as well
as on the surface. The force that they can apply from within the hydrogel network
and on the surface is higher than on non-degradable surfaces. Also, when cells
are removed the hydrogel network is broken, hence the fluorescent beads do not
go back to the original position but move a bigger distance when the gel relaxes.
Thereby, the displacement calculated is going to be higher, translated in a higher

stress calculates in FTTC.

Surprisingly, the TFM results of MSCs on PAA gels did not demonstrate a gradual
increase in traction stress with surface stiffness. MSCs exerted similar forces on 3
kPa and 9 kPa. It is not until they were seeded on 35 kPa surfaces that there was
a significant increase in force exertion. It has been demonstrated that a difference
in stiffness of 5-6 kPa, is enough to see an increase in traction forces (163).
Therefore, the results seen here might be due to a poor attachment of cells on 9
kPa gels. If cells fail to attach and form enough FAs to anchor the surface, they

will not be capable of generating enough forces (164-166).

3T3-L1 cells are less mechanoresponsive than MSCs.

When the mechanical response of 3T3-L1 cells was studied, they seemed to be
less mechanoresponsive to matrix stiffness on PAA gels. There were no significant
differences in FAs formation among the different stiffness evaluated. However,
these values decreased when 3T3-L1 cells were treated with blebbistatin, what
confirms that cells were responsive to external stimuli. The only parameter that
did not change with blebbistatin was cell area. Either 3T3-L1 and MSCs cells on
non-degradable surfaces presented similar areas when blebbistatin was added into
the media. This could be because of the exposure time of cell to blebbistatin was
not long enough to detach cells completely. Nonetheless, there may have been a
cell area reorganisation to re-distribute forces and the characteristic branched

aspect after treatment with blebbistatin was observed.
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The FAs assembly in 3T3-L1 did not show significant differences were found. These
results could be due to the method of analysis: analysis particles in ImageJ.
Unfortunately, this method does not discriminate between the vinculin gathered
in the FAs and the one dispersed in the cytoplasm. If there was a big accumulation
of the protein in the cytoplasm, the method of analysis tended to cluster multiple
points of the staining that were in proximity together, counting them as a unique
FAs.

Another, observation that drives to think that 3T3-L1 cells might be less
mechanosensitive than the MSCs is YAP nuclear translocation. 3T3-L1 showed
lower values of YAP n/c ratios than MSCs and the average translocation was similar
in all the stiffnesses. Nonetheless, even in this cell type, YAP was not sensitive to
blebbistatin. After treating the MSCs and 3T3-L1 cells with the drug, similar

translocation ratios than on non-treated cells were observed.

It is also important to have into consideration the difference in the integrins
expression. MSCs express high amount of integrin a5p1 which bind to FN. They also
express integrins that can bind to collagen such as a1p1 (167,168). On the other
hand, 3T3-L1 express mainly the FN-binding integrin a5p1 only when they are in
the phase of pre-adipocytes. During their differentiation into adipocytes a5p1
expression decreases in favour of the laminin-binding integrin aég1 (169). The low
response of 3T3-L1 cells to FN-coated surfaces in comparison to MSCs indicate
their expression of a5p1 integrin might be lower. Also, they might have started to

differentiate into adipocytes increases the integrin expression of a6p1.

These findings suggest that not all cells are equally mechanoresponsive and their
response change depending on the matrix nature. However, all of them need to
attach to the surface to generate forces and exert them through FAs (Figure 3-23).
To assemble these FAs and exert forces, cells need to contract and generate
intracellular tension. This exchange of forces triggers the nuclear translocation of

YAP, which remains nuclear even when cell contractility is inhibited.
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Figure 3-23. Force generation in focal adhesions. Hydrogels used in TFM are
functionalised with a protein from the natural ECM to which cells can attach
e.g.FN. Cells attach to the convenient domain in the protein through integrins.
Once the cell detects the FNand attach to it, focal adhesions are formed. These
multiprotein complexes are the physical connection of the cell with the ECM and,
hence, through which forces are going to be exerted. When integrins binds to
theFN, intracellular proteins, e.g. paxillin, tension, talin, vinculin; are gathered
and they connect the integrins with the actin cytoskeleton. This complex triggers
the molecular pathway to actin filaments contraction and force exertion. When
cells exert these forces, they pull leading to substrate deformation and traction

of the fluorescent beads embedded in the hydrogel.

The table 3-3 summarises the experiments and the main results observed in

chapter 3.

Table 3-3. Summary of experiments and results in chapter 3

CELL
EXPERIMENT SURFACE RESULT
TYPE
Vinculin MSC Degradable MSCs spread more on stiffer surfaces
S
immunostaining full-length where bigger FAs were found. When
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FN-PEG
hydrogels

cell contractility is inhibited MSCs

did not form mature FAs.

PAA hydrogels

No significant differences in cell

area and FAs formation were found

3T3-L1 functionalised | among the different stiffnesses.
with FN When cell contractility was
inhibited, FAs formation decreased.
Degradable YAP tended to translocate to the
full-length nucleus on stiffer surfaces. When
FN-PEG cell contractility was inhibited, YAP
hydrogels kept translocating into the nucleus.
N There was a peak in YAP nuclear
on-
translocation on 8 kPa surfaces. YAP
degradable
MSCs kept translocation into the nucleus
full-length
when cell contractility was
FN-PEG
inhibited. There was only a decrease
YAP hydrogels
on 8 kPa surfaces.
immunostaining S— . .
PAA hydrogels | No significant differences in YAP
functionalised | nuclear translocation were found
with FN among the different stiffnesses.
No significant differences in YAP
nuclear translocation were found
PAA hydrogels
among the different stiffnesses.
3T3-L1 functionalised
When cell contractility is inhibited,
with FN
YAP kept translocating into the
nucleus.
Degradable
L929 cells exerted higher forces on
full-length
8kPa degradable surfaces compared
FN-PEG
with non-degradable surfaces. In
TFM L929 hydrogels
N both cases. In both cases when cell
on-
contractility was inhibited the
degradable

full-length

traction stress decreased.
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FN-PEG

hydrogels
MSCs exerted higher forces on stiffer
Degradable L
surfaces. When cell contractility was
full-length o )
MSCs inhibited, the traction stress
FN-PEG
registered decreased on all the
hydrogels

surfaces.
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CHAPTER 4 : UNDERSTANDING CELL METABOLISM
IN RELATION TO SURFACE STIFFNESS

4.1. INTRODUCTION

Metabolomics is the study of small biological molecules, known as metabolites,
that form part of a biological system. Measuring the levels of metabolites provides
information about what biochemical pathways might be triggered and how the

cells are responding to their surroundings (170).

