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Summary

In the native environment, adherent cells are active entities exposed to a myriad of biophysical cues
coming from the surrounding environment and resulting from the daily activities. Thanks to the
structural continuity between the cellular interior and the extracellular environment, adherent cells
are able to sense the signals coming from the biophysical cues and transduce them to the nucleus,
where the cellular response is elaborated. Both cellular sensing and responding to biophysical cues
are mediated by an entwined network of intracellular structures, among which the actin
cytoskeleton plays a pivotal role. The actin cytoskeleton is a dynamic and well-organized network of
fibers that, first, takes part in the signal transduction and, then, arranges and remodels itself to
adapt to the physical and mechanical properties of the surrounding cellular environment. While a
wealth of observations that describe actin cytoskeletal remodeling in response to the biophysical
cellular environment is available, a deep and comprehensive understanding of actin cytoskeleton
remodeling and consequent cellular behaviour is still lacking. Therefore, in this thesis, we aimed at
getting a quantitative understanding of actin cytoskeleton remodeling in response to relevant
biophysical cues such as topographical cues, cyclic strain and stiffness. This knowledge is of
fundamental importance for regenerative strategies aimed to restore functionality of diseased or
damaged tissues and organs.

For obtaining functional tissue through regenerative strategies such as biomaterial-based in situ
tissue engineering approaches, it is crucial to achieve in vivo-like tissue organization and associated
cellular alignment. Cellular alignment induced by the orientation of the actin cytoskeleton, has been
shown to be invoked by environmental topography as well as cyclic strain. Topographical cues
promote and guide actin cytoskeleton orientation along the direction of the anisotropy created by
the topographical cues, a response called contact guidance. Cyclic uniaxial strain, instead, induces
active reorientation of the actin cytoskeleton almost perpendicular to the strain direction, a
phenomenon referred to as strain avoidance. In cardiovascular tissues both environmental
topography and cyclic strain cues are presented to the cells simultaneously, while they invoke
apparently competing orientation responses when applied along the same direction. In order to
understand the driving cue for actin cytoskeleton remodeling, we investigated the mechanisms of
actin orientation response to the combination of environmental topography and cyclic uniaxial
strain. To this end, we developed a dedicated experimental model system made of elastomeric
microposts capable of stimulating cells with both cues, separately and in combination. The analysis
of the orientation response of myofibroblasts demonstrated that the sub-cellular organization of the
actin cytoskeleton plays a discriminating role in determining the global orientation response of the
cells when both topographical cues and cyclic uniaxial strain area applied along the same direction.
The apical actin cytoskeleton running on top of the cell nucleus, named actin cap, responds by strain
avoidance even in the presence of topographical cues, triggering a whole-cell strain avoidance
response. Instead, the actin cytoskeleton present underneath the nucleus (basal actin fibers),
continues to respond to the topographical cues by contact guidance only, neglecting the cyclic strain.
From this, we concluded that the competition between topographical cues and cyclic uniaxial strain
is due to the distinct response of actin and basal actin fibers, inducing opposed orientation
responses.



Further, we explored the effects of normal and aberrant actin cytoskeleton formation in the cellular
orientation response to topographical cues and cyclic uniaxial strain. For this study we considered
cells without a functional actin cap (knock-out cellular models) as our experimental group and wild-
type cells as our control. By studying the orientation response of the actin cytoskeleton of these cells
to topographical cues and cyclic strain applied separately and in combination, we demonstrated that
the presence of a functional actin cap is crucial for strain avoidance response but not for contact
guidance. In the experimental group stimulated by topographical cues only, cells showed the
expected response of contact guidance, indicating that absence of an intact actin cap does not
compromise cellular sensing and response to environmental topography. However, cells without a
functional cap showed impaired strain avoidance response in response to cyclic uniaxial strain.
When both cues were applied simultaneously and along the same direction, the absence of the actin
cap in the experimental group rendered knock-out cells insensitive to the cyclic strain stimulation.
These cells continued to respond to topographical cues only, while wild-type cells showed tendency
to respond by strain avoidance, as seen in their actin cap fibers. Importantly, the cells without a
functional actin cap used in this study serve as model cells for the laminopathy diseases, a family of
genetic disorders causing mechanically weakened cell phenotypes. Thus, translation of the obtained
results to pathophysiological conditions is possible.

As a next step we focussed on the mechanically weakened and structurally impaired laminopathy
cells. We hypothesized that the nuclear abnormalities observed in these cells could well relate to a
high cytoskeletal tension and, thus, could be rescued by inducing a lower actin cytoskeleton tension,
i.e. by culturing the diseased cells on soft substrates. Indeed, adherent cells develop growing
cytoskeletal tension when cultured on stiff substrates due to the formation of highly organized and
tensed actin stress fibers in their interior. To test our hypothesis, we examined the relationship
between substrate stiffness and the development of nuclear abnormalities in dermal fibroblasts
from a patient suffering from a laminopathy and healthy control cells across matrices of varying
stiffness (from 3 to 80 kPa). Our data demonstrated that, in laminopathy cells, nuclear abnormalities
and disruptions were only absent on the softest substrates, while in healthy cells they were absent
on every substrate. The observation that nuclear abnormalities in laminopathy cells correlates with
the stiffness of the culture substrate opens up new avenues for the interpretation of the
pathogenesis of laminopathies, their diagnosis and potential therapeutic strategies.

In conclusion, this thesis demonstrates that accurate analysis of sub-cellular structures such as actin
cap and basal actin fibers is of fundamental importance to understand and, ultimately, guide overall
cell orientation response. Moreover, the relevance of a functional actin cap for normal cell
orientation response to cyclic strain has been unravelled. Lastly, modulation of actin cytoskeletal
tension by varying the stiffness of the culturing substrate has been shown to represent an
interesting approach for protecting cells with reduced structural integrity from mechanical
instability. The obtained fundamental knowledge is of particular relevance for application in
(re)building and regenerating diseased or damaged tissues and for elaborating new therapeutic
approaches. Key challenges for the future translation of our results to clinical research include
investigating actin cytoskeleton behaviour by live-cell imaging in 3D in vivo-like environments and
integrating the experimental knowledge with computational model of the actin cytoskeleton
mechanoresponse.



Chapter 1

General introduction

The contents of this chapter are based on:

Tamiello,C., Buskermolen,A.B., Baaijens,F.P., Broers,J.L.,, & Bouten,C.V. Understanding cellular orientation responses to
complex biophysical cues — the need for systematic, combinatory approaches. In preparation.



Preface

Advances in tissue regeneration and therapeutic strategies rely on the comprehensive
understanding of the interplay between cellular responses and the properties of the surrounding
cellular environment. For cardiovascular regeneration, achieving controlled cellular organization is of
utmost importance as this dictates biological and mechanical functioning of the whole tissue. To
recapitulate the in vivo cellular organization, it is therefore crucial to have an in-depth understanding
of the mechanisms regulating cell orientation, being this at the basis of a well-structured tissue
organization. Recent advances in the understanding of cellular mechanotransduction have
demonstrated that cellular orientation response is the result of the interaction between the cell and
its complex biophysical environment. In particular, the anisotropy of the substrate and the cyclic
strain exerted on the cells, have been demonstrated to influence cell orientation. However, despite a
wealth of observations linking cellular orientation to the anisotropy or to the cyclic straining of the
cellular environment, surprisingly little is known about the mechanisms governing cellular
orientation responses to these cues.

Biophysical cues from the environment are continuously detected and transduced to the nucleus
through entwined mechanotransduction pathways. Next to the signalling cascades capable of
translating mechanical stimuli into biochemical signals, the structural mechanotransduction pathway
made of an interconnected network of intracellular structures, can quickly pass information such as
mechanical signals directly to the nucleus. This pathway is made of focal adhesions and the actin
cytoskeleton. The ability of the actin cytoskeleton to continuously reorganize in response to
biophysical stimuli renders it an important structure for numerous cellular processes, e.g. cellular
organization and orientation.

This chapter provides the state-of-the-art knowledge on the structural mechanotransduction
pathway of adhesive cells, followed by an overview of the current understanding of cellular
orientation responses to environmental anisotropy and strain. Finally, we present the outline of the
research reported in this thesis that aims at understanding and modulating actin cytoskeleton
response in physiological and pathophysiological conditions.



Understanding cellular orientation responses to complex
biophysical cues

Cardiovascular regenerative medicine has emerged as a promising approach to replace or
regenerate damaged or diseased cardiovascular tissues. This interdisciplinary field, at the cross-
section of engineering and life sciences, has the potential to restore normal cardiovascular function
by using (the properties of) living cells in combination with biomaterials, genes, or drugs. Novel in
situ tissue engineering approaches build on the regenerative potential of the body itself by guiding
and controlling cell behaviour inside the human body with tailored biomaterials.

The premise of this approach is that, to recapitulate tissue function, an in-depth understanding of
native cell behaviour under physiological conditions and in response to a biomaterial environment is
needed. Only then, strategies for controlling cell behaviour can be designed towards the restoration
of tissue functionality and mechanical integrity".

One crucial, but often overlooked, aspect of mimicking native tissue functioning is obtaining and
retaining cellular organization. The importance of cellular organization is demonstrated by the fact
that biological and mechanical functioning of most tissues is dictated by the cellular arrangement?.

The tissues of the cardiovascular system are highly organized. For instance, the myocardial wall®,
heart valves® and larger arteries® are characterized by a layered structured with a well-defined
cellular arrangement conferring the tissues their native unique anisotropic mechanical behaviour
needed to perform their function. Given the correlation between structural organization and
function, it becomes clear that the loss of cellular organization is indicative of tissue malfunctioning,
which can eventually lead to pathophysiological conditions. The disorganized arrangement of cardiac

cells, for example, is a histological hallmark of cardiac dysfunction in hypertrophic cardiomyopathy®
9

Cellular organization in cardiovascular tissues depends on the complex interactions between cells,
the properties of the microenvironment and the cyclic strains resulting from the hemodynamic
environment. Living adherent cells actively interact, respond, and adapt to biochemical and
biophysical perturbations. These perturbations trigger intracellular signalling events leading to
specific cellular mechanoresponse capable of directing biological relevant processes such as cell
differentiation, proliferation and contractility. The mechanisms employed by cells to respond and
adapt to the biochemical and biophysical cues of the micro-environment consist of a myriad of
distinct but interconnected pathways whose details remain to be unravelled. The outside-in and
inside-out feedback loop, referred to as mechanotransduction, is traditionally regarded as the
process of converting mechanical stimuli into biochemical signals. Recently, it has been suggested
that the structural pathway connecting the extracellular environment to the nucleus®, here defined
as “the structural mechanotransduction pathway”, might be as important as the biochemical
transduction pathway for conducting biophysical signal to the nuclear interior. This new concept is
supported by the fact that the long-range force propagation into the cell, resulting in deformations
deep inside the cytoskeleton and nucleus, occurs 40 times faster than biochemical signalling'. The
structural mechanotransduction pathway consists of structural load bearing elements, such as
integrins and focal adhesion complexes at the cellular membrane, and actin cytoskeleton stress
fibers connected to the nucleus via so-called LINC (Linkers of the Nucleoskeleton and Cytoskeleton)
complexes. Experimental evidence for this direct interconnection arises from studies where forces



were applied directly to a small spot on the cell surface and consequently induced deformations and

movements in the cellular interior'>*

. Clearly, defects in the complex and delicate interplay
between the cell and its micro-environment resulting, for instance, from aberrations of the
structural mechanotransduction pathway, may result in altered cellular mechanoresponse in case no

compensatory mechanisms signalling arises.

The recent development of micro-fabricated devices capable of effectively mimicking controlled
biophysical cues has triggered numerous studies aiming at unravelling cellular responses to the
properties of the micro-environment. It has become clear that cell orientation is actively determined
by the actin stress fibers®. Stress fiber orientation and, consequently, cellular alignment can be
induced by two important biophysical cues of the cellular environment, such as those occurring
during hemodynamic loading: i) the anisotropy of the environment, e.g. the substrate on which cells
are cultured and ii) cyclic uniaxial strain®*. These cues induce rapid and specific orientation of the
intracellular elements of the structural mechanotransduction pathway, i.e. the focal adhesions, the
actin cytoskeleton and the nucleus, suggesting that the direct structural mechanotransduction
pathway plays a fundamental role in the cellular orientation response®”*%,

Although a wealth of information is obtained by recent mechanotransduction studies, our
understanding of cellular mechanobiological response is still far from being comprehensive.
Integrating the results of different investigations is a difficult task because of the complexity of the
cellular response, which is not only highly dependent on the choice of the physical and mechanical
experimental parameters, but also dependent on the cell-type. Moreover, the effects of combined
biophysical cues on the cellular orientation response have just begun to be explored.

In this chapter we present a state-of-the-art review on the complex interplay between cells,
topographical and cyclic strains cues of the extracellular environment, with a focus on cells of the
cardiovascular system. First, we introduce the structural mechanotransduction pathway, i.e. the
connected cellular components forming the physical link between the extracellular environment and
the nuclear genome. Then, we continue our discussion with a review of experimental observations
regarding cellular orientation response to anisotropy of the substrate and cyclic uniaxial strain in
two-dimensional (2D) environments. We conclude with a brief outlook on future research directions
for improving our current knowledge of cellular mechanoresponse and we present the outline of the
chapters of this thesis.



The structural mechanotransduction pathway: a physical
connection between the extracellular environment and the genome

In this section we provide background information on the cellular structural components forming
the structural mechanotransduction pathway, i.e. the physical connection between the extracellular
matrix (ECM) and the genome contained by the nucleus.

The structural components are represented by the focal adhesion complexes situated at the cell
membrane, the cytoskeletal filaments and, at last, the nucleus (Figure 1.1). Among the cytoskeletal
elements we concentrate on the actin filaments, since these structures are directly connected to the
focal adhesions and play an important role in determining cell orientation'®?
behaviour is relatively easy to analyse and quantify from microscopy imaging as they form
anisotropic networks when cells are aligned?* .

. Moreover their

Interconnection between the extracellular environment and the actin cytoskeleton
In vivo adhesive cells are embedded in a filamentous network called extracellular matrix (ECM). The
integrins are the first components that physically link the ECM (outside of a cell) with the actin
cytoskeleton (inside of the cell). Integrins are transmembrane af heterodimeric receptors that
mediate cell adhesion to various ECM ligands such as collagen, fibronectin and laminin. The integrin
family consists of approximately 25 members which are composed of combinations of a and B
subunits, where the o subunit determines the ligand specificity for cell adhesion to the ECM?*
(Figure 1.1a). During cell adhesion, conformational changes in the integrins are induced by
bidirectional (inside-out and outside-in) signalling of mechanical and biochemical signals across the
cell membrane®?. Ligand binding to the integrins leads to clustering of integrin molecules at the
cell membrane and recruitment of actin filaments inside the cell. The result of this process is the
formation of the so called nascent focal adhesion complexes, multi-molecular complexes that consist
of a large number of different proteins, including talin, vinculin, paxillin and tensin.