To trigger the mechanical cues and generate forces during ECM-cell interactions
cells require energy obtained by the metabolism of nutrients. This energy is also
necessary for the biosynthesis of macromolecules (e.g. proteins, lipids, nucleic
acids, carbohydrates) that can be stored and works as an energy reservoir. In
situations of nutrients deprivation, these macromolecules can be catabolised to
supply energy to cellular functions (171). For instance, fatty acids are
accumulated in lipid droplets when cells have access to nutrients (e.g. amino
acids). In a situation of cell starvation, these lipid droplets go to the mitochondria
where the B-oxidation of the fatty acids takes place. The resultant acetyl-CoA is
metabolised through OXPHOS to produce ATP. This change in metabolism during
starvation is regulated by mechanistic target rapamycin complex 1 (mTORC1), a
sensor of nutrient levels, and AMPK, an energy sensor. When mTOR is activated in
presence of nutrients, AMPK is inactive which means that there are high levels of
ATP. On the other hand, AMPK activates when there is a lack of nutrients and low
levels of ATP, inhibiting mTORC1. Autophagy is upregulated liberating the lipid
droplets to the cytoplasm and enhancing their migration to the mitochondria
membrane. The lipid droplets go undergo lipolysis yielding fatty acids which enter
the mitochondria to be oxidated (172,173). Interestingly, in another study made
on mammary epithelial cells, it was observed that under nutrient limitations these
cells upregulate and internalize B4-integrin together with the ECM protein
laminin. Once inside the cell, laminin is hydrolysed into amino acids which can be
used to obtain energy. Restored the nutrient levels, mTOR is activated again and

autophagy is inhibited (174). These studies suggest a link between integrin activity
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and nutrients metabolism, being able to regulate one another to maintain cell

homeostasis.

Even though cellular mechanics and metabolism are not independent of one
another, the connection between them remains unknown. In the previous chapter,
different aspects of cellular mechanics were covered. Following up on this,
cellular metabolic activity was studied in MSCs and 3T3-L1 cells seeded on full-
length FN-PEG, PAA hydrogels and Matrigel. Firstly, it was performed a general
analysis of the metabolites profile of MSCs seeded on full-length FN-PEG
hydrogels. Later the cellular respiration rate of MSCs and 3T3-L1 cells on PAA
hydrogels was investigated using Seahorse. ATP accumulation of 3T3-L1 cells on
PAA hydrogels and Matrigel were quantified using ATP assays. Ratiometric sensors
were introduced to study the metabolism of different molecules in real time in
living cells. These biosensors emit a fluorescence signal when a target molecule
expressed within the cells binds to them. This work has shown that cells are
sensitive to every stimulus in their environment. They adapt creating a mechanical

and metabolic response.

To extend the study to more than one cell type, the metabolic response of MSCs
and 3T3-L1 was compared. Furthermore, cells need to be transfected to
incorporate the ratiometric sensors. Due to the difficulty to transfect primary cells
(e.g. MSCs), 3T3-L1 cells were selected as they are easy to transfect and can
differentiate into adipocytes, following a MSCs-like behaviour. The respiration
rate and ATP levels were analysed in both types of cells to see if similar responses
are generated and hence, the response observed in one type can be extrapolated
to the other.

3T3-L1 cells are a murine line generated to study adipogenesis. They are
fibroblasts that can acquire an adipocyte phenotype under suitable conditions
(175,176). Their adipogenesis differentiation has been compared with the MSCs.
For instance, it has been demonstrated that the expression of the receptor
leukocyte common antigen related (LAR) decreases adipogenesis in both cell
types. LAR decrease the tyrosine phosphorylation in the insulin receptor which
leads to a downregulation of the Akt pathway and hence the transcriptional factor

PPARy, one of the main markers in adipogenesis (177). In another study, it was
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observed the effect of surface charge on the cellular uptake and cytotoxicity of
mesoporous silica nanoparticles. MSCs presented a higher uptake of charged
particles. However, the viability, proliferation and differentiation of both cell
types were not affected by the nanoparticles. Furthermore, they demonstrated
that both cell types require of actin polymerisation for the endocytosis of the
nanoparticles (178). Based on these experiments, 3T3-L1 cells seemed a proper

cell line to compare with MSCs.

4.2. GENERAL METABOLOMICS

To understand the metabolic activity of MSCs, the level of metabolites was
measured after 24 hours and 7 days of culture. These time points were selected
to cover the metabolome profile in early stages of proliferation and
differentiation. Both time points were compared with the basal level of
metabolites before seeding (time 0), this provided a baseline measurement to
compare the effects of the different culture conditions on the metabolic
pathways. MSCs at time 0 were collected from the cell suspension which were
kept at 37°C upon metabolites extraction. Between harvesting the cells from the
flask to extracting the metabolites, MSCs were in suspension no more than 1 h.
From all the metabolites obtained, six main metabolic pathways were selected to
study the cellular metabolic activity: TCA cycle, glycolysis, glutathione
metabolism, urea cycle, nucleotides and fatty acids biosynthesis. MSCs were
seeded on glass and on FN-PEG hydrogels of different stiffnesses. The media was

changed every two days to maintain the levels of nutrients.

Firstly, the level of metabolites after 24 hours, 7 days and time 0 were compared
(Figure 4-1A). Generally, in all the surface stiffnesses, MSCs accumulated more
metabolites after 24 hours of seeding than after 7 days. On both occasions, MSCs

had similar levels of metabolites on glass and time 0.

Comparing 24 hours versus time 0, MSCs presented higher levels of metabolites on
stiffer hydrogels compared with their basal activity at time 0. On glass, the highest
activity was in the biosynthesis of fatty acids (Figure 4-1B).
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After 7 days (Figure 4-1C), the activity registered was the opposite. On gels, MSCs

had higher levels of metabolites on soft surfaces compared with 8 or 26 kPa

stiffness. MSCs seeded on glass had a similar level of metabolites to time 0. It was

especially apparent in the levels of glutathione observed.

At time 0, MSCs presented the highest levels of 2-oxoglutarate in comparison with

the other time points.
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Figure 4-1. The metabolites profile of MSCs metabolites profile changes
depending on surface stiffness. The levels of metabolites were normalised by
protein values measured with nanodrop. The absolute abundance of metabolites
was detected by liquid chromatography mass spectrometry (LC-MS) using a ZIC-
PHILIC column. Metabolites were extracted from n=300000. Results come from
one experiment. All the comparisons were done taking as a reference the
metabolites levels at time 0. This will indicate the starting point and any value
above these ones appears in red and below appears in blue. A) Level of
metabolites of MSCs at time 0, 24h and 7 days. Compared with the levels of
metabolites MSCs had just before seeding them (time 0, TO), MSCs produced and
accumulate more metabolites after 24 hours than 7 days. B) Level of metabolites
of MSCs seeded on different surfaces after 24 hours, compared with time 0. The
level of metabolites increased with hydrogel stiffness. On glass, MSCs
accumulated more fatty acids than at time 0. C) Level of metabolites after 7
days compared with time 0. The highest level of metabolites was on soft

hydrogels. On glass, there was similar levels of metabolites to time O.
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4.3. CELLS RESPIRATION RATE INCREASES WITH SURFACE STIFFNESS

Seahorse assay was used to study oxygen consumption rate in MSCs and 3T3-L1
cells. This test is used to assess the mitochondrial functionality by the
manipulation of the electron transport chain (ETC) at different levels. It provides
information about the basal respiration, ATP-link respiration, energy-
accumulation capacity, and non-mitochondrial respiration, being possible to find
any mitochondrial dysfunction (179,180). Different drugs were injected at
different times (Table 4-1), disrupting a specific part of the ETC enabling reading
to be taken at different stages of the ETC (Figure 4-2A,B).

Table 4-1. Drugs used during Seahorse assay and their mechanism of action

Drug Action ETC’s part affected

. ) ATP synthesis inhibition by blocking the
Oligomycin Complex V
proton channel

— Transports protons across the Membrane’s proton
mitochondrial inner membrane gradient disrupted

Inhibition of electron transfer from iron-
Rotenone ) o Complex |
sulfur centres in complex | to ubiquinone

Inhibition of electron transport at
Antimycin A | complex Il and reactive oxygen species Complex I
(ROS) induction

After normalising the data with the basal respiration, the oxygen consumption
rate of cells seeded directly on tissue culture plates showed that MSCs had a higher
respiration rate than 3T3-L1 (Figure 4-2D,F).

This technique uses specific plates with probes at the bottom of the well. The
complexity of the plates made the polymerisation of FN-PEG or PAA gels
challenging. For this reason, to understand how cells respond to surface stiffness,
Matrigel was used. A higher respiration rate on stiff surfaces (E = 1GPa) was
observed compared with soft (E = 250 Pa) for both cell types (Figure 4-2G). In this
occasion 3T3-L1 cells showed a higher respiration rate than MSCs even after the
normalisation with the basal respiration rate (Figure 4-2H).
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Figure 4-2. MSCs and 3T3-L1 cells oxygen consumption rate changes
depending on surface stiffness and composition. A) Agilent Seahorse XF Cell
Mito Stress Test profile, showing the key parameters of mitochondrial function.
B) Agilent Seahorse XF Cell Mito Stress Test modulators of the ETC. These images
have been taken from the Agilent Seahorse XF Cell Mito Stress Test kit’s user
guide. C) and (E) show the oxygen consumption rate profile of MSCs (yellow line)
and 3T3-L1 (blue line). In both cases 3T3-L1 cells showed higher basal respiration
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rate than MSCs. Each figure corresponds to two different experiments. In these
two experiments MSCs and 3T3-L1 cells were seeded directly on TCP. D) and (F)
show the oxygen consumption rate profile of MSCs (yellow line) and 3T3-L1 (blue
line) normalised by cell basal respiratory rate obtained in (C) and (E)
respectively. G) Oxygen consumption rate profile of MSCs and 3T3-L1 cells seeded
on soft (E=250 Pa) (MSCs in blue, 3T3-L1 in yellow) and stiff (E=1GPa) (MSC in
pink, 3T3-L1 in green) Matrigel coatings. H) Oxygen consumption rate profile
normalised by basal respiration rate showed in (G) of MSCs and 3T3-L1 cells
seeded on soft (MSCs in blue, 3T3-L1 in yellow) and stiff (MSC in pink, 3T3-L1 in
green) Matrigel coatings. The raw results were normalised to basal respiration to
be able to see differences in further stages considering that the cells start from

the same respiration rate.

4.4. FIBROBLASTS 3T3-L1 ACCUMULATE MORE ATP ON SOFT
SURFACES RICH IN COLLAGEN

For 3T3-L1, the level of ATP on hydrogels of different nature and stiffness were
measured (Figure 4-3). Firstly, we performed a fluorometric ATP assay on 3T3-L1
cells seeded on soft (E = 250 Pa) and stiff (E = 1 GPa) Matrigel surfaces (Figure
4-3A,B). A trend in the amount of ATP was visible, showing higher levels on soft

surfaces (Figure 4-3B).

Secondly, using a luminescence ATP kit, the concentration of ATP in 3T3-L1 cells
on glass and on 3, 9 and 35 kPa PAA hydrogels functionalised with FN was analysed
(Figure 4-3C,D). The lowest ATP concentration was found on 3 kPa surfaces and
the highest on 9 kPa (Figure 4-3D). 3T3-L1 cells were treated with 10 pM
blebbistatin, a myosin inhibitor, for one hour. The levels of ATP found were similar

to non-treated cells (Figure 4-3D).
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Figure 4-3. 3T3-L1 cells ATP accumulation is related with surface stiffness
and composition. A) Fluorometric ATP assay standard curve and trendline
equation. B) ATP concentration of 3T3-L1 cells on soft and stiff Matrigel surfaces.
3T3-L1 cells accumulate more ATP on soft surfaces when their composition in
collagen based as it is the case of Matrigel. C) Luminescence ATP assay standard
curve and trendline equation. D) ATP concentration of 3T3-L1 cells seeded on 3,
9 and 36 kPa PAA hydrogels coated with FN. 3T3-L1 accumulate less ATP on soft
surfaces FN-based compare with stiffer ones. Graphs shown mean +SD of n<10,
differences were analysed via non-parametric ANOVA and Mann-Whitney test. NS
p>0.9999, * p<0.03, **** p<0.0001.

4.5. RATIOMETRIC SENSORS

Ratiometric sensors were incorporated in 3T3-L1 cells to study cellular
metabolomic activity in real time. These biosensors are a useful tool to visualise
how a protein of interest moves in the cell under different environments. Cells
are required to be transfected with plasmids carrying the specific biosensor. Due
to the difficulty of transfecting primary cells, these experiments were performed
using 3T3-L1 cells. The signal of the biosensors was followed using different media
conditions on 3T3-L1 cells culture on tissue culture plates (TCP) or Matrigel
hydrogels (0.2 kPa).
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4.5.1. PercevalHR and pHRed

PercevalHR is a biosensor used to monitor the intracellular ATP:ADP ratio in living
cells. It provides important information about the energy status of the cells. The
sensor has two excitation peaks: ~420 and ~500 nm. When ATP binds to the sensor
there is more fluorescence signal at ~500 nm, and when it is bound to ADP, there
is more signal at ~420 nm (181). The fluorescence emission was collected at 482
nm (for ATP) and 445 nm (for ADP).

The problem with this biosensor is that it is sensitive to the pH. Variations in the
pH can modify PercevalHR signal yielding a false result. Therefore, it is necessary
to correct the pH influence on the biosensor. 3T3-L1 cells were transfected
simultaneously with PercevalHR and pHRed, a biosensor that gives information
about the intracellular pH. It has dual excitation peaks at 440 and 585 nm (182).

The fluorescence emission was collected at 578 nm and 445 nm.

The ATP:ADP ratio is interpreted by Fa4s:/Fass. To analyse the influence of the pH,
the signal of pHRed biosensor is represented as Fs7s/Fa45. The signal of Perceval
did not show any marked changes when it was stimulated with the addition of
different molecules to the media. Three experiments were carried out at three
different days. In the first experiment, different media conditions were used to

compare with the other two.
The conditions used in each experiment are described in Table 4-2.

Table 4-2. Media conditions in PercevalHR and pHRed biosensors

Common conditions in the three experiments

Condition Description Objective

3T3-L1 cells on TCP with regular | Observe cellular response
culture media (High glucose DMEM + | on stiff surfaces
Ctrl 1% sodium pyruvate + 2mM glutamine
+ 20% FBS +
1%Penicillin/Streptomycin)

3T3-L1 cells on Matrigel 0.2 kPa with | Observe cellular response

0.2 kPa regular media on soft surfaces
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DMEM + high glucose Upregulate OXPHOS and
Glucose :
ATP production
Conditions in experiment 1
2-Deoxyglucose is a modified glucose | ATP depletion
molecule: the 2-hydroxyl group has
2-DG been replaced by hydrogen. It cannot
be metabolised and blocks glycolysis
(183)
Sodium DMEM + Sodium pyruvate Maintain OXPHOS and ATP
Pyruvate production
Conditions in experiment 2 and 3
0.2 kPa + 3T3-L1 cells on soft Matrigel surfaces | Lower ATP/ADP ratio ATP
G'l treated with DMEM + high glucose levels with cells on TCP
ucose :
supplement with glucose
DMEM + L-Glu Compare ATP production
L-Glu .
with glucose
No supplements Decrease of the ratio
DMEM ATP/ADP