Focal adhesion complex formation initially starts with immature, small structures (approximately
100 nm in diameter®). These structures reside at the leading edge in protrusions of the cells and
provide the structural links between the ECM and the actin cytoskeleton. Strikingly, the maturation
of the small focal adhesion complexes into bigger, mature focal adhesions is dependent on the actin
cytoskeleton bundling and the generation of mechanical force. The actin cytoskeleton spans the
whole cytoplasm of eukaryotic cells, continuously remodels and reorganizes to perform specific
2728 |t is made of globular actin (G-actin) which continuously polymerizes into semi-
flexible actin filaments, the filamentous actin (F-actin). F-actin assembles into bundles of fibers
interconnected by actin crosslinkers (such as alpha-actinin and filamin) and motor proteins such as
myosin 1. These bundles of F-actin fibers are referred to as stress fibers. The presence of myosin Il
within the stress fibers is responsible for their contractility. The newly formed focal adhesions (FAs)
reside in both central and peripheral regions of the cell. During this process the morphology of the
FAs changes from a dot-like structure to a bigger and more elongated structure (2-10 um)®*>*. This
happens also as a consequence of the recruitment at the adhesion complex of several other
proteins, for instance zyxin and alpha-actinin®. A critical molecule for both maturation of FAs and

cellular functions

mechanosensing is focal adhesion kinase (FAK). This molecule is involved in the transmission of
external signals to the cytoskeleton by phosphorylation®.
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Figure 1.1. Cellular structural mechanotransduction pathway and orientation response to cyclic uniaxial strain and
anisotropy of the substrate. a) Schematic illustration highlighting the (protein) structural elements forming the structural
mechanotransduction pathway. Integrins at the cell membrane connect the extracellular environment (substrate) to the
actin cytoskeleton. The connection is realized, in the cellular interior, by the focal adhesion complex (FA). Within the actin
cytoskeleton filaments, two kinds of fibers can be distinguished. i) The basal actin fibers (pink) that can be found
underneath the nucleus and ii) the actin cap fibers running on top of the nucleus (cyan). Actin cap fibers are connected to
the nuclear interior via the LINC complex and lamins, a group of proteins underlying the nuclear membrane. This network
of components forms a direct connection between the extracellular environment and the nuclear interior and functions as
a fast passing system for the biophysical stimuli. b) Schematic illustration of the cellular response to cyclic uniaxial strain
and substrate anisotropy. Upon cyclic uniaxial strain (left), the cell responds by strain avoidance. The focal adhesions and
the actin cytoskeleton align at an angle with respect to the straining direction (black arrows, horizontal direction). Overall
cell orientation coincides with the actin cytoskeleton orientation. Note that the focal adhesions associated with the actin
cap fibers are bigger than those associated with the basal actin fibers. When plated on anisotropic substrate (right), the cell
tends to align in the direction of the anisotropy. Focal adhesions as well as the actin cytoskeleton align accordingly. The
side view shows the arrangements of the actin cap and basal actin fibers. Figure by Anthal Smits.

The maturation of FAs provides stable adhesive interconnections between the stress fibers and the
ECM. This allows the cell to probe its complex biophysical environment in various directions and
over large temporal and spatial scales®. Focal adhesions do not actively generate forces, but rather
serve to regulate force transmission between the cytoskeleton and ECM®. The actin cytoskeleton is
the intracellular structure able to impose increasing forces when facing growing resistance. This



confers the actin cytoskeleton intrinsic mechanosensing and the ability to adapt to developing
mechanical cues of the cellular environment. However, to which extent stress fibers participate in
sensing and transducing environmental signals has not been fully elucidated yet.

Interconnection between the actin cytoskeleton and the nucleus
In the surrounding of the nucleus, a subset of actin stress fibers have been found to organize in thick
parallel and well-ordered bundles of fibers, physically anchored to the apical surface of the

nucleus®’

(Figure 1.1a). Wirtz and co-workers have made an effort to characterize these fibers
(actin cap) which are strikingly terminated by wide, long and dynamic focal adhesions®***%. First,
they have demonstrated that the actin cap stress fibers differ from the conventional stress fibers
found below the nucleus (basal actin layer). By containing more myosin Il and the actin bounding
protein alpha-actinin, actin cap stress fibers are very contractile and highly dynamic*. Furthermore,
these fibers not only play a major role in shaping and positioning the nucleus®*?**®*3 but they are
also involved in mechanosensing of substrate elasticity. For instance, cells without an actin cap were
observed to be less responsive to changes in matrix elasticity. Finally, fast mechanotransduction also
seems to be enabled by this subset of stress fibers. In their study, Chambliss et al.** showed that, in
response to shear stress stimulation, cells without the actin cap build up thick stress fibers in a short
time span as compared to in response to biochemical stimulation. From these findings it has become
clear that the perinuclear actin cap is a key component of the physical pathway from the ECM to the
nuclear interior for mechanosensing and mechanotransduction.

The coupling between the perinuclear actin cap and the nucleus (nucleo-cytoskeletal connection) is
mediated by a group of recently discovered proteins, referred to as the LINC complex (Linker of
Nucleoskeleton and Cytoskeleton)**’. Hooking at the cytoplasmic side of the nucleus, on the outer
nuclear membrane (ONM), we find the nesprins (KASH domains proteins), which are connected to
the various cytoskeletal filaments*®*°. Among the four variants of nesprins, nesprin-1 and -2 bind to
actin filaments®. Nesprins, in turn, bind to SUN domain proteins spanning the whole nuclear
envelope reaching the nuclear interior. SUN proteins then bind to lamins, a family of type V
intermediate filaments underlying the inner nuclear membrane (INM). Lamins, in turn, physically
connect to chromatin. Thus, a physical bridge is formed between the cellular exterior and the
nuclear interior.

The nucleus is wrapped by the nuclear envelope, a double lipid bilayer (ONM and INM) with multiple
pores (nuclear pore complexes), and contains the nuclear interior with the genome. Since its main
role is to regulate gene expression and cellular function through protein synthesis, the nucleus is
referred to as the ‘brain’ of the cell. Below the INM, the lamins form an elastic meshwork called

nuclear lamina®>*?

. Lamins fall into two categories, A- and B-type lamins (encoded by the gene LMNA
or LMNB1 and LMNB2 respectively)®*. While B-type lamins are essential for cell survival, A-type
lamins are thought to contribute significantly to the maintenance of mechanical integrity of the
%8 The nuclear lamina interacts also with the chromatin of the nucleoplasm, and therefore
plays a major role in gene expression, DNA replication and repair, chromatin organization and

transcriptional responsesg'sz.

nucleus

The role of the nucleo-cytoskeletal connection in force transmission has been examined recently by
many groups. The results of various experimental approaches based on two- and three-dimensional



substrates or application of mechanical load, have shown that the structural integrity of this
connection is indeed needed for propagation of forces to the nucleus. Indirect demonstration has
come from studies employing LMNA-depleted cells. By using this model, it has been shown that
nuclear deformations in response to local cellular membrane stretch are completely abolished™.
These cells present also abnormal nuclear morphology®, altered nuclear mechanics and defective
cytoskeletal organization around the nucleus®. In addition, the studies by Poh et al.* and Zweger et
al.%® have provided direct evidence that forces are not transmitted to the nucleus when LMNA is
depleted from cells, thus when the nucleo-cytoskeletal connection is lost. Recently, it has emerged
as well that the tension exerted by the actin on the nucleus directly mediates the spatial polarization
of nuclear lamina and the intranuclear architecture®. In cells lacking A-type lamins, the formation of
a nuclear actin cap is partially abolished®””. A number of other studies in which either the LINC
complex was disrupted or a loss of lamins was induced, support these findings adding that also other
cellular functions such as migration, polarization and developmental processes become affected®®®°.

Although the role of the LINC complex in force propagation to the nucleus has been clarified,
controversy remains about its impact on the activation of mechanotransduction pathways. The
impaired activation of mechanosensitive genes has been reported in studies with cells lacking A-type
7071 At the same time, it has been suggested that the biochemical signals coming from the
cytoplasm might take over or compensate the lack of the physical nucleo-cytoskeletal
1288 A study by Lombardi et al.*? showed that disruption of the LINC-complex (by
dominant-negative nesprin and SUN construct) did not invoke nuclear deformation under substrate

lamins
interconnection

strain, but still the tested mechanosensitive genes were activated normally. Most probably the
explanation of these distinct observations comes from the integration of the two major hypotheses
about the role of the nucleus in mechanosensing and mechanotransduction. The first hypothesis is
that the nucleus is the last element of an entirely physical force propagation network capable of
activating gene expression via nuclear deformations. The other scenario supports the idea that a
cascade of biochemical reactions, initiated by changes in the actin cytoskeleton in response to
extracellular biophysical cues, influences cell mechanoresponse. Recently, Swift and co-workers have
proposed that the nucleus might act directly as a mechanosensor’. To exclude the interference of
the biochemical signalling, they have carried out investigations with isolated nuclei. They observed
that the quantity of A-type lamins in the nuclear interior scales with the stiffness of the culture
substrate, indicating that the nuclear lamins could act as shock absorber for the cell and protect the
genome. Still, it remains to be elucidated how the nuclear lamina is directly involved in
mechanosensing or whether the regulation of lamin levels is the result of other signalling pathways.
Also it cannot be excluded that altered gene expression in cells with impaired nucleo-cytoskeletal
connection is the result of the loss of the interaction between lamins, LINC-complex proteins and
transcriptional regulators. Moreover, it remains to be understood how the activation of certain
genes at spatial location within the nucleus is induced by conversion of the mechanical stimuli.

Altogether, the examples above demonstrate that several structural components of the
mechanotransduction pathway connecting the cellular micro-environment and the nuclear interior
have been identified. While we do not know the degree of completeness of our understanding, we
can confidently state that the structural interconnection is crucial for determining the cellular
mechanoresponse.



Laminopathies, diseases arising from a compromised nucleo-cytoskeletal
connection
Mutations in the LMNA gene encoding for A-type lamins in the nuclear lamina cause a broad

spectrum of genetic diseases, collectively referred to as laminopathies”. Over two hundred
mutations in the gene have been discovered and most of them have tissue-specific phenotypes.
Twelve different diseases are included into this group: those affecting striated muscle (ranging from
Emery/Dreifuss muscular dystrophy (EDMD) to dilated cardiomyopathy with conduction system
defects (DCM-CD) and Limb-girdle muscular dystrophy (LGDM), those affecting the adipose tissue
(partial lipodystrophy of Dunningan type (FPLD)) and those affecting the nervous system (Autosomal
recessive Charcot-Marie-Tooth type 2 and Autosomal dominant axonal Charcot-Marie-Tooth
disease). However, primary laminopathies can also affect tissues in a systemic fashion and cause
premature-ageing syndromes like Restrictive Dermopathy (RD) and Hutchinson-Gilford progeria
syndrome (HGPS)™. Strikingly, there is a high variability in disease symptoms between individual
patients carrying an identical LMNA mutation. The genotype/phenotype correlations in
laminopathies remain unclear and, consequently, classical mutation screening alone is not sufficient
to diagnose the disease or to predict clinical outcome. The mechanisms underlying tissue-specific
effects observed in laminopathies are still not known. However, three major hypotheses have been
formulated to explain how mutation in A-type lamins could yield pathology.

1. Gene regulation hypothesis: since A-types lamins play a pivotal role in specific DNA
transcription by activating mechanosensitive genes, mutations in LMNA gene can alter the
interaction between nuclear lamina and transcription factors resulting in altered gene
expression, which can interfere with normal tissue functioning®7>’¢.

2. The "structural hypothesis" states that lamins are involved in the maintenance of the
integrity of the nucleus and thus, of the whole cell. Mechanical balance of the cells can be
therefore disturbed by lamina changes and renders cells more susceptible to mechanical
stress - especially in cells continuously challenged by mechanical strain®>"""°.

3. The third hypothesis states that premature aging and failure to regenerate in cells and tissue
result from impaired DNA repair caused by mutation in the LMNA gene, resulting in affected
maintenance of cell cycle and/or stem cell*°.

These hypotheses, most probably, do not exclude each other and are closely related®. Especially in

the most diffuse laminopathies, the muscular dystrophies and cardiomyopathies®, it might well be

that the lack of structural integrity, thus the susceptibility to mechanical stress could result in altered
chromatin organization which, on its turn, results in altered gene expression. Recently it was
observed that not only mutations in the LMNA gene but also those of other components of nucleo-
cytoskeleton linker (e.g. emerin, nesprin-1, nesprin-2, etc.) can give rise to the same EDMD disease
pathology®®®. Next to this, combinations of mutations in the nucleo-cytoskeletal system have been
shown to lead to more severe diseases than the individual component mutations®”®. Altogether,
these results suggest that mechanical instability of the cells, consistent with cellular structural

integrity both at the nuclear and cytoskeletal level, might play a key role in the onset of the diseases.



Cellular orientation response to substrate anisotropy and cyclic
strain

In the previous section we introduced the components of the structural mechanotransduction
pathway interconnecting the extracellular environment with the nucleus in order to appreciate the
inside-in part of the cellular mechanotransduction, i.e. how environmental signals are transmitted to
the nucleus. To get a comprehensive understanding of the interplay between cellular responses and
complex biophysical environments, it is also necessary to have a deep understanding of the inside-
out signalling used for cellular mechanoresponse, i.e. how cells respond to environmental cues and
which are the mechanisms employed by cells for mechanoresponse. In this section we will report the
knowledge we have acquired about the cellular orientation response to substrate anisotropy and
cyclic uniaxial strain, focussing on the main components of the structural mechanotransduction
pathway, i.e. the focal adhesions, the actin cytoskeleton and the nucleus (Figure 1.1b).

Cellular orientation response to substrate anisotropy

Various biophysical cues such as topography, cyclic strain and the mechanical properties of the
extracellular environment (e.g. stiffness, ligand density) can induce the alignment of adherent cells
by promoting an anisotropic arrangement of structural components at the subcellular level (Figure
1.1b). Early in 1912, Harrison®™ reported for the first time that the topography of a substrate could
influence cell behaviour. Weiss®* confirmed this phenomenon in 1945 with the observation that cells
preferentially orient and migrate along fibers, an organization principle he named ‘contact
guidance’. Today the connotation of this term is slightly different. Contact guidance is now regarded
as the ability of cells to sense and align with the anisotropy of the surrounding micro-environment.
Recent developments in microfabrication technologies have led to the manufacturing of a variety of
substrates with different geometries and length scales, which can induce contact guidance. In order
to elucidate the exact mechanisms behind contact guidance, distinction needs to be made between
anisotropy by biochemical features (e.g. geometrical features created by microcontact printing of
extracellular matrix protein), here referred to as two-dimensional (2D) environments, and
topographical features (e.g. pillars, posts, microgrooves, fibers), here named two-and-a-half-
dimensional environments (2.5D).

Nowadays, microengineered substrates covered with arrays of parallel micrometer sized grooves
and ridges with a certain height (2.5 D environments) are often used to study the mechanisms
behind contact guidance. To date, a large number of studies using microgrooved topography have
indicated that a variety of tissue cells, ranging from endothelial cells®***, to fibroblasts™®, and

smooth muscle cells*®

align along the direction of the anisotropy of the substrate. A summary of
illustrative studies showing the response of cells of the cardiovascular system to anisotropic features
of the culture substrate in the sub-micrometer to micrometer scale is reported in Table 1.1.

At the subcellular level it is observed that actin fibers and the focal adhesions follow cellular
orientation, but the specific response of these structural cellular components depends on many
parameters such as groove height®*®*1"1% syrface treatment®, groove width®°*%%%1% and ridge
width®>?79610L193 The ohserved general trend is that, when either the grooves’ width decreases or
its height increases, the cell forms focal adhesions on top of the ridges and consequently orients in

their direction.



There have been several attempts to understand the mechanisms behind contact guidance, such as

h 105 k106

the theories proposed by Dunn and Heat (mechanical restriction theory), Ohara and Buc

(focal adhesion theory) and Curtis and Clark'® (discontinuity theory). The mechanical restriction
theory'® focuses on the relative inflexibility of cytoskeletal structures as a primary regulator to
cellular alignment. The shape of the substrate is demonstrated to impose mechanical restrictions for
the formation of cytoskeletal protrusions, called filopodia. Recently, there has been renewed
interest in the role of filopodia in cellular alignment. For example, Zimerman et al.’” and Ventre et
al.’® studied the influence of filopodia on cell orientation by geometrically confining cells in 2D and
2.5D environments, respectively. They reported that when either the distance between ridges or
printed adhesive lines inhibits single filopodia to cross the step, cells become highly polarized and
elongated in the direction of the anisotropy of the substrate. Next to the alignment of the actin
filaments, long focal adhesions in the direction of the lines or grooves were observed, which were
anchored to thick stress fibres. These long structures were presumably the focal adhesions of the
actin cap. However, one limitation of the mechanical restriction theory is that the role of
microtubules is not taken into consideration. These cytoskeletal structures appear indeed to align
earlier than actin filaments to substrate topography®’. Next to this, the mechanical restriction theory
is closely connected to the focal adhesion theory, because of the relationship between focal
adhesions and the cytoskeleton. In the focal adhesion theory, it is proposed that the orientation of
cells is caused by the tendency of focal adhesions to maximize their contact area. In this way, ridge
width comparable to focal adhesion size can induce cell alignment along the ridge. However, other

97,107

studies observed that focal adhesions can develop both perpendicular and parallel to the same

ridge, which argues against the focal adhesion theory. More recently Clark and Curtis*®

proposed
the idea that sharp discontinuities in the substrate induce alignment of actin filaments and focal
adhesions leading to cell alignment. Although this theory includes both the alignment of actin

filaments and focal adhesions, it raises the question of how cells sense discontinuity.