No consistency was observed in the experiments performed. In experiment 1

(Figure 4-4A,D), no change in PercevalHR signal was observed among conditions

(Figure 4-4A). However, there was a change in intracellular pH (Figure 4-4D). In

the next two experiments, the intracellular pH varied differently with the same

condition (Figure 4-4E,F). PercevalHR signal did not show any marked changes. In

experiment 2 (Figure 4-4B) there appears to be a slight decrease in ATP:ADP ratio

when 3T3-L1 cells have been supplemented with glucose, either on soft or on

tissue culture plate (TCP), and L-Glu. In experiment 3 (Figure 4-4C), PercevalHR

signal remain constant, except for the presence of L-Glu where a lower

concentration of ATP was observed.
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Figure 4-4. Perceval signal does not show any marked changes among
conditions. Intracellular pH varies with media supplements. 3T3-L1 cells were
seeded directly on TCP or on Matrigel gels which had a stiffness around 0.2 kPa
(indicated in the graphs with stiffness value). A) PercevalHR signal ratio for
experiment 1. Biosensor signal was similar in all the conditions. B) PercevalHR in
experiment 2 shows a trend. There was a decrease in the signal when glucose
(orange) was incorporated. The signal was recovered with DMEM (pink). C)
PercevalHR signal ratio in experiment 3. There was a decrease in the signal when
L-Glu (red) was incorporated. D) pHRed signal ratio in experiment 1. There was
an increase in pHRed signal when 2-DG (dark blue) was incorporated. This
indicated an acidification of the media. E) pHRed signal ratio in experiment 2.
There is an opposite trend to Perceval. As control (light blue) and soft surfaces
(purple) remain similar, there was an increase in the signal when glucose (green

and orange) was incorporated and a decrease in the presence of L-Glu (red) and
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DMEM (pink). F) pHRed signal ratio in experiment 3. There was an increase in
media pH with glucose, either on soft (green) and stiff surfaces (orange), and
DMEM, as biosensor signal decrease. L-Glu (red) increase media acidity. Graphs
shown mean +SD of n>10, differences were analysed via non-parametric ANOVA.
NS p>0.9999, * p<0.02, **** p<0.0001.

To understand if these results were a consequence of PercevalHR sensitivity to
pH, the signal at 482 nm due to ATP binding to PercevalHR was normalised with
the signal of pHRed at 578 nm (Figure 4-5). In this case it was possible to see the
fluctuation of ATP cellular accumulation in the different media conditions. In the
first experiment there was a decrease in ATP when 2-DG is incorporated into the
media. However, the ATP production increases with sodium pyruvate and glucose
(Figure 4-5A).

In experiment 2, 3T3-L1 cells showed higher amount of ATP when the media was
supplemented with glucose on soft surfaces and with L-Glu (Figure 4-5B). On the
contrary, under the same conditions, in experiment 3 the ATP signal increased
when the media was supplemented with glucose on TCP and when 3T3-L1 cells

were in DMEM without extra supplements (Figure 4-5C)
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Figure 4-5. Depending on media composition, cellular ATP/ADP ratio change.
A) Experiment 1. Adding 2-DG minutes (dark blue) decreased biosensor signal.
Sodium pyruvate (light brown) and glucose (orange) increase ATP/ADP ratio. B)

Experiment 2. No significant differences were found in 3T3-L1 cells seeded on
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soft surfaces (purple) or directly on the TCP (light blue). Higher values of
ATP/ADP were found in cells seeded on soft surfaces with glucose addition (green)
and cells on TCP with a L-Glu (red) supplement. 3) Experiment 3. The highest
signal of the biosensors was found in 3T3-L1 cells supplemented with glucose
(orange) and in DMEM (pink) without any other supplement. Graph shown mean
+SD of n>10, differences were analysed via non-parametric ANOVA. NS p>0.9999,
**** p<0.0001.

4.5.2. ExRai AMPKAR

ExRai AMPKAR has been shown to be an advanced tool to study AMPK activation.
This biosensor is a single-fluorophore ratiometric reporter with high affinity for
AMPK. It integrates a circularly permuted enhanced green fluorescent protein
(cpEGFP) between an AMPK substrate domain and the phosphoamino acid-binding
forkhead associated domain 1 (FHA1), both domains are essential for AMPK activity
(184). AMPK activated under stress situations when the ratio AMP:ATP increases
(184,185). When AMPK is active, it can bind to ExRai AMPKAR by sensing the FHA1
domain and phosphorylate the substrate sequence in the reporter. This leads to
an increase in the fluorescence emission at 480 nm excitation and a decrease in
the 400 nm one (184). As a negative control it was used the biosensor with the
phosphorylation site mutated from a threonine to an alanine (ExRai AMPKAR T/A),

this result in a biosensor with minimal response (184).

Two experiments with different media conditions were performed in 3T3-L1 cells
to study AMPK activation under cellular stress environments (Figure 4-6). In the
first experiment 3T3-L1 cells were treated with 4 different drugs: 2-DG, a
modified glucose molecule that cannot go through glycolysis; compound C, an
AMPK inhibitor, with 2-DG; AICAR, an analogue of adenosine monophosphate (AMP)
which stimulates AMPK activity; and YM, a combination of the two cellular
contractility inhibitor Y27632 and ML7 (Figure 4-6A,B). AMPK activity was
increased when 3T3-L1 cells were treated with 2-DG and AICAR. However, when
compound C was incorporated into the media, the enzyme activity decreased.
Inhibition of cellular contractility with YM, also increased AMPK activity (Figure
4-6A). Mutant signal did not have big fluctuations (Figure 4-6B).
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For the second experiment (Figure 4-6C,D), 3T3-L1 cells were not treated with

YM. Instead, a new condition was incorporated to understand cellular response to

surface stiffness: cells seeded on soft surfaces and treated with 2-DG. An increase

in AMPK activity was observed with 2-DG regardless surface stiffness. As it was

observed in the first experiment, when compound C is incorporated into the media

AMPK activity decreased even though 2-DG was in the media. Enzyme activity

increased with AICAR (Figure 4-6C). Mutant fluorescence also showed significant

differences (Figure 4-6D).

A) ExRai AMPKAR
*ok ok k

C) ExRai AMPKAR

% %k %k %k

| * %k Xk Xk

I %k %k %k %k

% %k %k %k

=)

B) ExRai AMPKAR T/A

%k Xk %k %k

FasgslF 400
e n
| L
|
-—41*-
[
—o
—
|

C#'g 7.9 c?
Qp q'dﬂ S
R

o°&

D)

ExRai AMPKAR T/A

%k Xk %k

%k %k k%

| *ok ko
* %
| | * oKk K
3 A

Figure 4-6. ExRai AMPKAR signal changed depending on AMPKAR activation.

A) ExRai AMPKAR signal ratio in the first experiment. There were no significant

differences in AMPK activation in 3T3-L1 cells on control (light blue) and on soft
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surfaces (purple). Compound C in combination with 2-DG (dark blue) leaded to a
minimum activation of AMPKAR. AICAR (orange) and 2-DG alone (green) increased
AMPKAR activity. Cell contractility inhibition with YM (yellow) showed similar
activation than on control. B) ExRai AMPKAR T/A signal ratio in first experiment.
Significant differences were obtained among conditions. C) ExRai AMPKAR signal
ratio in the second experiment. There are no significant differences on soft
(purple) or in control (light blue). AMPK activated with 2-DG (red and green).
Compound C in combination with 2-DG (dark blue) decreased AMPK activity, while
AICAR (orange) stimulated it. D) ExRai AMPKAR T/A signal ratio in the second
experiment. No significant differences of AMPK activity were found among
conditions. Graph shown mean +SD of nx=10, differences were analysed via non-
parametric ANOVA. NS p>0.07, ** p<0.002, **** p<0.0001. These results come from

two different experiments.

4.5.3. Peredox-mCherry

Peredox-mCherry biosensor was used to study the metabolism of NADH. The
biosensor emits constantly red fluorescence. However, when NADH bind to the
biosensor, green fluorescence increases. NAD+ union to the biosensor does not

change the fluorescence emission (186).

Three different experiments were conducted to test NADH metabolism (Figure
4-7). The three experiments were performed after 24 hours of culture. For the
first experiment (Figure 4-7A) 3T3-L1 cells were treated with 2-DG at different
time points: few minutes before imaging and immediately before imaging. In both
cases, 2-DG decreased intracellular NADH. However, the decrease was higher
after few minutes of exposure to the drug. Supplementing the media with glucose
and L-Glu increased NADH levels, as it did lactic acid. Surfaces stiffness did not

seem to have an effect in NADH levels.

Next two experiments were done at different time points, but with the same
conditions, to see the reproducibility of the experiment. In the second experiment
(Figure 4-7B), significant differences were found on 3T3-L1 cells seeded directly

on TCP and on soft surfaces, where 3T3-L1 cells showed higher levels of NADH.
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Lactic acid increased NADH amount, although, this increasement was again higher
on soft surfaces compare with 3T3-L1 cells on TCP (control). Glucose produced
similar NADH levels as in lactic acid. Supplementing the media with sodium

pyruvate decreased NADH.

In the third experiment (Figure 4-7C) no significant differences were found on
different stiffnesses. Similarly, to what we observed previously, glucose and lactic
acid increased NADH, while sodium pyruvate decreased it. This time, the increase

with lactic acid was higher in 3T3-L1 cells on TCP rather than on soft surfaces.
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Figure 4-7. 3T3-L1 cells’ NADH metabolism change depending what nutrients
are in the media. NADH bind to the biosensor increase green fluorescence, it
does not influence in the red signal of mCherry. The data obtained from the
protein expression (green signal) were normalised by the red fluorescence. The
graphs show the ratio green/red florescence. A) Experiment 1. There are no
differences in NADH levels on TCP (light blue) and on soft surfaces (purple).
Treatment with 2-DG for a couple of minutes (dark blue) decrease the green
signal of the sensor. Combination of glucose and L-Glu (light brown) and lactic
acid (orange) increases NADH production (increase in green signal of the
biosensor). B) Experiment 2. Lactic acid increases NADH levels more on soft
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(green) than on TCP (orange). Sodium pyruvate (yellow) decrease the green signal
(less NADH). Glucose (pink) increases the green signal (more NADH). C)
Experiment 3. Higher values of the ratio green/red indicate a higher activation
of Peredox compare with the other two experiments. The higher biosensor signal
was found in media enriched with glucose (pink) and lactic acid (orange). In this
occasion the increase with lactic acid on soft surfaces (green) was not as
pronounce as in experiment 2. Sodium pyruvate (yellow) creates a decrease in
green signal. Graph shown mean +SD of n>10, differences were analysed via non-
parametric ANOVA. NS p>0.9999, **p<0.002, **** p<0.0001.

4.5.4. iNap

iNap has been developed to study NADPH metabolism (187). It has two excitation
peaks around 420 nm and 500 nm, and one emission peak 515 nm. Transfected
cells are constantly emitting green fluorescence. When NADPH binds to the
biosensor the fluorescence at 420 nm increases and the one around 500 nm (green)
decreases. A mutant iNap form (iNapC) which cannot bind to the ligand was used

as a control (187).

3T3-L1 Cells were cultured in different media conditions and on different
stiffnesses. 3T3-L1 cells showed similar NADPH levels regardless of the surface
stiffness (Figure 4-8). Lactic acid did not seem to cause any effect in NADPH
metabolism, either on soft surfaces or on TCP (control). On the other hand, sodium
pyruvate prompted NADPH generation, while treating 3T3-L1 cells with the
combination of dehydroepiandrosterone and dimamide (DD) showed minimum
values (Figure 4-8A). Dehydroepiandrosterone is a steroid hormone known for
inhibiting G6PD activity and subsequently NADPH release in the reaction catalysed
by this enzyme. Diamide is an oxidizing agent leading to the oxidation of NADPH.
The combination of both creates a total depletion of NADPH, as it is consumed to
reduce the oxidative effect of the diamide, and its synthesis is inhibited by

dehydroepiandrosterone (188).

The signal of the biosensor might be influenced by the pH, to correct this

fluctuation it is possible to normalise the results of iNapl by iNapC, which responds
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similarly to pH, but NADPH cannot bind to it. In this case, the effect of the pH is
eliminated.

After the correction, 3T3-L1 cells presented higher levels of NADPH when they
were in regular culture media (high glucose DMEM, supplemented with sodium
pyruvate, L-Glu, P/S and FBS) (Figure 4-8C). NADPH levels decreased when 3T3-
L1 cells were seeded on soft surfaces. Treatment with DD showed minimum levels
of NADPH. There are significant differences in 3T3-L1 cells seeded on different
stiffnesses. Either in control media or in DMEM with lactic acid, 3T3-L1 cells
showed lower levels of NADH on soft surfaces.
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Figure 4-8. iNap is a good indicator for NADPH metabolism. A) iNapl results.
Lower signal of the biosensor was found when DD (green) was added into the
media. Sodium pyruvate (red) increases biosensor signal. B) iNapC results.
Increase of signal with sodium pyruvate (red) and DD (green). C) iNapl corrected
by normalising to iNapC. The highest levels of NAPDH are in 3T3-L1 cells seeded
on TCP (blue). The lowest levels were found in 3T3-L1 cells treated with DD
(green). Lactic acid (yellow) and sodium pyruvate (red) increase slightly the
amount of NADPH. Graph shown mean +SD of n>10, differences were analysed via
non-parametric ANOVA. **** p<0.0001. these results come from two different

experiments.
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4.6. DISCUSSION

MSCs accumulate higher levels of metabolites on stiff surfaces compare with

soft. These metabolites will be used in later stages.

MSCs seeded on FN-PEG hydrogels of different stiffnesses showed higher
accumulation of metabolites after 24 hours than 7 days compared with the basal
levels at time 0. These results suggest that in early stages of culture MSCs are
mainly interacting with the ECM and proliferating. Their metabolic activity is not
particularly high; hence they are accumulating metabolites. After 7 days, the
metabolic activity increases and MSCs start using these metabolites. In later stages
there might be a balance between metabolites production and usage, a metabolite

may be used or discarded before it can be accumulated.