An easy approach to investigate the influence of the actin cytoskeleton in cellular alignment to
grooves consists in inhibiting the actin cytoskeleton via disrupting agents, such as performed by
1% 1.2 On one hand, Walboomers et al.®®
fibroblasts can still align along the microgrooves even if the polymerization of actin is inhibited with
the use of cytochalasin-B. Contrarily, Gerecht et al.*® found that, by adding actin disrupting agents
to human embryo stem cells on sub-micrometer sized grooves, the morphology of the cells becomes
rounder. These results demonstrate that there is no consensus yet on the role played by the actin
cytoskeleton in the cellular response to substrate anisotropy.

Walboomers et a and Gerecht et a observed that

Our view is that a systematic approach is needed to dissect the various aspects of the environment
(e.g. height, edges, biochemical patterning) in such a way that the importance of each of the
structural cellular components can be unravelled. The first step towards this systematic approach, is
neglecting the influence of the height of topographic features (e.g. discontinuity) and create
anisotropy in a solely biochemical way (2D environment). This kind of anisotropic features can be
fabricated with microcontact printing. According to this methodology, an elastomeric stamp of
polydimethylsiloxane (PDMS) incubated with an extracellular matrix protein (e.g. fibronectin) can be
used to create adhesive patterns on flat surfaces, such as glass or PDMS. The bare regions are then
backfilled with a non-adhesive protein or polymer, to avoid non-specific cell adhesion. Microcontact
printing has proven to be a useful technique to adhere cells to single or multiple islands*****. In this



way one can geometrically control cell adhesion to regulate cell functions. However, there are only
limited studies'***'** where this technique has been used to induce cellular alignment via printed
lines whose width is in the order of micrometers. Thus, the precise mechanisms behind cellular
alignment by pure biochemical anisotropy still remain to be uncovered.



General introduction

86

66

L6

96

92.anos

uawuSie re[ny[ao aonput sand [esryderdodo ], 'sysodoorur JJis A194 10 U2Ad
‘asdif[a a3 Jo SIxe Jo[ew 913 JO UONIBIIP A} Ul UoneIuaLIo :sysodoorur feandig

*90uEpING 10BIU0I JO SIUSLINIIO Y}
10J 9y1smbauaad ou s1 U019[9}S014D UNOE IB[N[[9D PIWLIO)-[[am B snif} ‘Surpeads
pue juawydene [[@d ul Ae[dp sasned A[Uo g-uise[eydolfd jo uonippe ayj

'S9A00.18 mo.LIeU

a3 uo Afpides a1ow suaddey sy, 's9A00.13 913 JO UONDAIIP UI JUSLIO SI9qY UMDY
yadap 240043 a3y £q pajdajje S1 UONEIUSLIO

JB[N[30 9y} INQ ‘s9A0018 apim wil (z-z B UIIMII( INOIABYS( Ul IUIBIIP
Jueoyrudis Aue JnOYNUM UONIAIIP 940013 9y} ul aeduo[d sAemie S[[@d aY],
uonejuaLIO Jen[[3d Jo s[Sue ay) 1ou ‘adeys ‘9zIs [[39 193]j€ 10U S0P

dop 240013 pue yIpim 940013 a3 Suihiea aouls ‘1ajouwreted juerrodwr Jsow
93 ST YAPIM 3PLI 9], “TR[NIIID I0OW SWeIaq S[[92 9} Jo adeys 9y} pue wWopue.l
SeM UONEIUALIO Je[n{[ad ‘wil ¢ uey) 1adxe[ st yapim a8pLI a3 J] 's9400.13 ddejans
ay3 Suofe ajeduope wr 0T uey) J9[ews YIpIMm ISPLI B YIM SIIBJINS I S[[8)
"uon2aIIp 940048 93 03 Tenorpuadiad

pue [o[[eded yloq pajusLIo ale suolsaype [ed0) ‘93pLl 10 940013 (Suls e Iy
‘uSI[e SUSWE[JOIITW UNJ.

pUE SUOISaYPE [EI0] pUE SUOISaYpE [e20] ‘APuUanbasqng 'saa008 ayy Suore udie
0) Juauodwod 1s11 Y} aIe $9A0013 Y] JO W0110q Y} 1B Pajedo] SAMIMO.DIN
S93PpLI 9] UO PuUNOj ST UONOLIISAT Yons

ON ‘sixe s1y3 01 Jenorpuadaad Alreau 1aas A[paey pue sixe 940043 ay) 03 [o[eted
SI 9A0013 B JO 100[j dU} UO 10BIUOD [BJ0) B UIIM PIILIDOSSE d[pung unde ay],
'Sa3pLI 81 I8 PUE S3A00.18 3] JO 100]j Y} UO PIAISSQO SUOISAYPE [I0]

sadrns a[3urs Suofe

10 sadLns aAISaype Juade(pe usamiaq w0y saiqy ssans Sueds topm ym
‘uni 9 ueyy Is[ews

s1 Suroeds aArsaype-uou ay) uaym sadLils [BIDAIS SSOID UBD S2IqY SSAIIS UNIY
*saul[ 93 JO UONDAIIP B} Ul JUSLIO IO SAUT|

a1 03 Jemoipuadiad 1ay31s JuaLIo suoisaype [ed0) ‘wrl 9 ueyy 1ad.ef st Suneds jj
'SaUI| SAISAYPE 9] 1B PIULIOJ S.1 SUOISAYPE [BI04]

S}NS3I Urep

w7 = p :s3sodo.orw Jenaar)
w280
=q ‘unl g'T =e :s3sodoorw feandig

uni g 0 :yadap Juesuo)
wr
0T 03 T WO YIpIm 9A00.13 pue a3pry

wil $°6 ‘g1 ‘ST ‘T ‘50 *uadaq
wirl
02 03 T WO Y3pIm 940013 pue a3pry

w1 10 5§°0 :yadaq
wirl
0T 03 T Wo.j Y3pim 240013 pue a8pry

wni ¢ :yadap jueisuon
ur GT Jo YapIim 940013 pue 23pny

wil 970 :yadap jueisuo)
wrl Zg 03 € WOIj YIPIM 940019
wrl 96°g 03 G9°T WO (IPIM a3pry

sodrns apm wirl ZT J10
0T ‘9 ‘¥ Aq pajeredas apim uml z :saurg

s.JI9jawe.aed

sysodoorw
jo doj uo upddUOIqL BWSE[d
uewny pajurid J0BIU0D0IOTW

SWad
$3s0d0.I0TW JLIdW OIS

juaunIea.s} 094y

SWad
$9A00.3 [9[[BIe]

Buneod wniuer],
uodIfIs
5040018 [a[[eIRd

Z)1end)
590013 [9[[eIEg

SSe[n
saul[ undauoIqy
pajurid 39e3U0D0.101W [d[[EIR

POYISIA

*ajesisqns ayj jo Adosjosiue Aq pasnpui asuodsal [|32 uo suolresisanul |eyuawliadxy T°T d|qeL

(s2sAH)
SISe[qO.IqIJOAIN

sise[qo.aqy
[euLIap yey

sise[qo.aqy
TearSui8 uewny

sise[qoaqy
Heay yory)

(s1192 ZS49y)
sise[qo.aqri

13



Chapter 1

V6

001

92.anos

981eyasip mo|3 Aduanbauy olpes =q94y ‘auexo|is|AyrswipAjod = SNQd ‘Asupiy aulued Agieg-uipelA = YDA ‘S||2D |el|ayiopu] UuldA [edljiquin uewnH = SOIANH

'sysodo.aorut
reondi@ jo ssaupns [enualajip Aq paonpur SI JUdWUSIY U0II[NS0IAD
Unoe pue suoIsaype [ed0) 9y} JO UONeIUALIo [enualajald ou :spuefst [eondig

asdi[e ay Jo sixe .1olew ay) Jo UONAIIP
9} Ul U0JR[33{S0IAD UNDIE pUB SUOISIYPE [BI0J Y3 JO UonEIuaLio :s3sod reondifg

'sajensqns
paulaned uo saA00.13 pue sagpLl 9y} 03 [9[eted pausife sIoqy SSa.1)s UNOR Y],

‘urejoad pappe jo aouasqe
9y} ur uaAd ‘safpur Suifjrepun jo sixe Suo ay) 03 [o[[ered pajusaLio SHIANH

'S9A00.13 91} UT OS[e S}0BIU0D
9say) w0 03 9[qe A[Buisealour a1e S[[90 ‘sadejins wirl (o7 pue wnl § 9y uQ
*so3pL1 o} uo pajisodap ae s10LIU0D [I0] JO AJLIo(eW ISBA A1) SeJeJINS Wil 7 uQ

'$9A00.18 daap wrl G 9y Jo W0330( Y} UO SUOISIYPE [€0J ON

'saA00.13 daap

wrl T jo s[iemapis ayy Suofe pue sadpa a8pLl Y JB PIZI[EIO] SUOISIYPE [BI04]
'sagpLr

9Y) JO UOMIAIP Ul PIIUSLIO SIIQY UNOE PUE SUOISIYpE [ed0) 3y} Jo ALIofe|y

*S9A00.130.101W 33 0}
[o[[eTed pajualio sa[punq uUnoe 193y 3RS JARY SUOISIYPE 9SIY], "S9A00I50.10TUI
91} Jo uonoaIIp ay} ul udie 03 suorsaype [e20j ainjew Juisned ‘saaoorSoroTur
Suore uni Aoy} ueyM oinjew SwW0daq 0) duoid SIOW B SUOISIYPE [EI0

‘sutayed [[e Suoe suSife uo3a[axs01Ld UNOY

's1aqUy paudife Ay3y jo Iaquinu ay)

Ul 9SEaIDIP IO B SI 219y} ‘Wil g pue G 0] paseaour St [IPIM 940013 ) Sy
*SYIPIM 940015

1S3[[BWS 3Y) U0 S9400.8 a1} 03 [a[[ered pue pausife A[ySiy o.1e SJUSWE[Y UNIEe Y],
'$9A00.8 913 J0 uonIaIIP oY) Ul uSi[e S[[9d ‘paIeSNSIAUL SYIPIM 940013 [[B 10,

S)[nsa.d urej

wrl G5°0 =q

‘wi g’ p=e :spue[st aatsaype [eandifg
wrl §5°0

=q ‘wil G6'0=e :sysodoaorw feondifg

wu Q¢ :yadap Jueisuo)
wu 0002
03 00Z WOo.Ij [IpIm 240013 pue a3pry

un g :pdap Jueisuo)
wrl
0T PUE ‘S ‘Z JO Y3pIM 940013 pue a3pry

wrl G ‘wirl T ‘wu 00§ ‘wu 00z :y3daq
wr § 0] € WOo.J YIPIM 9A00.15)
wrl §°G 01 € WOy YIpIm 23pry

*s9A00.3 [9[[eed Jnoym 10

1M S91BIISANS Ul PAI[NSAI SIY ], "du}
Jo poriad paxy e 10y ewseld uadAxo
M PaILAI) SEM 199YS PAYDIIDIS A,
"yo3amsa.d jo Junowre paxy e sonpoad
0] 192323 dpeW-wolsnd e Juisn
A[[erxerun payalans sem199ys SINAd V

sadLns apim wl 00T £q pajeredas
‘wirl 0O 03 07 WOy YIpIm saur]

uni g :pdap Jueisuo)
wrl 08 Pue ‘0§ ‘07 :YIPIM 940010
wrl ZT syapim a3pry

S.JI9jauwie.red

sse[d
spue[s! [eandi[[o undaU0IqY
pajurid 39e3U0d0.1W puE

sysodo.orw jo doy uo unddU0Iqy

pajurid 10B3U020.I0I N
SWad

$350d0.I0TW JLIDW OIS
duneod urejoad Jnoym
pUE WNIPIUI 99.1J-WINIDS
SWad

$9A00.8 [a[[e1Rg

Buneoo

URIU0IqL] BWSE[J UBWNY
QU021

5910013 [9[[eIR]

3uneod unoauoIqry

SWad
5940018 [a[[EIR]

Buneoo

auisA]-q-Ajod 10 unodsuonia
‘undsuoIqyy ‘euneen

SINdd

590013 [9[[eIEd

SWad
SaUI| UIUIWE[ 10 URIAU0IqY

pajuLId 19BIU0D0.101W [S[[EIE]

Suneod unodauoaqr]

SWad
5940018 [9[[EIR]

S[192 (31Dan)
reryNdy

(soaAnH)
S92 [ereyIopug

S[[99 [EI[9Y10pUd
o110 dUIA0Yg

S[[92 dpasnux
Ylo0ws 110y

S[[92 dpIsnuu
Jloouwrs Jenisep

adfy [13)

14



Cellular orientation response to cyclic uniaxial strain

Cellular response to cyclic uniaxial strain is demonstrated by the dynamic reorganization and
reorientation of cells and stress fibers (Figure 1.1b). It has become clear that stress fibers do play a
crucial role in cell ability to remodel and respond appropriately to cyclic strain. Indeed, stress fiber
disruption causes inhibition of cellular reorientation®****8, In the 80’s, the response of tissue cell to
strain was for the first time observed and interpreted as an avoidance response to the strain of the

substrate on which the cells were cultured, the so called strain avoidance response119

. Since then,
further studies have highlighted that, on 2D substrates, cell reorientation occurs at angles (nearly)
perpendicular to the stretch direction, i.e. the direction of minimal substrate deformation. In the last
decades, several studies have been carried out in order to quantify and unravel the mechanisms of
this phenomenon. Stretch avoidance appears to be a behaviour belonging to many kinds of tissue
18,116,12071281 to ﬁbroblastslzgfﬂl 132—134.

However, the dependence of such response on the spatiotemporal parameters of the cyclic
Stimulation, SUCh as frequency16,122,130' 18,122,126,127,129,132,134’ Strain rate124,131,135,136'
128137138 4 aven the combination of some of those™®, makes any attempt to correlate the
effects of these factors with cellular response unsuccessful. Moreover stretch avoidance response
seems to be cell type-dependent and a minimal strain amplitude®?****32 frequency'?**3%13
%% may be required for the response to occur. Summary of studies about cells of
the cardiovascular system (fibroblasts, tissue cells, endothelial and progenitor cells) and stress fiber
response to cyclic uniaxial stretch are reported in Table 1.2.

Most of these studies are carried out with custom-built devices for which an accurate and rigorous
strain characterization is needed, but often overlooked. These devices are made of motorized stages
capable of stretching silicone membranes coated with extracellular matrix proteins such as
fibronectin or collagen. Given the mechanical properties of the elastomeric materials, once the
membrane is stretched along one direction, it contracts in the perpendicular direction (Poisson’s
effect). New commercially available devices have been designed to avoid this drawback

cells, ranging from endothelial cells and smooth muscle cells
magnitude
duration

or cell
contractile status

(FlexCell*®**33% and STREX®*®). Nevertheless, the use of such diverse instrumentations cannot help to
distinguish between the impacts of the different factors. Moreover, the interference of signalling
mechanisms cannot be excluded when different coatings are employed. Altogether, controlled
experimental conditions are needed towards a comprehensive understanding of cell reorientation.

Efforts to unravel the spatiotemporal dynamics of cellular adaptations, especially at the level of
stress fibers, are still limited. Most of the observations come from a state-to-state like manner,
making use of fixed cells that do not allow observations of subcellular dynamics. The technological
challenges that must be overcome include the use of actin stress fiber probes that do not interfere
with the dynamics of actin polymerization and the mechanical properties'*?. Moreover, the
timescale of actin reorganization pushes further the experimental limits.