After 24 hours of seeding there is a trend in relation with surface stiffness: MSCs
accumulated more metabolites on stiffer surfaces than on soft. Following previous
observations in this study, as MSCs are more mechanically and metabolically active
on stiff surfaces, they generate metabolites at much higher speed than on soft
surfaces. As in these early stages, MSCs are not using these metabolites, they
accumulate higher levels on stiff surfaces. Nonetheless, previous studies have
demonstrated that cells seeded on soft surfaces tend to accumulate more fatty
acids and express more adipogenesis markers, compare with cells seeded on stiff
matrices (106,189). However, in this occasion, the levels of fatty acids after 24
hours were higher on stiff surfaces compare with the softest ones. The difference
in the results obtained in this study might be for the supplements used in the
media, the different composition in the matrix (here FN-PEG hydrogels were used,
while the other studies were performed on PAA hydrogels functionalised with FN),
the different stiffness use for soft matrices (~0.5 kPa in previous studies, 2.5 kPa
in this study) or, in this case, the donor from who the MSCs were obtained, was

low responsive for adipogenesis.

The trend observed after 24 hours is lost after 7 days of culture. At this time point
the highest levels of metabolites were found on soft surfaces. This observation

supports the hypothesis that cells are less active on soft surfaces. As their
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metabolic activity is lower, the metabolites produced are not consumed at the
same rate than on stiffer surfaces, thereby they can accumulate over time.
Furthermore, after 7 days it is important to have into consideration the
proliferation rate. Cells proliferate faster on stiff surfaces compare with soft.
When cells are confluent they start to enter in oxidative stress and they nutrients
available in the media are much lower. Therefore, they need to use these
metabolites to supply energy. On soft surfaces, the proliferation rate is lower,
hence more nutrients are available in the media, and they do not need to use the
metabolites generated. An indication of high proliferation on stiff surfaces could
be the high levels of glutathione on glass. Glutathione is the main antioxidant
factor towards reactive oxygen species (ROS) generated under oxidative stress in
the cells (190). When cells are confluent, they compete for the available nutrients
initiating oxidative stress. Consequentially, glutathione becomes upregulated to
maintain cell homeostasis. In a study carried out in cancer cells from Waldenstrom
Macroglobulinemia, it was observed that when glutathione synthesis was inhibiting
using buthionine sulphoximine there was a significant reduction in cell
proliferation and growth, as well as a downregulation in proinflammatory
pathways (e.g. NFKB and MAPK-p38) (191). Therefore, glutathione also regulates
cell proliferation and growth. Furthermore, the metabolites levels in glass were
similar to TO. This could be another indication of high proliferation. MSCs need to
use the metabolites generated to survive and their synthesis rate is not enough to
accumulate them. Also, after 24hours the higher accumulation of nucleotides and
fatty acids on glass than at TO, could be to get nutrients to survive. When MSCs
are overconfluent the nutrients in the media start to be limited and cells need to

use their own resources to supply this nutrients deprivation.

Compared with the other time points. The metabolite that was highly produced
at time 0 was 2-oxoglutarato, an intermediate metabolite in TCA cycle. These
cells were coming from the MSC suspension pool prior to cell seeding. When cells
detach and lose the contact with the ECM there is a decrease in nutrients uptake
(e.g. glucose) which leads to a downregulation of the subsequent pathways (e.g.
glycolysis and TCA cycle). This leads to a reduce in NADPH levels and increase of
ROS in mitochondria (192). In these circumstances, glutamine translocate to the

cytoplasm where is converted into 2-oxoglutarate which enter the mitochondria
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to produce NADPH to neutralise ROS (192-194). Also, it has been also observed an
implication of 2-oxoglutarate in hypoxia. The 2-oxoglutarate dependent
dioxygenases depend on oxygen, reduced iron and 2-oxogluratate to act. They act
as an oxygen sensor and when the levels drop, they initiate the expression of
hypoxia inducible factor 1 (HIF1) (195,196). Based on these observations, the high
levels of 2-oxoglutarate at time 0 might indicate a situation of cellular stress and

hypoxia.

MSCs and 3T3-L1 respiration rate increases with surface stiffness. The

increase in the cellular activity requires ATP.

MSCs respiration rate was higher on stiffer surfaces compare with soft surfaces
after 24 hours of culture. This observation correlates with the results obtained in
the metabolomics analysis after 24 hours, where MSCs produced more metabolites
on stiff surfaces. These results indicate that MSCs were more metabolically active
on stiffer surfaces, as reflected by their increased respiration rate. Furthermore,
MSCs seeded on soft matrices after 24 hours showed increasing levels of adenosine
with surface stiffness (Figure 4-1), which is required for ATP synthesis. 3T3-L1
cells followed a similar pattern when they were seeded on different stiffness of
Matrigel. Their respiration rate was higher on stiff surfaces compare with soft.
Plus, the ATP concentration obtained in the ATP assay was higher on soft surfaces
compare with stiff. The lower levels of ATP on stiff surfaces indicates that 3T3-L1
required this energy in the form of ATP to supply their metabolic activity. A
previous study done by MA et al. demonstrated the implication of surface stiffness
in mitochondria morphology and function. The mitochondria of human periodontal
ligament stem cells (PDLSCs) on soft surfaces appeared short and round, followed
by a mitochondrial dysfunction. Consequently, osteogenesis differentiation was
disrupted. However, mitochondria were capable to recover their regular activity
and osteogenesis was upregulated, when cells were transfer to a stiff surface
(197).

The nature of the surface has a influence in cell response.
Cellular respiration rate is related with the nature of the ECM (197). 3T3-L1 cells

seeded directly on the TCP had lower respiration rate than MSCs. However, when
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the cells were seeded on stiff and soft surfaces of Matrigel we observed the
opposite: 3T3-L1 shown higher respiration rates than MSCs. Matrigel is made of
collagen, therefore the proteins presented in the ECM may have an influence in
cellular respiration. Furthermore, in the case of 3T3-L1 cells ATP production was
also influenced by the nature of the hydrogel. Higher concentration of ATP on soft
surfaces was found when the surface was collagen based. However, on PAA
hydrogels functionalised with FN, higher concentration of ATP was found on stiffer
surfaces, especially on medium rigidity (9 kPa). Moreover, the ATP concentration
measured on the FN based surfaces was lower than on collagen, what might
indicate that 3T3-L1 cells are more receptive to collagen and their metabolic
activity is promoted on these surfaces. Indeed, 3T3-L1 are collagen dependent for
their differentiation into adipocytes. It has been studied that the inhibition of the
receptor GPR56 which bind to collagen type Ill reduces adipogenesis in 3T3-L1, as
well as cell attachment and proliferation (198). Also, 3T3-L1 remodel ECM
secreting and exerting collagen (199). Therefore, culturing 3T3-L1 on Matrigel is
likely to impact on cell behaviour. Hereby, these results have shown that cellular
response seems to be influenced by matrix stiffness and composition. However, if
cells are more sensitive to one or another is difficult to tell. In a study made in
mammary epithelium, it was observed that keeping the ECM composition constant
and increasing the stiffness induced malignant phenotypes. Conversely, changing
the matrix composition by decreasing the density of cell-adhesion ligands
available decreased malignancy development (200). Also, melanoma cells have
shown to be responsive to an increase in matrix stiffness only when fibronectin
was present, whereas in a collagen-based matrix they did not respond to surface
stiffness (201). Nonetheless, the cellular response to matrix stiffness and
composition also depends on the matrix receptors expressed (e.g. integrins,
filamin A, talin) (49,200,201). Filamin A is an actin-binding protein implicated in
cell adhesion and migration. The melanoma cells response described above was in
the absence of filamin A expression. On the other hand, when a melanoma cell
line overexpressing filamin A was seeded in the same surfaces, they change their
adherent area either on collagen and fibronectin coated surface with an increasing
stiffness (201).
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ATP levels in 3T3-L1 cells are kept constant after contractility inhibition.

It was interesting to observe that ATP production is not dependent of cell
contractility inhibition with blebbistatin. Blebbistatin inhibits myosin II-ATPase,
ATP hydrolysis slows down and as a consequence, cells cannot contract. As
explained in previous chapters, cell contractility plays an important role in
cellular behaviour. When cell contractility is inhibited, cells cannot exert enough
forces and the FAs decrease. Therefore, ATP is not going to be consumed to form
the actin cytoskeleton and generate forces. The ATP synthesized might be
consume at a lower rate, being accumulated for longer time. These results
correlate with a study carried out by Xie et al. where they measured the ATP
levels in MSCs seeded on 20 kPa PAA gels functionalised with collagen I. After 3
hours of culture, cell contractility was inhibited with blebbistatin and they
observed that ATP levels were not affected, showing similar levels than cells
without the treatment. Interestingly, inhibiting cell contractility with blebbistatin
after 10 and 20 hours of culture, the levels of ATP started to increase. This
indicates that ATP is mainly consume at early stages of cell spreading to create
an organised actin cytoskeleton and generate tension that can be maintain in later
time points (202). A Seahorse assay should be done to confirm if cellular
respiration rate decreases with blebbistatin treatment and what the respiration

patten of 3T3-L1 cells on fibronectin-based surfaces is following treatment.

3T3-L1 need nutrients to carry out their metabolic activities.

The results obtained with the ratiometric sensors had high variability. Cell
responded differently on different experiments. The main advantage of these type
of biosensors is that it is possible to have a real-time sight of cellular response and
if they are going through a stress situation. However, they have the inconvenience
that their signal is highly influenced by the intracellular conditions. For instance,
acid pH interferes in PercevalHR signal (181). Furthermore, these experiments
relay on the number of cells transfected. Nonetheless, these results demonstrate
that cells respond to small changes in the media. Cells need from their main fuel
sources to survive when these are not provided, or are blocked, cellular metabolic
activity decrease. When the glucose analogue, 2-DG, was present in the media the

biosynthesis pathways were disrupted (e.g. ATP and NADH synthesis) (Figure 4-4,
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Figure 4-7, Figure 4-8) and stress protection mechanisms are activated (e.g. AMPK
activity increases) (Figure 4-6). However, when the media was supplemented with
glucose, L-Glu, sodium pyruvate or lactic acid, cellular metabolic activity
increased. Generally, when significant differences were found with cells seeded
on soft surfaces, the signal of the biosensor was lower, what confirms that in these

circumstances cells are less metabolically active.

It is necessary to investigate more with these biosensors to fully understand their
dynamics, what can affect their signal and how they can be activated.
Nonetheless, these first experiments have demonstrated that cells are responsive
but sensitive to any change in the environment. Also, the changes in biosensor
signal might be due to a poor cell transfection. If cells have been damaged during
the process or if they have not been fully transfected, the response seen might be
affected. It would be interesting to study longer time points, where changes in
the biosensor signal can be immediately observed and tracked when the molecule
of interest is incorporated into the system. In the future, transfection efficacy

could be confirm using fluorescence-activated cell sorting (FACS).

Overview of the metabolic activity.

MSCs after 24 hours accumulate higher levels of metabolites on stiff surfaces
compare with soft ones. In particular, there was a high accumulation of
metabolites implicated in glycolysis and OXPPHOS. This pattern was also observed
on the Seahorse where the respiration rate was higher on stiffer surfaces. These
findings might also indicate that on stiff surfaces MSCs have an OXPHOS-based
metabolites compare with soft where it is glycolysis-based. Moreover, after 7 days
the metabolites accumulated on soft surfaces are more for glycolysis than for TCA,

that might be an indication that this pathway is more active.

Similar behaviour was found on 3T3-L1 cells seeded on Matrigel. A higher
respiration rate was observed on stiff surfaces compare with soft. This finding was
confirmed with ATP assay and ratiometric sensors. On collagen-based surfaces,
3T3-L1 cells accumulated more ATP on soft surfaces, this ATP might come from a
glycolysis-based metabolism. Also, as cells are less active than on stiff surfaces,

they can accumulate this ATP. When nutrients such as glucose or L-Glu was
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presented in the media when 3T3-L1 cells were seeded on stiff surfaces, they were
able to generate more ATP and NADH, what indicates that not glycolysis might be
activated but also OXPHOS.
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CHAPTER 5 : GENERAL DISCUSSION AND CONCLUSIONS

5.1. GENERAL DISCUSSION

How cells sense their microenvironment is going to determine their fate.

The results encountered in this project suggest that any change in the cellular
microenvironment is going to have an implication in cellular mechanical and
metabolic activity. However, how these two cellular activities are connected
remained unknown (171). Here it has been demonstrated that as matrix stiffness
increases cells are able to form mature focal adhesions and exert higher forces,
for what they need to assemble the actin-cytoskeleton and initiate the myosin-
contractility. That said, all these actions are not possible without ATP, which is
mainly generated during mitochondrial respiration (181). Indeed, after 24 hours
of culture cells have shown a high activity profile, which increased with surface
stiffness (Figure 4-1B). More adenosine and metabolites implicated in the TCA
cycle and glycolysis were accumulated on stiffer surfaces. This increment in these
metabolites also correlated with a higher respiration rate (Figure 4-2D,F,H).
Therefore, at early time points, when cell activity is mainly focused on ECM
sensing and interaction (e.g. FAs assembly, cell contractility and spreading), cells

must have a higher demand for ATP on stiffer surfaces (92).

Cellular response change depending on the composition of the matrix. To

generate this response, it is essential the presence of nutrients.

The cellular response will be influenced by factors other than surface stiffness,
such as the matrix composition and the soluble molecules present in the media
(22,203). For instance, ATP accumulation in 3T3-L1 cells was higher on collagen-
based surfaces compared with fibronectin-based surfaces (Figure 4-3). Plus, their
respiration rate was enhanced on collagen-based surfaces compared with the OCR
obtained in cells seeded on TCP without coating (Figure 4-2D,F,H). On the other
hand, when nutrients were limited in the media (e.g. adding 2-DG), ATP levels
decreased as glucose metabolism is blocked (Figure 4-5A). This also leads to a
decrease in NADH levels (Figure 4-7A) and an increase in AMPK activity (Figure 4-6

A,C), which will trigger compensation pathways to regulate the ATP levels (171).
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When the media was enriched with nutrients (e.g. glucose, sodium pyruvate), ATP
levels were upregulated (Figure 4-5), while AMPK decreased (Figure 4-6). In
relation to surface composition, Kechagia et.al. have recently demonstrated that
breast epithelial cells seeded on surfaces functionalised with laminin reduce cell
response to substrate stiffness and YAP nuclear localization. Contrary to what has
previously been shown on surfaces coated with fibronectin or collagen | (11). When
cell-laminin interactions were interrupted by inhibiting integrin B4, YAP nuclear
translocation was recovered in response to surface rigidity, without affection cell
forces or FAs (204). This study has demonstrated that apart from matrix

composition, cellular integrins expression also regulates cellular response.