From time-lapse studies, it has been established that cells become nearly round in the first phases of
reorientation and, subsequently elongate along the strain avoidance direction®*”****3°, During this
second phase, a process of reinforcement and repair of the stress fiber strain sites occurs. Zyxin is
recruited at strain-induced damage sites of stress fibers and subsequently activates actin
cytoskeleton repair and reinforcement™®™. In terms of temporal dynamics, stress fibers
significantly anticipate cell overall reorientation. Stress fiber reorganization response occurs within
the first minutes from the onset of the cyclic strain stimulation, while complete cell reorientation is



seen in the time range of hours**”**?, In 2001, Hayakawa et al.*® observed in rat smooth muscle cells
the breakdown of stress fibers aligned along the stretching direction soon after the start of the
mechanical stimulation, followed by stress fiber reorientation at an oblique angle with respect to the
axis of stretching. Similar observations were reported by Ngu et al. in bovine endothelial aortic
cells'®. Also, the investigation of Lee et al.*** pointed out that bovine aortic endothelial cell
reorientation involved the disassembly of the stress fiber proximal section (far from the focal
adhesions) and de novo formation of stress fiber at a reoriented angle with comparatively little focal
adhesion turnover. These studies suggest that reorientation of stress fiber takes place through stress
fiber turnover and re-assembly. However, there is also another line of evidence which suggests that
stress fiber turnover might occur via focal adhesion sliding and consequent stress fiber rotation.
Deibler et al.*** demonstrated that rat embryonic fibroblasts reorient by realigning pre-existing
stress fiber while Goldyn et al.** tracked the dramatical sliding of focal adhesions induced by cyclic
uniaxial strain in NIH3T3 fibroblasts. Most probably, the aforementioned mechanisms are not
mutually exclusive. Still, the challenge for the future remains to uncover the precise mechanisms of
stress fiber and cell reorientation, by focusing on the heterogeneity observed not only on subcellular

locations but also along the same stress fiber™***°,

A number of theoretical models have been elaborated in the endeavour to describe the relationship
between the actin cytoskeleton reorganization and the cyclic uniaxial strain acting on cells. In 2000,
Wang et al.™®! proposed that stress fibers tend to orient in the direction of minimal normal strain,
where the unperturbed state is maintained. Other models, mostly based on the molecular aspects of

152154 \were developed based on the same approach. Instead, the work of De et

stress fiber assembly
al.™®® predicts stress fiber orientation in the minimal matrix stress direction using a coarse-grained
model of cells approximated as single force dipoles. While consistency between the predictions of
these models and experimental results was proven in many studies, recently, Livne et al.**® have
found significant deviation between their results and the theoretical predictions proposed by the
existing models. By investigating strain avoidance response over a wide range of stretch
configurations, they demonstrated that stress fiber reorganization does not coincide with the
direction of minimal strain or stress of the substrate. Therefore, they developed a new theoretical
approach based on the molecular and physical properties of the stress fiber-focal adhesion system.

Yet, it remains to be tested whether this model is cell type-independent.
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Cellular orientation response to combined substrate anisotropy and cyclic uniaxial
strain

From the previous paragraphs it appears that cell and stress fiber orientation can be influenced by
anisotropic cues or by imposing cyclic uniaxial strain on cell substrates. This legitimates to ask what
the influence of anisotropic cues and cyclic strain is when these cues are applied in combination and
along the same direction. This simultaneous stimulation, theoretically, would lead to competing
stimuli for cell reorientation. An overview of the studies conducted applying anisotropic cues and
cyclic uniaxial strain are reported in Table 1.3. We have considered all cell types, as the number of
these studies is limited.

By using microgrooves integrated in a custom-built stretching device, Wang and Grood'
demonstrated that micro-topography generally overrules strain avoidance. E.g., tissue cells maintain
the original orientation imposed by the microgrooves, even if strain stimulation occurs along the
same direction'®*®. Prodanov et al.*®® have added to this evidence that cellular response might be
influenced by the dimension of the anisotropic textures. They showed that osteoblasts plated on
nanogrooves and subjected to cyclic strain responded by strain avoidance, while on micro-sized
features they remained aligned with the anisotropy of the substrate. Next to this, it has been
observed by Ahmed et al.*® that topographical cues combined with cyclic strain can have distinct
impact on stress fibers as compared to cell body reorientation response. In their study, myoblasts
were confined on substrates patterned with parallel fibronectin lines (widths comparable to cell size)
and exposed to cyclic uniaxial stretch. It appeared that, while cell bodies remained confined on the
micropatterned lines, stress fiber succeeded in reorganizing perpendicular to the strain direction.
This points to different mechanisms involved in strain and anisotropy sensing.

Recently, a study from our group has provided further insight on the mechanisms underlying stress
fiber response to combined cyclic strain and anisotropic cues. It was observed that distinct
responses occur at the actin cap and basal layer. The actin cap stress fibers clearly tend to neglect
the topographical cues and respond to strain, while the basal actin fibers remain aligned with the
topography of the substrate®. These findings provided evidence that cellular response to
anisotropy of the substrate and cyclic strain is the complex integration of subcellular structural
responses. Nevertheless, most of the mentioned studies reported on cell and stress fiber orientation
but neglected the response of crucial structures such as focal adhesions.

In summary, although general indication exists that anisotropic cues modulate cell and stress fiber
orientation response to cyclic uniaxial strain, a deeper understanding of the phenomenon is still
needed. Detailed quantification of stress fiber reorientation dynamics at the subcellular level upon
presentation of simultaneous anisotropic and cyclic strain cues would be of great benefit for
unravelling the temporal dynamics of the processes involved in cellular adaptation.
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Outlook and thesis outline

A deep understanding of the mechanisms by which biophysical cues regulate cellular behaviours is of
fundamental importance for cardiovascular regeneration strategies. For instance, in biomaterial-
based in situ engineering approaches that need to guide and control cell and tissue organization for
proper tissue functioning, it is crucial to know how cellular orientation can be modulated. Achieving
controlled cellular organization is a primary aim of regeneration of cardiovascular tissues because it

allows matching native tissue micro architecture and functionality™”°.

In this chapter, we have provided an overview of the knowledge obtained in the last decades about
the components of the structural mechanotransduction pathway, an interconnected chain of
proteins implicated in force propagation from the extracellular environment to downstream targets
such as the nucleus and gene expression regulation. We also reported on the current understanding
of cellular orientation response induced by the application of substrate anisotropy and cyclic uniaxial
strain. The development of in vivo-like micro-devices has enabled researchers to perform
experimental studies under controlled conditions, in the effort to identify the link between applied
biophysical cues and cellular response. These studies have demonstrated that an intact structural
mechanotransduction pathway plays a crucial role in the control of normal cellular functionality.
Still, the large body of knowledge generated by using such diverse approaches and the cell-type
dependence of the results complicate the attempt of unifying the available knowledge. Therefore,
further research is required to achieve an in-depth understanding of the role of structural
mechanotransduction pathway in biophysical signal transduction.

In this thesis, we will focus on the actin cytoskeleton, a crucial component of the structural
mechanotransduction pathway. By transferring and responding to the signals coming from the
biophysical cues of the extracellular environment, the actin cytoskeleton filaments play a major role
in cellular mechanoresponse and, thus, in numerous cellular processes (Figure 1.2). In particular, the
actin cytoskeleton is responsible for cellular alignment, in response to topographical or cyclic strain
cues, and for the developed intracellular tension, in response to changes in substrate stiffness.

In view of achieving relevant knowledge for attaining control over actin cytoskeleton behaviours by
modulating the cues of the extracellular environment in physiological and pathophysiological
conditions, in this thesis, we will perform experimental investigations of the actin cytoskeleton
mechanoresponse upon stimulation by relevant biophysical cues, such as topographical cues, cyclic
uniaxial strain and stiffness.

In order to obtain functional tissue through regenerative strategies, it is crucial to mimic the
structural organization of living tissues, which ultimately results from controlled cellular alignment.
In chapter 2, with the help of a dedicated experimental modular model system, we will investigate
the influence on actin cytoskeleton orientation of two apparently competing stimuli for cellular
alignment: topographical cues and cyclic uniaxial strain.

Furthermore, in chapter 3, we will explore the effects of normal and aberrant actin cytoskeleton
formation in the orientation response to topographical cues and cyclic uniaxial strain. To investigate
the relevance of an intact structural mechanotransduction pathway in the cellular orientation
response, we consider cells with defected actin cytoskeleton (knock-out cellular models). This allows



getting deeper insights in the different subcellular actin structures relevant for cellular
mechanoresponse to topographical cues and cyclic uniaxial strain. Moreover, translation to
pathophysiological conditions is possible since the cells used in this study represent a model for a
family of diseases called laminopathies characterized by mechanically weakened cell phenotypes.

-

Structural mechanotransduction
pathway

/

Biophysical
stiffness cues

Cell
mechanoresponse

Cyclic strain Topography

—

Figure 1.2. Schematic overview of the interplay between the biophysical cues of the cellular environment and cellular
mechanoresponse. The biophysical cues considered in this thesis are i) topography ii) cyclic uniaxial strain and iii) substrate
stiffness (all dark green). These stimuli are transmitted (green arrow) through an interconnected network of structural
elements in the cellular interior (focal adhesions (light green), actin cytoskeleton (red) and nucleus (blue)). Alternatively,
these stimuli can initiate a cascade of biochemical signals. In both cases, the signals ultimately reach the nucleus, where
cellular mechanoresponse (purple) is regulated. In this thesis we focus on the structural mechanotransduction pathway for
the transmission of biophysical cues to the nuclear interior. Cell mechanoresponse may eventually result in changes in the
biophysical properties of the surrounding environments (white arrow). However, this part of the mechanotransduction
loop is not considered in this thesis.

In chapter 4 we will focus on mechanically weakened and structurally impaired cells. We consider
substrate stiffness as a cue for modulating the actin cytoskeleton remodeling, and, overall, cellular
processes. Adherent cells anchor to the substrate via focal adhesions and pulls on it through the
actin-myosin cytoskeleton. This allows for probing the stiffness (resistance to deformation) of the
surrounding microenvironment’**’%, Through mechanotransduction processes, tissue cells respond
to the sensed resistance by adjusting their adhesion sites and reorganizing the cytoskeleton'”?
general, on soft substrates cells have reduced adhesion strength resulting from a disorganized and
barely tensed actin cytoskeleton and dynamic focal adhesions'’**". On stiffer substrates, instead,
adherent cells, such as fibroblasts, develop organized and the tensed actin stress fibers and stabile
175177 The intracellular stiffness and tension vary accordingly. Based on such
observations, it becomes clear that actin cytoskeletal tension can be modulated by modifying the

. In

focal adhesions

substrate stiffness on which cells are cultured.

In our study, we employ this property of adherent cells and we investigate whether variations in
stiffness of the culture substrate influence the onset of cellular structural abnormalities in
mechanically weakened cells.



Finally, chapter 5 discusses the results obtained in this thesis. Next to this, we review future
perspectives towards a comprehensive understanding of actin cytoskeleton remodeling, which can
eventually be exploited for developing new strategies for repairing or regenerating cellular
organization in diseased/damaged tissues, as well as for elaborating new therapies for rescuing

mechanically weakened cells.
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Chapter 2

Competition between

cap and basal actin fiber orientation
in cells subjected to

contact guidance and cyclic strain

In vivo, adhesive cells continuously respond to a complex range of physical cues coming from the surrounding
microenvironment by remodeling their cytoskeleton. Topographical and mechanical cues applied separately
have been shown to affect the orientation of the actin stress fibers. Here we investigated the combined effects
of contact guidance by topographical cues and cyclic uniaxial strain on actin cytoskeleton orientation of
vascular derived cells. We devised a modular setup of stretchable circular and elliptic elastomeric microposts,
capable to expose the cells to both contact guidance and cyclic uniaxial strain. A competition occurs between
these cues when both contact guidance and strain are oriented along the same direction. For the first time we
show that this competition originates from the distinct response of perinuclear basal and actin cap fibers:
while basal fibers follow the contact guidance cue, actin cap fibers respond to the cyclic strain by strain
avoidance. We also show that nuclear orientation follows actin cap fiber orientation, suggesting that actin cap
fibers are responsible for cellular reorientation. Taken together, these findings may have broad implications in
understanding the response of cells to combined topographical and mechanical cues.

The contents of this chapter are based on:

Tamiello,C., Bouten,C.V., & Baaijens,F.P. Competition between cap and basal actin fiber orientation in cells subjected to
contact guidance and cyclic strain. Sci. Rep. 5, 8752 (2015).



Introduction

The implication of topographical and mechanical cues in physiological behaviours of adhesive cells
such as proliferation, migration and differentiation has become increasingly evident™™.
Consequently, the potential to manipulate cell behaviour by modulating physical cues of the
surrounding microenvironment has raised great interest for tissue engineering purposes.

The effects of singular topographical and mechanical cues on the behaviour of adhesive cells have
extensively been studied. Cells actively recognize topographical cues ranging from sub-micrometer
to ten micrometers in size. As a consequence, cells organize their cytoskeleton in order to align and
migrate along the topographical cue. This phenomenon is known as contact guidance®®.
Furthermore, the impact of mechanical loading on cellular behaviour has also been of broad
attention. For instance, epithelial cells, endothelial cells and adjacent fibroblasts withstand and
respond to strains in the surrounding microenvironment resulting from physiological processes such

1011 3nd muscular contraction respectively™. In vitro

as embryonic development®, blood pulsation
investigations revealed that cyclic uniaxial strain has an effect on the alignment of cells. Most types
of adhesive cells respond to cyclic uniaxial strain with a strain avoidance response, thus by

1316 Taken together, the results of these

reorienting almost perpendicular to the strain direction
studies suggest that topographical and mechanical cues might act as competitive cues for cellular
alignment. However, investigations and understanding of the influence and interplay of
topographical and mechanical cues on cell behaviour are currently lacking. This kind of studies would
give insight on cell adaptation in the native cellular microenvironment, which includes a combination
of topographical as well as mechanical cues. Furthermore, findings from these studies would be of
great benefit for the area of (in situ) tissue engineering of load-bearing tissues. In micro structural
scaffolds, cell organization and subsequent neo-tissue formation are indeed a function of both

topographical cues and (cyclic) strain imposed on the tissue.

The ability of adhesive cells to sense and respond to the physical properties of their
microenvironment lies in the interaction and communication between the cells and the surrounding
environment, which results in the translation of physical stimuli into biochemical signals
(mechanotransduction)®’. Key cellular components for mechanotransduction are focal adhesions and
actin stress fibers. These elements are responsible for cellular mechanosensing and propagation of
the signals to the nucleus. By the transduction of the signals to the genome, the final adaption of the
cell to the developing microenvironment occurs'®. However, recent studies report on the existence
of a direction transduction mechanism going from the surrounding mechanical stimuli of the
extracellular environment to the nucleus®. This physical interconnection is the perinuclear actin cap,
a subset of actin stress fibers running on top of the nucleus and directly interacting with it via
nuclear membrane proteins. The perinuclear actin cap has been shown to dominate the (early)
mechanoresponse of adherent cells, as opposed to basal fibers which do not have a direct

connection to the nucleus'*?.

In this study, we concentrate on the combined effects of topographical and mechanical cues, namely
contact guidance and cyclic uniaxial strain, on the actin cytoskeleton of vascular derived cells (HVSC).
In particular, we aim at understanding which cue dominates the response of stress fiber orientation,
when cyclic uniaxial strain and contact guidance are applied together. We cultured HVSC on top of a



modular setup of arrays of elastomeric microposts of different lengths (1, 3 and 6 um), cross
sections (circular and elliptical) and bound to a stretchable membrane. By analyzing stress fiber
orientation, we were able to dissect between the effects of stiffness, contact guidance and cyclic
strain. We observed that stress fiber orientation does not depend on the stiffness. Instead, stress
fiber orientation is correlated with the presence of contact guidance and the relative angle between
it and the cyclic uniaxial strain. We demonstrate that a competition between contact guidance and
strain arises when both cues were applied along the same direction. Further examination of the
actin architecture pointed out that such effect involves the distinct response of the perinuclear actin
cap fibers and the basal stress fibers. While actin cap fibers are prone to a strain avoidance
response, basal actin fiber orientation remains dominated by the contact guidance of the underlying
microposts.

Results

Modular setup

The developed modular setup for investigating the combined effects of contact guidance, stiffness
and strain on stress fiber orientation consisted of microfabricated elastomeric micropost arrays
characterized by different cross sections and lengths, incorporated into a stretching device.

By changing the cross sections we fabricated anisotropic and isotropic microposts, which
respectively do and do not induce cellular contact guidance. The geometrical anisotropy was given
by an elliptic cross section, which directed cell alignment along the major axis of the ellipse. On the
other hand, random cell alignment was obtained with isotropic microposts, which were
characterized by a circular cross section (Figure 2.1a).
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Figure 2.1. Modular setup of elastomeric micropost arrays and experimental conditions. Representative scanning
electron micrographs (top view) of hexagonally arranged elastomeric microposts forming a dense hexagonal lattice. Both
circular cross section microposts (circular, a) and elliptic cross section microposts (elliptical, b) are shown. Scale bar: 20 um.
Overview of static (c) and dynamic (d) experimental conditions. Schematic representation of neighbouring arrays of
elastomeric microposts representing the three experimental conditions in red. 1) Circular microposts, 2) elliptical
perpendicular microposts characterized by elliptic cross section which major axis is perpendicular to the strain direction
and 3) elliptical parallel microposts characterized by elliptic cross section which major axis is parallel to the strain direction.
The double-arrow headed line represents the strain direction for the dynamic condition.

The choice of three microposts lengths (1, 3 and 6 pum) allowed mimicking different substrate
stiffnesses (Table 2.1). In fact, the bending stiffness of each micropost depends on its length when
the cross section is kept unchanged*”*®. Finally, the micropost arrays were designed in array clusters
that represent different experimental conditions. As a result, we could study the response to several
topographical conditions in one experiment. The experimental conditions studied are referred to as



circular, elliptical perpendicular and elliptical parallel, where perpendicular (parallel) means that the
major axis of the elliptic cross section is perpendicular (parallel) to the strain direction (Figure 2.1b).
For control studies in static conditions (static), the micropost arrays were bound to glass coverslips.
Instead, for studying the effects of cyclic uniaxial strain (dynamic), the arrays were bound to
commercially available flexible-bottomed culture wells. The cyclic uniaxial strain applied to the
membrane bound to the microposts was transferred to the micropost tops and, therefore, was able
to exert strains to the adherent cells attached to the micropost tops®.

Table 2.1. Library of microposts used for the modular setup

micropost array type radius/semi-axis c.t.c. dist. (um) L micropost bending stiffness
(pm) (pm) k (nN/pm)
r=1 4 1 774
circular r=1 4 3 94
r=1 4 6 16
a=15 a 1 k(a) = 1252
b=0.87 k(b) = 895
a=15 a 5 k(a) = 215
elliptical b=0.87 k (b)=98
a=15 k(a) = 41
4 6
b=0.87 k (b)= 16

In addition to the geometrical factors (radius/semi-axis (r, a, b), center to center distance (c.t.c.) and length (L)), also the
corresponding micropost spring constants (k) are shown.

Contact guidance dictates stress fiber orientation independent of micropost
stiffness under static conditions

To validate our modular setup, HVSC were cultured in static conditions on circular and elliptical
microposts coated with rhodamine labelled fibronectin. After 33 hours cells were fixed and observed
for stress fiber orientation. While no preferred orientation was observed on circular microposts
(Figure 2.2 3, ¢, e, g, i and k), stress fibers aligned with the major axis of the elliptical perpendicular
microposts (Figure 2.2 b, d, f, h, jand I).

Examination of stress fiber orientations on micropost lengths of 1, 3 and 6 um, respectively, showed
similar stress fiber distributions for the circular and elliptical perpendicular cases indicating that the
stress fiber distributions are independent of the micropost bending stiffness (Figure 2.2 and

Figure 2.3).
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Figure 2.2. Stress fiber orientation follows contact guidance prescribed by the major axis of elliptical microposts while it
is random on circular microposts. Representative fluorescent images (actin stress fibers in green, nucleus in blue,
rhodamine conjugated fibronectin coated on top of microposts in red) and bimodal fits of the stress fiber orientation
(including the first and the second dominant fiber angle with standard deviations and R-squared value). (a, c, e, g, i and m)
For circular microposts stress fibers do not show a preferred orientation. (b, d, f, h, | and n) For elliptical perpendicular,
stress fibers align with the micropost major axis (about 90°). Scale bars represent 100 um. The data reported are results
from n = 3 independent experiments, at least 40 cells were considered per each condition. Results for elliptical horizontal

microposts were omitted.
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Figure 2.3. Stress fiber distribution is independent of micropost bending stiffness. Bimodal fits of the stress fiber
orientation for each experimental condition. On each graph the stress fiber distributions for 1 um, 3 um and 6 um
microposts are reported. Data are represented by mean + SEM. In static condition, 3 experiments were performed; in
dynamic condition, 3 experiments were performed with 1 um microposts, while 7 experiments were performed in the
other experimental conditions.



Competition between contact guidance and strain avoidance determines stress
fiber orientation

To study the relative impact of contact guidance and cyclic uniaxial straining on stress fiber
orientation, we exposed HVSC seeded onto elastomeric microposts to cyclic uniaxial straining in the
horizontal direction at 0.5 Hz in frequency and 6.8 % in amplitude for 19 hours. The stress fiber
distribution was analysed after cell fixation (Figure 2.4). On circular microposts, stress fibers
displayed a strain avoidance response, as they oriented toward the (near) perpendicular alignment
with respect to the strain direction (Figure 2.4 a, d, g, j, m and p). On elliptical perpendicular
microposts, in dynamic conditions, stress fibers exhibited alignment with the major axis of the
elliptical microposts (Figure 2.4 b, e, h, k, n and q). This result was comparable to the stress fiber
orientation in static conditions and shows that stress fibers remained perpendicular to the strain
direction. In contrast, on elliptical parallel microposts, we observed a change in the stress fiber
distributions compared to the static conditions. The lack of a preferred orientation pointed to a
competition between strain avoidance and contact guidance due the cyclic uniaxial straining and
contact guidance invoked by the elliptic cross section of the microposts (Figure 2.4 c, f,i,l, o and r).
In summary, these results show that stress fiber reorientation is affected by the orientation of the
elliptical microposts compared to the straining direction. Indeed, on the elliptical parallel microposts
the application of strain results in hindered strain avoidance when compared to circular microposts.
In agreement with our findings under static conditions, stress fiber orientation under cyclic uniaxial
straining did not show any correlation with the bending stiffness of the (

Figure 2.3 and Figure 2.4).

Distinct responses of basal and perinuclear actin cap fibers to contact guidance and

cyclic strain explain the competition between these cues

We investigated whether the stress fiber organization within the cell itself can explain the results of
the combined effects of contact guidance and cyclic uniaxial strain. Therefore, we acquired z-stacks
of confocal images of actin fibers stained of HVSC cultured on 1 um micropost arrays in static and
dynamic conditions. We subsequently quantified the mean orientation of the perinuclear stress
fibers both at the basal and actin cap levels (Figure 2.5a).

In all static experimental conditions, the preferred orientation of basal and actin cap fibers was
similar (Figure 2.5 o, p and q (static)) indicating that in both zones of the cell, actin fibers ran
invariably parallel to each other in HVSC adhered to circular and elliptical microposts. However,
under dynamic conditions, the combination of cyclic uniaxial strain and contact guidance had distinct
effects on basal and actin cap fiber orientation depending on the experimental condition. On circular
microposts, cyclic uniaxial strain elicited reorientation of both basal and actin cap fibers to a mean
orientation of <a>=59°. The shift between the mean orientation at the basal and actin cap levels was
not significant (<a>=60° and <a>=59° for basal and actin cap respectively), indicating that both basal
and actin cap fibers showed a similar strain avoidance response (Figure 2.5 c, d and o). In case of
elliptical perpendicular microposts the mean orientations of basal and actin cap fibers were not
significantly different compared to the static condition (Figure 2.5p). The mean direction was
<o>=85° and <a>=81° for basal and actin cap fibers respectively.
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Figure 2.4. Stress fiber orientation shows strain avoidance response on circular and elliptical perpendicular microposts,
but not on elliptical parallel microposts after cyclic uniaxial strain. Outcomes of stress fiber orientation upon cyclic
uniaxial strain for circular, elliptical perpendicular and elliptical parallel microposts. Representative fluorescent images
(actin stress fibers in green, nucleus in blue, rhodamine conjugated fibronectin coated on top of microposts in red) and
bimodal fits of the stress fiber orientation (including the first and the second dominant fiber angle with standard deviations
and R-squared value) after 19 hours of cyclic uniaxial strain prescribed in the horizontal direction corresponding to a
0°/180° angle. (a, d, g, |, 0 and r) For circular microposts subjected to dynamic loading, stress fibers reorient shows strain
avoidance (perpendicular to the strain direction). (b, e, h, m, p and s) For elliptical perpendicular, stress fibers align with
the micropost major axis which is also perpendicular to the mechanical load. (c, f, i, n, g and t) For elliptical parallel
microposts, no preferred stress fiber alignment was observed. Scale bars represent 100 um. The data reported come from
n = 3 independent experiments in case of 1 um microposts, n = 7 independent experiments in the other cases.



This indicates that stress fibers remained almost perpendicular to the strain direction, which is also
the direction of the contact guidance provided by the microposts (Figure 2.5 f and g). In contrast, on
elliptical parallel microposts we measured a significant shift between the mean orientation of basal
and actin cap fibers. While the basal fibers had a mean orientation of <a>=4° and thus were mainly
oriented along the micropost major axis, the actin cap fiber mean orientation shifted to <o>=19°
(**p<0.01), reflecting the tendency of the basal fibers to remain aligned with the micropost major
axis, thus with the contact guidance (Figure 2.5q). Instead, actin cap fibers were sensitive to the
cyclic uniaxial strain cue and, consequently, they tended to orient away from the strain direction,
neglecting the contact guidance cue.

We also assessed cell orientation in HVSC adhered to elliptical parallel microposts in dynamic
conditions, as we observed that about half of the cells remained parallel to the microposts while
about half reoriented in a different direction. We classified as “reoriented” the cells which
orientation angle was 0>20° (relative to the micropost major axis and strain direction) and as
“remaining” the ones which orientation angle was 0<20° (Figure 2.5b). In reoriented cells the
difference between actin cap and basal fibers was =20° (<a>=6° for basal and <a>=26° for actin cap,
***¥p<0.001) (Figure 2.5 i, j and r (left). Instead, for the remaining cells, the shift was not significant
=10° (<a>=3° for basal and <a>=13° for actin cap) (Figure 2.5 |, m and r (right)). Summarizing, these
data demonstrate a zone-based response to contact guidance and cyclic uniaxial straining due to the
basal fibers and actin cap fibers independently.

Z-stacks were also studied to determine the impact of contact guidance and cyclic uniaxial straining
on nuclear orientation. Since the actin cap is physically connected to the nucleus, we hypothesized
that the actin cap orientation would mediate nuclear reorientation®’. To test this hypothesis we
measured the nuclear orientation and compared it with the mean actin cap fiber orientation. Under
static conditions, nuclei were oriented in the direction of actin cap fibers, which ran parallel to the
basal fibers (Figure 2.5 o, p and q (static)). Upon cyclic uniaxial straining, the nucleus was oriented in
the same direction as actin cap fibers in all the experimental conditions (Figure 2.5 e, h, k, n, o, p, q
and r). These results indicate that a correlation exists between nuclear and actin cap orientation.
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Figure 2.5. Basal stress fibers follow contact guidance, while actin cap stress fibers and nucleus display strain avoidance.
(a) Schematic of an adhesive cell cultured on top of stretchable microposts coated with rhodamine conjugated fibronectin
(red). Status of actin organization at the perinuclear actin cap (light blue) and basal (magenta) is examined by confocal
microscopy. (b) Schematic representation of the classification of reoriented (top) and remaining (bottom) cells on top the
elliptical parallel microposts. The orientation angle 6 between the micropost major axis and the major axis of a cell
determined by fitting an ellipse to the cell’s outer boundary. If 0220°, the cell is categorized as reoriented, while, if 6<20°,
the cell is categorized as remaining. (c-n) Representative confocal fluorescent micrographs of perinuclear actin cap fibers,
basal fibers and nucleus of HVSC cultured on circular, elliptical perpendicular and elliptical parallel microposts (reoriented
(left column) and remaining cell (right column)) after 19 hours of cyclic uniaxial strain applied in the horizontal direction
corresponding to a 0° angle. Insets show the whole imaged cell, with inner boxes framing the zoomed regions shown in the
main panels. For all images in this figure actin stress fibers are visualized with FITC-Phalloidin. Scale bars represent 10 um
(0-g) Mean orientation of basal and actin cap fibers and nucleus in static conditions (left side) and after 19 hours of cyclic
uniaxial strain (dynamic) (right side) for circular (o), elliptical perpendicular (p) and elliptical parallel microposts (q). In
panel o, 5 cells in static and 12 cells in dynamic conditions were analyzed. In panel p, 6 cells in static and 14 cells in dynamic
conditions were analyzed. In panel g, 6 cells in static and 24 cells in dynamic conditions were analyzed. (r) Mean
orientation of basal and actin cap fibers and nucleus in dynamic conditions for reoriented (n = 13) and remaining (n = 11)
cells on elliptical parallel microposts. For all graphs, values represent means + SEM. ***, ** * indicate p value <0.001,
<0.01, <0.05 respectively.



Discussion

The main objective of this investigation was to gain insight on the stress fiber orientation in vascular
derived cells subjected to contact guidance and cyclic uniaxial strain. To do this we devised a
modular setup made of stretchable elastomeric microposts capable to invoke cellular contact
guidance. Analysis of stress fiber orientation at the cell level revealed that neither contact guidance
nor strain avoidance dominates when contact guidance and strain are prescribed along the same
direction. Our findings at actin fiber level give further explanation for this observation: two distinct
responses are observed in perinuclear basal and actin cap fibers. Within the experimental timeframe
(19 hours) and the strain regime considered, perinuclear actin cap fibers predominantly respond to
cyclic uniaxial strain and not to contact guidance, while basal stress fiber orientation is dictated by
contact guidance only.

Our study also shows that the modular setup of stretchable elastomeric microposts can be used to
study the independent and combined effects of contact guidance and strain on stress fiber
orientation of adhesive cells. Since in static conditions we observed stress fiber alignment along the
major axis of the elliptical microposts, we show evidence that our system can impose contact
guidance.

We were also able to simulate a range of substrate stiffnesses, by changing the micropost length
(Table 2.1). However, we did not detect any difference in stress fiber orientation, in both static and
dynamic conditions. Presumably, in the range of the stiffnesses studied, the arrangement of stress
fibers, which correlates with the arrangement and maturation of focal adhesions, could be regulated
by the topographical cues only and not by stiffness. This observation is consistent with the results of
Seo et al., who reported regulation of focal adhesions localization by topographical variations in
micro patterns, independently of the substrate stiffness®. Yet, the cellular stiffness sensing
mechanism is a subject of intensive debate because conflicting evidences have emerged from recent
studies trying to elucidate whether bulk substrate stiffness or extracellular matrix protein tethering

regulates the mechanosensitive cellular response®®?,

Our observations about stress fiber reorientation on circular microposts are consistent with studies
on flat, isotropic, 2D substrates subjected to cyclic uniaxial strain®**® 3> 3. We show indeed that
stress fiber orientation follows a strain avoidance response. The effects on cellular orientation upon
simultaneous stimulation by contact guidance and mechanical loading was topic of previous studies.
However, in these investigations, micro-structures such as grooves> > or micro-patterned lines>® ¥’
were employed. The spatial confinement of focal adhesions and stress fibers in the z-direction
resulting from the use of grooves could be critical for stress fiber reorientation®®. In case of micro-
patterned lines used to impose cell alignment, stress fiber reorientation is restricted to the width of
the lines. To avoid these concerns, and in order to allow free cell and stress fiber reorientation, we
have used contact guidance invoked by elliptical micropost cross sections. The perpendicular and
parallel arrangement of the elliptical microposts enabled us to show the direct effects on stress fiber
reorientation of cyclic uniaxial strain combined with contact guidance. We demonstrated that the
combination of the two cues does not affect stress fiber reorientation in case of elliptical microposts
oriented perpendicular to the strain direction. In this case, both basal and actin cap fibers remained
oriented perpendicularly to the strain direction. Thus, it is likely that cells grown perpendicularly to



the strain direction become insensitive to strain, as they can maintain their orientation®.
Conversely, cyclic uniaxial strain and contact guidance resulted in antagonistic responses when we
exposed the cells to both cues applied along the same direction. In this case the strain avoidance
response was only partly seen; about half of the cells remain aligned with the micropost and half of
the cells reorient away from the strain direction. When looking at the whole group of cells, we found
that the perinuclear actin cap fibers reoriented at about 19° to the strain/micropost major axis
direction, while the perinuclear basal fibers remained aligned with the underlying microposts. This
observation can probably be attributed to two reasons. Firstly, the enhanced mechanosensing
characterizing the actin cap associated focal adhesions make them more sensitized for mechanical
loading. Actin cap associated focal adhesions have indeed been shown to differ from basal actin fiber
associated conventional focal adhesions, e.g. they dominate cell mechanosensing over a wide range
of matrix stiffness?. Secondly, each actin cap fiber is anchored to the microposts only at the two
actin cap associated focal adhesions. This makes the actin cap less entangled to the underlying
microposts as compared to the basal stress fibers, which instead contact the microposts in
numerous conventional focal adhesions. As a consequence, the response of actin cap fibers
mechanical loading can be more dynamic. Being both explanations not mutually exclusive, we
suggest that the peculiarity of the actin cap focal adhesions and the structural organization of the
actin cap itself might both play a role in triggering the strain avoidance response of actin cap fibers.