Different cell types (MSC and 3T3-L1) generate different response during

ECM-cell interaction. For that, cells need to contract.

How cells interact with the proteins in the ECM, also depends on the cell type
(171). These findings show that 3T3-L1 cells seeded on PAA hydrogels
functionalised with FN presented similar spreading and focal adhesions maturation
in the three stiffnesses investigated (3, 9 and 35 kPa) (Figure 3-7). On the other
hand, MSCs seeded on degradable full-length FN-PEG hydrogels of 2.5, 8 and 26
kPa, showed a higher spread area and focal adhesion maturation on stiffer surfaces
(Figure 3-4). Nonetheless, when cell contractility was inhibited, in both cases cell
spreading was not affected, whereas FA maturation decreased. These findings
suggest that cell contractility is essential for vinculin recruitment in the FAs and
spreading. When cell contractility is suppressed, FAs cannot be assembled and cell
spreading is halted (114). In line with the relation between vinculin and myosin
contractility, MSCs showed an increase in traction forces exertion with surface
stiffness (Figure 3-19), which is consistent with an upregulation of vinculin
reinforcement. However, when cell contractility is inhibited and FAs are not
formed, MSCs were not capable to exert forces. These findings imply that vinculin
is a critical mechanosensor of surface stiffness and that it may play a role in cell

contractility and traction force transmission via FAs (114).
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YAP nuclear translocation changes with the mechanical properties of the

surface and it is independent of cell contractility inhibition with blebbistatin.

When cell mechanotransduction was studied, different responses were observed
depending on the matrix characteristics. In MSCs seeded on degradable hydrogels,
YAP tended to translocate to the nucleus on stiffer surfaces, where cell area also
increased (Figure 3-12A,C). On the other hand, when MSCs were seeded on
nondegradable hydrogels cell area did not change and YAP n/c was similar in all
the surfaces (Figure 3-13B,C). The same pattern was observed in 3T3-L1 (Figure
3-7) seeded on PAA hydrogels functionalised with FN. In this case, there was a
similar behaviour of the different cell types on matrices with similar properties:
non-degradable hydrogels functionalised with fibronectin. Hence, cellular
response does not only depend on the proteins available, but also on the material
degradability (34). Furthermore, L929 fibroblast exerted higher forces on
degradable hydrogels compared with non-degradable (Figure 3-18).

It has been widely studied the regulation of YAP nuclear translocation in relation
with surface stiffness and cell contractility (6,11,61). However, none of the cases
studies in this project showed an upregulation of YAP nuclear translocation in
relation to surface stiffness. As a matter of fact, 3T3-L1 cells present a similar
translocation in all the rigidities. Moreover, when myosin contractility was
inhibited with blebbistatin YAP kept translocated into the nucleus regardless of
matrix characteristics or cell type (Figure 3-12, Figure 3-17). Das et. al. have
demonstrated that when cell-ECM interactions prime over cell-cell contact, YAP
nuclear translocation is favoured and contractility inhibition is not sufficient to
exclude YAP from the nucleus (162). These observations might indicate that in the
experiments performed in this project, cell-cell contact was reduced and these

findings are the result of the interactions between cells and the ECM.

Cellular mechanical and metabolic activity are linked.

To sum up, cellular mechanical and metabolic activity are connected (Figure 5-1).
These findings have demonstrated that any small change in how cells interact with
the microenvironment, either physically with the ECM or through soluble

molecules in the media, is going to have a direct effect on cellular response. In
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the last few years, there have been arising multiple studies that have tried to link
these two cellular activities (108,171,203). Nonetheless, how they are connected

and how it can be regulated have not been elucidated yet.
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Figure 5-1. Cells are more active on stiff surfaces. The three cell types used in
this project (MSCs, 3T-L1 and L929 cells) have demonstrated higher activity on
stiffer surfaces. A) In general, it has been possible to observed that on soft
surfaces there is a low resistance from the surfaces, this is going to lead to a poor
FAs generation and low tension in the cells. As a consequence, cellular respiration
rate decrease and less ATP in generated to contract and trigger YAP nuclear
translocation. In this situation less metabolites are generated. B) On the other
hand, when cells are seeded on stiff surfaces, they sense high resistance from the
surface. To compensate it, they generate higher number of FAs and intracellular
tension. Cells are able to form their actin-cytoskeleton and their respiration rate
is enhanced generating the required ATP to reinforce the FAs and contract. YAP

nuclear translocation increases and more levels of metabolites are synthesised.
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5.2. CONCLUSIONS

Based on the results obtained in this project in the last years it is possible to

conclude:

e Full-length FN-PEG hydrogels were well characterised and functionalised.
However, there might be other factors that affect their polymerisation.

e PAA hydrogels and Matrigel are well-known hydrogels that can be easily
used in vitro to study cellular response. However, they have the
disadvantages that cannot be used in vivo or in 3D in the case of PAA
hydrogels.

e Cellular response change depending on matrix mechanical properties and
how cells interact with it.

e Surface degradability affects cellular response even in 2D models: L929
fibroblasts exerted higher forces on degradable hydrogels compare with
non-degradable.

e MSCs exerted higher forces on stiffer surfaces. This force increasement is
correlated with an upregulation of FAs formation and YAP nuclear
translocation on degradable surfaces.

e YAP nuclear translocation in MSCs seeded on non-degradable cells in not
dependent on surface stiffness.

e Surface stiffness does not affect the production of FAs or the nuclear
translocation of YAP in 3T3-L1 cells.

e Myosin contractility is essential for force generation and FAs maturation.
However, it does not affect YAP nuclear translocation and ATP
accumulation.

e MSCs accumulate more metabolites in early stages of cell-ECM interactions.
At this point, MSCs are creating enough biomass that will be used in later
stages where metabolites accumulation is not possible due to an increase
in cellular mechanical and metabolic activity.

e Metabolites accumulation increase with surface stiffness in early stages.
This pattern is lost after 7 days when MSCs appear to be more active on

stiffer surfaces, reducing the amount of metabolites available.
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Cellular respiration rate increases with surface stiffness to generate more
energy in form of ATP to supply cellular activity (e.g. force generation,
myosin contractility, FAs maturation).

3T3-L1 are more responsive to collagen-based matrices.

Cell starvation triggers cell defences pathways (e.g. NADPH and AMPK) to
restore the nutrient and energy levels.

Ratiometric sensors are a promising technique to study real time cellular
metabolic activity. However, their signal is highly sensible to the
atmosphere conditions.
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CHAPTER 6 : FUTURE WORK

This project has been able to cover different aspect of cellular mechanical and
metabolic activity, providing a good insight of cellular response to early cell-ECM
interactions. Nonetheless, more future work is necessary to finish elucidating the
connection between these two cellular activities. The potential experiments

proposed are:

e TFM in MSCs and 3T3-L1 cells seeded on the same surface with similar
properties, and study cell contractility inhibition in force exertion.

e To Inhibit other protein implicated in FAs formation (e.g. integrins).

e To understand YAP nuclear translocation and its relation with cell-
contractility by triggering other pathways (e.g. RhoA/ROCK).

e To study cellular contractility inhibition in the metabolites profile and
cellular respiration in MSCs and 3T3-L1.

e To incorporate gPCR to study cell phenotype.

e To study cell proliferation in different stiffnesses to understand the
implication of cell density in force generation, FAs assembly and cell
metabolism.

e To look at mitochondria mass on different stiffness using MitoTracker.
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