Additionally, we revealed a correlation between actin cap fiber orientation and nuclear orientation
both in static and dynamic conditions. In particular, even when cyclic uniaxial strain was applied
along the same direction of contact guidance, we observed that actin cap fibers and nucleus
oriented at the same angle. These observations lead us to hypothesize that the reorientation of the
actin cap brings along nuclear reorientation. We relate this phenomenon to the fact that the actin
cap is directly anchored to the nucleus® through linkers of nucleoskeleton and cytoskeleton
complexes®. In support to this, a recent study by Kim et al. also demonstrates the direct
involvement of actin cap fibers in controlling nuclear rotation and translocation®".

Taken all the results into consideration, within the experimental conditions of this study, we
speculate the following mechanistic model for vascular derived cells grown on elastomeric
microposts exposed to cyclic uniaxial strain. In absence of contact guidance, actin cap fibers respond
to cyclic uniaxial strain by reorienting towards a direction almost perpendicular to the strain.
Therewith, the physical anchorage of the actin cap to the nucleus results in the reorientation of the
nucleus co-aligned with actin cap fibers. While being reoriented, the nucleus and, thus, the genome
receive the signals coming from the actin cap mechanosensing. This leads the nucleus to orchestrate
the reorientation of the whole cell, including the reorientation of basal stress fibers, and thus the
reorientation of the whole cell. If contact guidance and cyclic uniaxial strain are applied in the same
direction, an active competition between the cues arises resulting in half cell population remaining
aligned with the contact guidance cue and half reorienting at an angle 220° from the contact
guidance cue (Figure 2.6). Noticeably, in reoriented cells, actin cap fibers and the nucleus reorient at
an angle to the strain direction, while the perinuclear basal actin fibers remain aligned with the
contact guidance cue.
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Figure 2.6. Schematic drawing of the effects of cyclic uniaxial strain on actin stress fiber orientation of vascular derived
cells cultured on elliptical microposts aligned with the direction of strain. Our results revealed two kinds of cellular
responses: remaining and reoriented cells. (a) The remaining cells remain aligned with the contact guidance cue provided
by the micropost elliptical cross section. The perinuclear basal and actin cap fibers run parallel to each other. (b)
Reoriented cells orient themselves at an angle 220°. This orientation is mainly given by actin cap fibers orientation. These
fibers have a strain avoidance response. Perinuclear basal actin fibers instead do not reorient but remain aligned with the
contact guidance cue. The nuclear orientation is similar to the actin cap orientation. Figure by Anthal Smits.

Clearly it needs to be further investigated whether such cell behaviour is dependent on the straining
regime and the experimental time frame. Moreover, it will be important to consider the influence of
cell density, as the formation of a confluent cell sheet might alter the actin cap fiber behaviour.

In conclusion, this study sheds light on the response of the actin cytoskeleton and the nucleus of
vascular derived cells subjected to a combination of topographical and mechanical cues such as
contact guidance and cyclic uniaxial strain on planar substrates. We show that the combination of
these cues can result in competing effects on the stress fiber orientation response. We
demonstrated that actin cap fibers have a pronounced response to strain and are responsible for
nuclear strain avoidance response. On the other hand, the perinuclear basal actin fibers appear to be
more sensitized to the contact guidance cue. These findings have implications for tissue engineering
where contact guidance and cyclic uniaxial strain are involved.



Materials and Methods

Cell cultures

The cells used in this study are human vascular-derived cells (HVSC) harvested from the vena
Saphena magna from the Catharina Hospital Eindhoven. The tissues are considered surgical rest
material, whereby the patient has been informed on potential use of rest material for scientific
research purposes®. Verbal informed consent was obtained from patients and tissues were handed
over anonymously, without any patient-specific information except for gender. Procedures for
secondary use of patient material were followed as described in the Dutch code of conduct for
responsible use of patient material. According to the Dutch medical scientific research with human
subjects act (WMO), secondary use of patient material does not need review by a Medical Ethics
Examination Committee. HVSC have previously been characterized as myofibroblasts*®. The HVSC
were cultured in advanced Dulbecco Modified Eagle’s Medium (DMEM, Invitrogen) supplemented
with 10% Fetal Bovine Serum (Greiner Bio-one), 1% penicillin/streptomycin (Lonza), 1% GlutaMax
(Invitrogen). Only cells at passage 7 were used in this study. Myofibroblasts have been shown to be
sensitive and respond to mechanical cues***. This makes this cell type interesting for our study.

Micropost design and fabrication

The elastomeric microposts arrays were fabricated via standard photolithography processes,
according to previous protocols46. Briefly, silicon wafers were patterned with an array of cylindrical
pits. Afterwards, poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow Corning), was poured over the
silicon template, spincoated 30 seconds at 1000 rpm and cured at 110° C for 20 minutes to reach a
Young’s Modulus of 1.8 MPa. The micropost arrays were then peeled off the wafer. Our microposts
were characterized by a radius r of 1 um in case of circular cross section (circular microposts) and
semi-major axis a of 1.50 um and semi-minor axis b of 0.87 pm in case of elliptic cross section
(elliptical microposts). The densely packed microposts (center to center distance, c.t.c. of 4 um)
formed arrays of 1.0 x 1.0 mm with spaces of 150 um between them. The micropost lengths used in
this study were (L) of 1, 3 and 6 um. Together, we created a library of microposts for our modular
setup. As the bending stiffness of each micropost is solely determined by its geometry, we
modulated substrate stiffness by varying micropost length®” *%. Finite element analysis was used to
calculate the force—displacement relationship, leading to the micropost bending stiffnesses reported
in Table 2.1 (Figure 2.7). Micropost arrays were bonded to glass coverslips (Menzel) or six-well
plates (Uniflex Series Culture Plates, Flexcell FX 5000, Flexcell International, Hillsborough, NC, USA)
using a corona discharger. To promote irreversible bonding, the sample was kept in oven at 60°
overnight.
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Figure 2.7. Micropost bending properties. (A) Finite element model of the micropost in its initial (left) and deformed shape
(right). A thick layer of PDMS substrate underlying the micropost was taken under consideration in the FE simulations. (B)
Plot of force vs. displacement as calculated from the finite element model for each micropost type.

Micro-contact printing on microposts

A flat PDMS stamp was cleaned and then incubated with 50 pg/ml rhodamine fibronectin
(Cytoskeleton, Denver, CO, USA) in deionized water for 1 hour. The stamp was dried under sterile
airflow and deposited gently on the micropost array, previously subjected to UV ozone treatment. A
gentle pressure was applied to the stamp. The contact between the microposts and the stamp was
ensured for at least 1 minute. Subsequently the substrates were sterilized in 70% ethanol and
immersed in 0.4% Pluronics F127 (Sigma—Aldrich, St. Louis, MO) in PBS for 1 hour to prevent non-
specific protein absorption to the non-functionalized surface of the PDMS microposts. Finally the
substrates were rinsed with sterile MilliQ water and kept in PBS before use*®.

Loading protocol

Mechanical straining experiments were performed using FX-5000 Flexcell system (Flexcell Corp. (Mc-
Keesport, PA)). Cells were seeded on the microposts at a density of 2500 cells/cm? and were allowed
to adhere overnight before the strain experiment (24 hours). The Uniflex membranes bound to the
microposts were uniaxially and cyclically stretched (10 %, 0.5 Hz) for 19 hours. The total duration of
the experiment, from seeding to fixation, was 33 hours. Strain fields on the elastomeric microposts
were characterized within the central region of the Flexcell membrane on which the microposts



were bound by use of a Matlab-based (Mathworks Inc., Natick, MA) digital image correlation (DIC)
code. A random pattern of fiducial markers was inked on the microposts bonded to the FlexCell
membrane and images were recorded by mounted on a Zeiss stereomicroscope. By applying our
uniaxial straining protocol (10%, 0.5 Hz, sine wave), results showed that in the area under
consideration the strain field covers a range between 5% and 7%. Strains in the x direction (direction
of applied strain) are 6.8% on average, and strains in y direction show a compression of 2%. Cells
under static conditions grown for 33 hours on microposts bonded to glass coverslips were used as
control.

Immunofluorescence labelling

After culturing, HVSC were washed with PBS and fixed with 4% formaldehyde in PBS (Sigma-Aldrich)
for 10 minutes at room temperature. Next, they were permeabilized with 0.1% Triton-X-100 (Merck)
in PBS for 10 minutes and incubated with 3% bovine serum albumin (BSA) in PBS in order to block
non-specific binding. Subsequently, samples were incubated with FITC-conjugated phalloidin (1:500,
Phalloidin-Atto 488, Sigma) and DAPI (100 ng/ml, Fluka) for 1 hour at room temperature for
immunofluorescence of F-actin and nucleus. Finally, the samples were rinsed in PBS and mounted
onto glass slides using Mowiol.

Microscopy and image analysis

For fluorescence visualization of actin stress fibers, cells were imaged using an inverted microscope
(Zeiss Axiovert 200M, Zeiss, Gottingen, Germany), using 10 x/0.25 Ph1 e or 20 x/0.25 Ph1 objectives.
Imaging of basal fibers, actin cap fibers and nucleus was performed with an inverted confocal
microscope (Zeiss LSM 510 META), using a C-Apochromat water-immersion objective (63x, NA=1.2).
The laser-scanning microscope was used according to the manufacturer's specification, using an
argon laser at 488nm (30 mW) for FITC-conjugated phalloidin and Chameleon (Chameleon Ultra II,
Coherent, Santa Clara, CA) for DAPI at 760 nm. Z-series were generated by collecting a stack
consisting of optical sections using a step size of 0.45-1.00 um in the z-direction.

Quantification of cell and nuclear orientation

Cell and nuclear orientation was measured with ImagelJ. An ellipse was fitted to each cell outline and
to the nucleus. The orientation angle 0, of the long axis of the ellipse with respect to the strain
direction was measured.

Quantification of stress fibers orientation

Fluorescence images of HVSC stained for actin stress fibers and confocal images of the basal fibers
and actin cap were analyzed with Fiji (http://fiji.sc/Fiji)*°. The orientation of actin stress fibers was
calculated with respect to the straining direction for dynamic conditions or with respect to the x-axis
of the image taken as a reference for static conditions. Fluorescence images of stress fibers were
processed with Fiji before stress fiber tracking. Background subtraction and contrast enhancement
were performed on the green channel images.

Finally, directionality analysis for stress fiber orientation was conducted with Fiji using the
Directionality plug-in (http://fiji.sc/wiki/index.php/Directionality) based on the FFT of each image by
means of fitting a Gaussian to the FFT signal, measuring its peak position. The directionality



algorithm takes into account only aligned elements in an entire image and is not sensitive to random
elements. For each experiment, at least 40 cells were taken into consideration.

Analysis of the mean orientation of basal and actin cap fibers was calculated as follows. In the z-
stacks, a rectangular region of interested was selected in order to fit the nucleus. The z-stack slices
containing the basal and actin cap fibers were analyzed using the Directionality plug-in in Fiji.

Data analysis

For each individual experiment the average fiber fraction for each angle was calculated.
Subsequently, these fractions were fitted with a bimodal function. The fiber distributions were
approximated by a bi-modal periodic normal probability distribution function using nonlinear least-

square approximation algorithm®®>*:

9, (r)=4, exP{COS[Z(y/;al)]H} + A, exp{cos[zo//;%)]ﬂ} )

$:(r)

Hereby, is the fiber fraction as a function of the fiber angley. Variables %1 and %2 are the

two main fiber angles while B and s, represent the dispersities of the two fiber distributions. For
A A

cyclic uniaxial straining, an angle of 90° is perpendicular to the strain direction. “I and “2 are
scaling factors for the total fiber fractions of the distributions. The quality of the bimodal

approximation is represented by the R-squared value.

For the basal and actin cap fibers, analysis of the mean orientation was performed as follows. The
main fiber directions (the one with least dispersity) for the basal and actin cap fibers were obtained
from the bimodal fitting. The absolute values of these were averaged. Data for the basal and actin
cap fibers mean orientation are expressed as mean + SEM. Statistical significance of differences
between the mean orientations of basal and actin cap of fibers was determined using one-way
ANOVA followed by post-hoc Bonferroni multiple comparison tests. A p value of 0.05 was considered
significant.
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Chapter 3

Cellular strain avoidance is regulated
by a functional actin cap

In adhesive cells, the relevance of a structural mechanotransduction pathway provided by the perinuclear
actin cap stress fibers has recently emerged. Here we investigate the impact of a functional actin cap on
regulating cellular adaptive behaviours to topographical cues and uniaxial strain. We used Imna-lacking
fibroblasts as our tool because they do not develop an intact actin cap but show only a basal layer of actin
underneath the nucleus. We found that topographical cues induced alignment in normal and /Imna-lacking
cells, suggesting that topographical signal transmission occurred independently of the integrity of the actin
cap. In response to cyclic uniaxial strain instead, Imna-lacking cells showed a compromised strain avoidance
response, which was completely abolished when topographical cues and uniaxial strain were applied along the
same direction. These findings point to the importance of an intact and functional structural
mechanotransduction pathway for mediating the cellular response to cyclic strain.

The contents of this chapter are based on:

Tamiello,C., Kamps,M., Baaijens,F.P., Broers,J.L., & Bouten,C.V. Cellular strain avoidance is regulated by a functional actin
cap. Submitted.



Introduction

Adhesive cells of tissues forming the human body are interconnected with the surrounding
extracellular matrix. In physiological conditions, tissues and, consequently, cells are continuously
exposed to a broad range of physical stimuli resulting from everyday use. These stimuli must be
sensed and translated in appropriate cellular responses in order to maintain tissue homeostasis and
functionality’. This adaptive mechanism, named mechanotransduction, involves structural
components, such as focal adhesions (FAs), cytoskeletal elements and nuclear shell, as well as
biochemical events which transduce the stimuli from the cellular boundaries to the nucleus. In the
nuclear interior, the activation of specific genes allows the orchestration of cellular responses**.

While the biochemical pathways of mechanotransduction have been target of many investigations in
258 there is growing evidence that a structural mechanotransduction pathway,
linking the extracellular matrix to the nucleus, plays an equally important role in regulating cellular
adaptive behaviour’. The possibility of a fast message passing system was first suggested by
observing that the timescale of force propagation to the nucleus outmatches the speed of diffusion
based biochemical signals by orders of magnitude®*
demonstrated that, in a two-dimensional (2D) environment, the subset of actin stress fibers running
on top of the nucleus (actin cap), together with the associated focal adhesions, forms a bridge for
the direct transduction of extracellular stimuli all the way to the nuclear genome. This is the result of
the direct anchoring of actin cap fibers to the nuclear envelope and the underlying lamina
meshwork via LINC (Linker of Nucleoskeleton to the Cytoskeleton) complex proteins®?.

the last decades

. In addition, Wirtz and co-workers have

The nuclear lamina, a meshwork made of type V intermediate filaments called lamins, is essential for
maintaining cellular structure and functionality. Firstly, it contributes in preserving nuclear shape
and stiffness™. Next, it is involved in numerous nuclear functions such as chromatin organization,
gene expression modulation, transcriptional activities, and epigenetic chromatin modifications™®.
Recently, the role of the nuclear lamina has been extended even further. Discher and co-workers
found that the nuclear lamina acts as a “mechanostat” and is able to respond to changes in the
mechanical properties of the surrounding cellular environment. In particular, it was observed that
the nuclear lamina shifts its composition to a stiffer meshwork of protein with increasing stiffness of
the surrounding environment. This suggests a major role for the nuclear lamina in mediating
mechanosensing and cellular adaptation to the changing physical stimuli*> ¢

The impact of nuclear lamins on cellular mechanics has become evident ever since mutations in the
LMNA gene, encoding a family of nuclear lamins (A-type lamins), have been found to be implicated
in the onset of a wide array of disease phenotypes. These are collectively called laminopathies, and
include diseases such as progeria (HGPS), muscular dystrophies and cardiomyopathies'” *®. However,
although progress is being made, the mechanisms underlying this family of diseases remain to be
elucidated. Strikingly, the same mutation in the LMNA gene can lead to different phenotypes™
making mutation analysis insufficient for precise diagnosis and prognosis. Indications that, in
laminopathy cells, cellular defects occur (e.g. disruptions of nucleus-cytoskeleton connection by
absence of actin cap fibers) in concurrence with dysfunctional mechanotransduction signalling,

20-26

altered cellular mechanoresponse and cellular mechanical properties™ °, point to the relevance of

structural mechanotransduction pathway defects as the cause of defective mechanoresponse.



Here, considering the aforementioned abnormalities in mechanotransduction and the additional lack

of the actin cap in laminopathy cells*” %

, we have used Imna-lacking cells as a tool for studying the
relevance of the actin cap in mechanoresponse. We focused in particular on the response to strain
and topographical cues (applied separately and simultaneously), since these two cues are relevant in
the context of muscular dystrophies and cardiomyopathy, the most common laminopathies®. Much
is known about the individual responses of healthy cells to topographical cues and mechanical strain.
Normally, tissue cells are able to recognize and respond to topographical cues at the cellular and
sub-cellular level, by aligning the cell body and the actin cytoskeleton along the anisotropy of the
substrate (contact guidance)®®'. Despite many observational studies, only recently it has been
proposed that the molecular mechanisms underlying this phenomenon involve the synergistic effect
of cellular tension and adhesion maturation®’. When cells are exposed to cyclic uniaxial strain of the
underlying substrate, they reorient cell body and cytoskeleton to an angle away from the strain
direction, the so called strain avoidance response33'34. Thus, when contact guidance and strain are
applied together, the two cues appear to be competing stimuli for actin cytoskeleton orientation
response. In a recent study we have investigated the combined effects of strain and contact
guidance applied along the same direction on the actin cytoskeleton of myofibroblasts. We
demonstrated that the distinct orientation responses of the actin cap and actin basal fibers - found
underneath the nucleus and not directly connected to the nuclear envelope - explain the
competition between the extracellular stimuli. The actin cap stress fibers are prone to respond to
strain, even in presence of contact guidance along the strain direction. Contrarily, the basal actin
stress fibers are more sensitive to the topographical features and neglect the strain stimulation®”.

To apply contact guidance and cyclic uniaxial strain, we have used custom-developed stretchable
microposts arrays> on top of which we seeded wild-type and Imna-lacking mouse embryonic
fibroblasts (MEFs), a model for laminopathies. Here, we first report on the alignment of the actin
cytoskeleton of the Imna-lacking cells compared to wild-type control cells in response to
topographical cues. The response of both types of cells was unaltered as well as the maturation of
their focal adhesions. Secondly, we show that the combination of topographical cues with cyclic
uniaxial strain invoked distinct responses of the two cell types. In contrast to wild-type MEFs, the
strain avoidance response of Imna-lacking MEFs was impaired. We link this observation to the
distinct actin cytoskeleton architecture of the latter cell type. The presence of the actin cap,
interconnected with the nucleus, triggers, in normal cells, a fast and uniform response to cyclic
strain, even in presence of topographical cues along the direction of strain. Instead, the lack of an
actin cap and the presence of a basal actin layer in Imna-lacking cells hinder the strain avoidance
response. These results highlight the importance of an intact nucleo-cytoskeletal connection for
correct mechanoresponse to strain and help understanding the relationship between laminopathy
disease mechanisms and mechanotransduction.



Results

Topographical cues induce similar actin stress fiber alignment and focal adhesion

maturation in normal and Imna-lacking fibroblasts

36,37

In accordance with previous studies the actin cytoskeletal architecture of wild type mouse

embryonic fibroblasts (Imna”* MEFs) and that of MEFs lacking the Imna gene (Imna”" MEFs)

*/* MEFs were characterized by a prominent actin cap and showed to a

appeared to be distinct. Lmna
less extent the presence of basal actin fibers. On the other hand, Imna”~ MEFs showed an actin
cytoskeleton mainly made up of basal actin fibers”?”*®% (Figure 3.1). When scored manually for the
presence of actin cap in a previous study, around 60% of Imna”” MEFs had no cap, 25% a disrupted
cap and 15% a cap®. Our data confirmed these observations. Also, the characteristic actin
architecture of the two kinds of cells allowed dissecting the response of cap and basal layer of actin
stress fibers.

** MEFs and Imna”” MEFs to topographical cues we have seeded the

To study the response of Imna
cells on elastomeric microposts characterized by an elliptical cross section (major axis 1.5 um, minor
axis 0.87 um, length 3 um). The substrates were functionalized with fibronectin on their tops prior to
seeding. Cells were allowed to adhere to the microposts for 2, 6 and 24 hours. After sample fixation
we examined the actin fiber orientation at the cap and basal layer (Figure 3.2a, Figure 3.3 a-f) in

** MEFs, actin cap fibers aligned parallel to the

confocal images of stained actin stress fibers. In Imna
micropost major axis already at 2 hours but lost the alignment within 24 hours from seeding, while
basal actin fibers appeared to be increasingly oriented along the microposts. For Imna”” MEFs, we
observed an increasing trend in alignment of actin cap fibers between 2 and 6 hours, which
stabilized afterwards, while the basal layer of actin fibers remained aligned with the micropost major

axis throughout the course of the experiment.

Ca i Basal Actin Nucleus

+/+

Figure 3.1. Distinct actin cytoskeleton architecture of Imna™” MEFs and Imna”" MEFs. Confocal fluorescence images of
cap and basal layer of actin stress fibers in Imna”* MEFs (MEF++) and Imna”” MEFs (MEF--). The nucleus is outlined in
yellow. Maximum intensity projections of the z-stacks of actins (red) and nuclear morphology (blue) are reported for
comparison. Scale bar: 20 pm.
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Figure 3.2. Schematic of the methods used to analyse cellular characteristics. (a) Cap and basal layer stress fiber
orientation response was analysed from the z-projection of z-stack subsets of actin stress fibers confocal images located on
top and below the nucleus respectively. (b) Cell overall orientation was measured by determining the angle between the
best-fit ellipse and the micropost major axis in static conditions, or the strain direction in dynamic conditions. (c) Cap
anisotropy measure was measured by the FibrilTool plug-in. The outline of the nucleus (yellow) is used as region of interest
for measuring the characteristic anisotropy of the actin cap. The plug-in output is a value between 0 and 1, O represents a
completely disrupted/absent cap while 1 represents parallel actin cap fibers. The blue line is a visual representation of the
degree of cap anisotropy. Insets show the whole imaged cells (actin in green and nucleus in white). Scale bar: 20 um.

In order to understand whether cap or basal actin fibers determine cellular orientation, cell overall
alignment was determined by measuring the angle between the micropost major axis and the cell
best-fitted ellipses (Figure 3.2b and Figure 3.3 a-f). These measurements revealed that cell
orientation was parallel to the micropost major axis for both cell types. The degree of alignment

** MEFs, while it increased for Imna”" MEFs between 2

showed a decreasing trend in time for Imna
and 6 hours. It was observed that Imna”*

orientation at 2 and 6 hours, while it followed basal actin fiber orientation at 24 hours. For Imna”

MEFs orientation corresponded to the actin cap fiber

MEFs, the orientation corresponded at the one of the basal layer for all timepoints of the
experiment.

We also evaluated the formation of the actin cap in time, by quantifying the anisotropy of the actin
cap fibers using the Fibril Tool* (Figure 3.2c). A high anisotropy factor indicated the presence of
highly organized actin cap fibers while a low anisotropy factor represented disrupted or absent cap.
For Imna™* MEFs, the anisotropy significantly increased between time points 2 and 6 hours (p<0.05),
while for Imna”" MEFs cap anisotropy remained stable. Lmna”" MEFs showed significantly lower
** MEFs for all the course of the experiment (p<0.01, Figure 3.3g). These
“* MEFs complete

anisotropy values than Imna
data indicated that Imna” MEFs did have a disrupted or absent cap, while for Imna
cap formation occurred already within 2 hours from seeding.
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Figure 3.3. Temporal evaluation of topography sensing shows no impairment in Imna”~ MEFs. (a-f) Outcomes of stress
fiber orientation for cap, basal layer and cell orientation of Imna”* MEFs (MEF++) and Imna”" MEFs (MEF--) in static



conditions at 2, 6 and 24 hours from seeding on elliptical horizontal microposts. Bimodal fits of the stress fiber orientation
at cap and basal layers (including the first and second dominant angle with standard deviations and R-squared value) at the
different time points are reported as solid red lines. The major axis of the microposts corresponds to 0°/180° angle. Bin size
for cell orientation=20°. Means * S.E.M. are reported. n>30 per each condition. (g) Cap anisotropy values measured at each
time point, represented as box-and-whisker plots (5-95 percentiles).*, ** and *** indicate respectively p<0.05, p<0.01 and
p<0.001. n>16 for each condition.

To achieve contact guidance, it has been shown that FA maturation and sub cellular tension are
required®?. Therefore, we wondered whether FA maturation would occur similarly in Imna™* MEFs
and Imna”" MEFs. For this reason, we checked the development and maturation of FAs by
examination of staining patterns of alpha-actinin 4 and vinculin. Alpha-actinin 4 is recognized to play
a major role in stabilizing the FAs*"™®, as it bridges vinculin®, on one side, with actin stress fibers at
the other side*. Representative images of Imna*”* MEFs and Imna” MEFs on elliptical microposts
stained for vinculin and alpha-actinin 4 are shown in Figure 3.4. These immunofluorescence images
showed no overt differences between the two cell types. Alpha-actinin 4 was present on the
microposts at the cell periphery. In Imna”* MEFs alpha-actinin 4 was also present along the fibers of
the actin cap, while in Imna”” MEFs no alpha-actinin 4 was visible at the cap level and hardly along
the basal layer stress fibers. Vinculin, as well, was present at the cell periphery and co-localized well
with the alpha-actinin 4 staining. As expected, in contrast to alpha-actinin 4, vinculin was not found
along the fibers of the actin cap of Imna”* MEFs.

** MEFs and Imna”” MEFs sense the topographical cues of

Overall, these data suggest that both Imna
the elliptical microposts and respond to them by orienting along the major axis. Contrarily to Imna**
MEFs cells, Imna”" MEFs actin stress fiber and cell overall alignment remained stable over a time

period of 24 hours, revealing a sustained sensitivity to topographical cues.
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Figure 3.4. Focal adhesion maturation occurs similarly in Imna™” MEFs and Imna-/- MEFs. Confocal images of Imna™*
MEFs (MEF++) (a) and Imna”" MEFs (MEF--) (b) stained for actin stress fibers, alpha-actinin 4 and vinculin. Cells were
cultured on top of elliptical microposts for 6 hours before staining. Z-projections of subsets of confocal images at the cap
and basal layer of actin stress fibers, alpha-actinin 4 and vinculin show the co-localization of alpha-actinin 4 (orange
arrowhead) and vinculin (cyan arrowhead) in both Imna** MEFs and Imna” MEFs, at the basal layer. In Imna*’* MEFs,
alpha-actinin 4 is present also along the actin cap stress fibers (magenta arrow head) while in Imna”” MEFs alpha-actinin 4

is not expressed along the basal stress fibers (magenta open arrowhead). Phase-contrast images show the elastomeric
microposts with elliptical cross section used as substrate for cell culture. Scale bar: 20 um.

+/+

Impaired strain avoidance response of Imna-lacking fibroblasts

Here we hypothesized that, by using cells characterized by the presence and absence of cap, the
response of these subgroups of stress fibers to combined contact guidance and cyclic strain applied
along the same direction could be dissected. To study this, we seeded Imna”* MEFs and Imna”” MEFs
on elliptical cross-section fibronectin coated elastomeric microposts for 4.5 hours (for ensuring

** MEFs) and subsequently applied cyclic uniaxial stretch (~7%, 0.5

complete cap formation in Imna
Hz, sine wave) for 3.5 hours (in order to allow cell and actin stress fiber reorientation upon strain)
along the major axis of the microposts. As a control, we performed the same experiment using
circular cross section microposts (radius 1 um), as these substrates do not present directional

topographical cues to the cells.



Within the experimental timeframe, on the circular microposts, we observed strain avoidance of the

Imna™*

MEFs actin cap fibers, as well as the cell overall reorientation to the (near) perpendicular
direction (Figure 3.5a). Lmna”" MEFs showed a less pronounced strain avoidance response at the
basal layer only. Lmna”" MEFs overall orientation did not show strain avoidance (Figure 3.5b). In
general, the cell overall reorientation angles corresponded to the ones of the cap layer in Imna™*

MEFs and basal layer in Imna”” MEFs.

When cells were presented to contact guidance and cyclic uniaxial strain along the same direction

(i.e. on the elliptical horizontal microposts strained along their major axis), Imna™*

MEFs responded
by strain avoidance at the cap level , i.e. cap fibers reoriented to two mirror-image angles, while the
basal actin layer fibers remained aligned along the micropost major axis (Figure 3.5c). In Imna”
MEFs the basal actin layer as well as the cap layer remained aligned with the microposts major axis.
Cell overall alignment well reflected the main orientation of the actin cap fibers of Imna™* MEFs, and
the basal fiber direction of Imna”” MEFs (Figure 3.5 ¢ and d). Taken together, these data suggest that
actin cap fibers sense the cyclic uniaxial strain and are able to govern the strain avoidance response

of Imna™*

MEFs, even in the presence of competing topographical cues along the direction of strain.
The absence of the actin cap in Imna”” MEFs resulted in compromised strain avoidance response on
circular microposts (in absence of contact guidance). Next to that, the combination of topographical
cues with cyclic uniaxial strain resulted in completely abolished strain avoidance response. In this
case, topographical cues apparently dictate the alignment of the actin stress fibers and consequently

of the whole cells.

We investigated also the degree of cap formation upon stimulation by cyclic uniaxial strain. We
observed that, Imna”” MEFs scored cap anisotropy values significantly lower than Imna** MEFs on
both circular and elliptical parallel microposts (Figure 3.5e). However, compared to static conditions,
cap anisotropy upon cyclic uniaxial strain increased significantly for both cell types (p<0.001),
indicating that strain stimulation enhances cap formation.
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Figure 3.5. Basal and cap actin fiber orientation response to combined topographical cues and cyclic uniaxial strain
reveal impaired strain avoidance response of Imna”" MEFs. (a-d) Outcomes of stress fiber orientation at basal and actin

cap levels and cell overall orientation of Imna

/4

MEFs and Imna”" MEFs cultured on circular and elliptical horizontal

microposts exposed, after 4.5 hours from seeding, to cyclic uniaxial strain along the 0°/180° angle corresponding to the
major axis of the elliptical microposts (double-headed black arrow). Bimodal fits (red solid lines) of the stress fiber
orientation of cap and basal layers (including the first and second dominant angle with standard deviations and R-squared



value) are reported. For circular microposts, actin cap fibers of Imna** MEFs align almost perpendicular to the strain

direction (strain avoidance). For Imna” MEFs, the strain avoidance response is less pronounced. On the elliptical horizontal

. . K . +/+ . . . . . /-
microposts, the strain avoidance response of actin cap of Imna™" MEFs is visible, while no reorientation occurs in Imna
MEFs. n>77 per each condition. Bin size of cell orientation=20°. Means * S.E.M. are reported. (e) Cap anisotropy values
measured after mechanical strain, represented as box-and-whisker plots (5-95 percentiles).*, ** and *** indicate
respectively p<0.05, p<0.01 and p<0.001. n>28 per each condition.

Alpha-actinin 4 does not re-localize along stress fibers in Imna-lacking fibroblasts
but accumulates at focal adhesions upon topographical cues and cyclic uniaxial
strain

We wondered whether the lack of strain avoidance response on elliptical horizontal microposts
could occur as a result of impaired stress fiber remodeling in Imna”" MEFs. Since alpha-actinin 4
together with other protein such as zyxin and VASP moves along stress fibers upon mechanical
stimulation and enables the repair of strain sites*®, we investigated the localization of alpha-actinin 4

*/* MEFs and Imna”” MEFs after mechanical strain. Figure 3.6 shows the localization of alpha-

+/+

in Imna
actinin 4 in Imna”* MEFs and Imna”" MEFs. We observed that alpha-actinin 4 elongated at the sites
of focal adhesions and formed a periodic pattern along the actin cap fibers of Imna*’* MEFs. Instead,
in  Imna”” MEFs alpha-actinin 4 remained at the sites of focal adhesions. Strikingly, Imna”” MEFs
having a cap were observed to have an alpha-actinin 4 pattern very similar to the one of Imna™*

MEFs.

Actin Alpha-actinin 4 Nuclei

MEF--

Figure 3.6. Alpha-actinin 4 does not re-localize along stress fibers in Imna” MEFs. Fluorescent images of Imna™* MEFs
(MEF++) (a) and Imna”” MEFs (MEF--) (b) stained for actin stress fibers, alpha-actinin 4 and nuclei. Actin stress fiber images
give indication of the overall orientation of the cells after cyclic uniaxial strain. In Imna™* MEFs, alpha-actinin 4 is
elongated at the focal adhesion sites (open orange arrowhead) and form a periodic pattern along the stress fibers
indicating reinforcement of the actin cytoskeleton (orange arrowhead). Instead in Imna”” MEFs, alpha-actinin 4
accumulates at focal adhesion sites, similarly to the static condition (open orange arrowhead). Only in the reoriented Imna”
 MEFs showing a prominent actin cap, alpha-actinin 4 gets a periodic pattern (orange arrowhead), similar to Imna™* MEFs.
Insets show elliptical parallel microposts used as substrate. Double-headed red arrows show the strain direction. Scale bar:
20 pum.



Cell reorientation is facilitated by actin cap presence and rounder cell morphology
Since the presence of cap seemed to be relevant for cellular reorientation, we checked whether,
within the Imna”" MEFs population on elliptical parallel microposts, only cells with cap would
reorient their stress fibers and the cell body. To do this, firstly, we categorized cells as “reoriented”
when their angle relative to the micropost major axis/strain direction (0) was more than 20° and less
than 160° and “remaining” the cells which orientation angle was within 20° from the 0°/180° angle
(Figure 3.2b). Secondly, we scored cells as 1) “no cap” if their cap anisotropy score was <1.5, 2) with
“disrupted cap” if their cap anisotropy score was between 1.5 and 2.5 and 3) with “cap” if their cap
anisotropy score was >2.5. We could not demonstrate that only cells with cap had reoriented since
within the reoriented Imna”” MEFs (~40%), ~12% had a cap, ~12% had a disrupted cap and ~16% had
no cap (Figure 3.7a). These data suggest that also cells with disrupted or absent cap can eventually
reorient their cell body in presence of contact guidance and strain avoidance. Thus, the actin cap
presence is not a prerequisite for reorientation upon strain and contact guidance but does facilitate
cell reorientation.

To get further insight in the dynamics of cell and stress fiber reorientation, we focussed on the
cellular aspect ratio. We measured the cell aspect ratio as the ratio between the long axis and short
axis of its best-fitted ellipse, implying that a rounder cell has an aspect ratio close to 1 and a more

elongated cell has a higher aspect ratio. For Imna™*

MEFs, the aspect ratio was lower than the one of
Imna”” MEFs in static condition and remained unchanged upon cyclic mechanical strain (Figure 3.7b).
Further analysis in the Imna”" MEFs population showed that, the aspect ratio of reoriented cells
decreased. Although the change did not attained significance, this represents loss of polarization of
the cells. Lmna”" MEFs that remained aligned with the elliptical parallel microposts, increased
significantly their aspect ratio with respect to I/mna”” MEFs in static condition (p<0.05). Together, our

*/* MEFs are rounder by nature, while Imna”” MEFs elongate in presence of

results show that Imna
topographical cues. In response to mechanical strain, Imna”" MEFs have the tendency to get a
rounder morphology in order to reorient but they tend to further elongate when they do not

respond to the strain stimulation and remain aligned with the topographical cues.
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(cap). Means + S.E.M. are reported. (b) Box-whisker plots of cell aspect ratio for Imna”* MEFs (MEF++) and Imna”” MEFs
(MEF--) in static conditions and after cyclic uniaxial strain (categorized as reoriented and remaining). and indicate
respectively p<0.05 and p<0.001. n> 21 in static conditions, n>26 in dynamic conditions.



Discussion

The purpose of the current study was to understand whether the defective actin architecture of
Imna-lacking cells leads to impaired mechanoresponse to topographical cues and cyclic uniaxial
strain, applied separately or in combination. For this reason, we have studied the actin cytoskeleton
orientation response of wild-type and /mna-lacking mouse embryonic fibroblasts. Since wild-type
MEFs (Imna”* MEFs) show predominantly the actin cap structure on top of the nucleus while Imna-
lacking MEFs (Imna”” MEFs) develop only the basal layer of stress fibers, we used these cells as a tool
to dissect the response of the two actin layers to the different cues. Our findings demonstrate that,
in Imna”" MEFs, the lack of the actin cap do not compromise the mechanosensing of topographical
cues but does impair the response to strain. These observations reveal that the transmission of the
topographical signals occurs independently of the actin architecture while actin cap presence is
crucial for mechanoresponse to strain.

Using elliptical cross-section elastomeric microposts we found that both cell types can recognize and
orient along the major axis of the microposts. Cellular mechanosensing and response to
topographical cues in static conditions seem to be independent of the lack of Imna gene in Imna”
MEFs. This was confirmed by the alpha-actinin 4 patterns, which well co-localized with the vinculin
ones, indicating maturation of focal adhesions*. On the 2D environment provided by the

*/* MEFs and Imna” MEFs showed contact guidance response within 2

+/+

elastomeric microposts, Imna
hours from seeding, by aligning the actin cap and the basal actin layer, respectively. For Imna
MEFs the response became less prominent with increasing time, while, for Imna” MEFs, we
reported stable alignment of actin cytoskeleton and increasing cell overall alignment. These results
suggest that A-type lamins are not needed for the orientation response of the actin cytoskeleton to
topographical cues. Possibly, the lamina formed by remaining B-type lamins is sufficient for this
response. In case of normal cell, we speculate that the topographic signals are quickly transmitted to
the nucleus” through the actin cap fibers. Instead, in cells characterized by the absence of an actin
cap, focal adhesion proteins might act as compensatory mechanosensors and trigger signal
transmission to the nucleus via slower biochemical pathways, consistently with the longer
timescale required to align Imna” MEFs cell bodies. However, the molecular machinery that
mediates topography sensing remains largely elusive and merits future investigations. The
alternative possibility that other cytoskeletal filaments play a role in the transduction of topography
signals cannot be excluded at this point, however. Both intermediate filaments and microtubules
have been shown to bind to the nuclear membrane. While the absence of A-type lamins also seems
to mediate changes in the organization of these structures®, these changes are not as dramatic as
seen in the actin cap formation

Our analyses of actin stress fiber and cell reorientation on circular microposts subjected to cyclic

** MEFs had a normal strain avoidance response®> 3, Imna”"

uniaxial strain, revealed that, while Imna
MEFs showed an attenuated response. Furthermore, the combination of uniaxial strain with contact
guidance in the same direction totally abolished the strain avoidance response of Imna”" MEFs but

** MEFs. While it has been observed that interfering with the nucleo-skeletal connection

not of Imna
(knockdown of LINC protein nesprin-1) hinders the strain orientation response of endothelial cells*,
we demonstrated that the impaired strain avoidance response of Imna” MEFs is correlated with a

distinct actin cytoskeleton architecture comprehending only a basal layer of actin fibers. In a



previous study we have demonstrated that the combination of topographical cues and strain along
the same direction results in overall competing effects on the actin cytoskeleton orientation
response, as the basal layer tend to remained aligned with the underlying topographical cues, but
the actin cap responded by strain avoidance®. As a step forward, here we use a Imna-deficient cell
type as a tool to underpin the relevance of the actin cap in cellular reorientation and we clearly
dissect the behaviours of the two actin layers. Whereas it is known that the actin cap plays a critical
role in mechanosensing of microenvironment stiffness® and mediates fast mechanotransduction in
response to fluid shear stress’, its contribution to strain mechanosensing and mechanotransduction
has been elucidated by this study. The high contractility and dynamicity of actin cap fibers make
them a candidate for strain mechanosensing. In contrast, it is certainly conceivable that the
numerous interconnections of the basal layer with the underlying topographical features, the
exertion of high traction forces*® and the low dynamicity of basal stress fibers’ result in the inability
of this subset of stress fibers to adjust to the developing microenvironment. Whether the response
of Imna-lacking cells is totally impaired or delayed needs still to be demonstrated, as, for our study,
we have taken into consideration only a limited interval of time points and fixed settings for the
straining protocol. Consistent with the hypothesis of impaired mechanoresponse, Ho et al.** have
recently shown that altered actin dynamics are an intrinsic property of LMNA-deficient and mutant
fibroblasts. Interestingly, our results indicate that it is not likely that biochemical signal transduction
take charge of strain mechanotransduction to the nucleus when actin cap fibers are absent.

Although cell reorientation has been investigated for long, a consensus about the mechanisms basis
of this cellular behaviour has not been reached. Previous work has shown that cell reorientation
might include a phase in which cells gets a rounder morphology and subsequently enter a new phase
of elongation at an angle to the strain direction®®. In our study we report no significant decrease in

** MEFs but we observe a decrease in aspect ratio of Imna”” MEFs that

cellular aspect ratio for Imna
actively reoriented, even in presence of topographical cues along the strain direction. This suggests
that Imna”" MEFs indeed might need to acquire a rounder morphology in order to reorient away
from the strain direction. In addition to this, our results let us speculate that, in healthy cells with an
intact actin cap, reorientation is initiated and guided by the cap itself. Subsequently, via the
interconnection of the actin cap with the nucleus, the signal gets transduced to the nucleus, which
regulates the reorientation of the whole cell. Still, the details on the dynamics of stress fiber
remodeling during reorientation are not fully understood. It has been suggested that stress fiber
turnover™ as well as focal adhesion sliding and stress fiber rotation®**® might play a role in this
phenomenon. Here, we hypothesize that actin cap reorientation will be the result of focal adhesion
sliding. On the other hand, at the basal layer, given the numerous adhesion sites, stress fiber
turnover is the candidate mechanism for actin reorientation: stress fibers need to disassemble and
de novo form at a more favourable angle for their maintenance. In order to further confirm this
hypothesis, additional experiments should be carried out, such as real-time imaging of stress fiber
remodeling during mechanical strain to visualize the dynamics of cap, basal actin stress fibers and
focal adhesion reorientation. Furthermore, our results point out that cap anisotropy increases upon
mechanical straining. This means that both cell types, either with or lacking the Imna gene, tend to
produce and align more actin stress fibers on top of the nucleus, upon mechanical stimulation. This
can be regarded as an adaptive cellular mechanism for promoting cellular reorientation. However,
although cyclic strain induce Imna-lacking fibroblasts to develop thin actin fibers on top of their



nucleus, the defective actin dynamics and the low contractility associated with these actin structures
seem to lessen the efficiency of such an actin cap in guiding cell reorientation.

Defective mechanosensing and/or mechanoresponse may be key mechanisms in developing a
variety of diseases associated with evading harmful mechanical forces on cells and tissues. While
many studies do not differentiate between mechanosensing and mechanoresponse, our studies
indicate that mechanosensing in Imna-deficient cells seems to be largely intact while the response is
not. These data are in line with a previous study showing a defective mechanoresponse due to
LMNA mutations or ablation of the LINC complex both in three-dimensional (3D) and 2D culturing
systems®***.

Insight into mechanoresponse of cells can aid in assessment of disease severity, both as diagnostic
and prognostic tools. In laminopathies genetic mutation analyses are insufficient to diagnose the
disease or to predict the disease development: some people with identical LMNA mutations develop
a disease phenotype leading to heart failure, while others with the same mutations remain disease-
free throughout their life. New tools to measure mechanosensing and, perhaps even more
importantly, mechanoresponse, could aid in making important decisions in patient treatment and
advice on behaviour: people with defective mechanoresponse are prone to generate excessive
tissue damage upon heavy exercise.

In conclusion, we have demonstrated that topography sensing is not impaired in Imna-lacking
fibroblasts, while strain sensing and response are compromised. The presence of the actin cap in
tissue cells is thus suggested to be crucial for structural mechanotransduction in response to
mechanical strain. The relevance of this study lies in the fact that for the first time we have looked at
the role of the structural connectivity between extracellular environment, actin cytoskeleton and
nucleus in the response to well defined topographical cues and mechanical strain applied separately
and in combination. These cues are presented to tissue cells in a myriad of situations and the ability
of the cells to respond to them is crucial for maintaining tissue functionality. The findings of this
study broaden our understanding of cellular mechanotransduction and could be of high interest for
shedding light on the mechanisms underlying the onset of human diseases of mechanotransduction
such as laminopathies.

Materials and Methods

Cell culture

Wild type embryonic fibroblasts (Imna”” MEFs) as well as Imna knockout mouse embryonic
fibroblast (Imna”” MEFs) were obtained as described previously®. Cells were cultured in Dulbecco
Modified Eagle’s Medium (DMEM, Invitrogen) containing 10% of Fetal Bovine Serum (FBS, Greiner
Bio-one), 1% of L-glutamine (Lonza) and penicillin streptomycin (PenStrep, Lonza) or gentamycin as
antibiotics. Cell cultures were maintained at 37°C in a humidified atmosphere containing 5% CO,.
Cells were passaged by splitting at 1:3 to 1:5 ratio using trypsin-EDTA. Cell seeding density on

+/+

substrates for experiments was between 2000 and 2500 cells/cm?.



Micropost design and fabrication

The elastomeric microposts arrays were fabricated via standard photolithography processes,
according to previous protocols®>”’. The fabrication was carried out with poly-dimethylsiloxane
(PDMS, Sylgard 184, Dow Corning), spincoated on the master for 30 seconds at 1000 rpm and cured
at 110° C for 20 minutes to reach a Young’s Modulus of 1.8 MPa. The microposts were characterized
by a radius (r) of 1 um in case of circular cross section (circular microposts) and semi-major axis a of
1.5 um and semi-minor axis b of 0.87 um in case of elliptic cross section (elliptical parallel
microposts). The center to center distance was 4 um. The micropost length was 3 um. For static
experiments micropost arrays were bonded to glass coverslips (Menzel), while for dynamic
experiments microposts were bonded to the flexible bottom of six-well plates (Uniflex Series Culture
Plates, Flexcell FX 5000, Flexcell International) using a corona discharger.

Fibronectin micro-contact printing on microposts

To allow cell adhesion, the top of PDMS microposts were functionalized by fibronectin. Micro-
contact printing was performed with a clean, flat PDMS stamp incubated with 50 pg/ml fibronectin
from human plasma (Sigma-Aldrich) or rhodamine fibronectin (Cytoskeleton) in deionized water for
1 hour. When dried, the stamp was deposited gently on the micropost arrays, previously subjected
to UV ozone treatment. The contact between the microposts and the stamp was ensured for at
least 1 minute. Sterilization of the substrates was performed afterwards with 70% ethanol. To
prevent non-specific protein absorption to the non-functionalized surface of the PDMS microposts, a
treatment with 0.4% Pluronics F127 (Sigma—Aldrich) was performed for 1 hour. The substrates were
finally rinsed using sterile MilliQ water®”.

Static experiments

Before seeding, the microposts were equilibrated in medium at 37°C for at least 15 minutes. Next, cells were
seeded on top of the fibronectin coated elastomeric micropost arrays and allowed to adhere under optimal
culture conditions. At 2, 6 and 24 hours after seeding, cells were fixed in 3.7% formaldehyde in PBS for 15
minutes (RT) and prepared for analysis.

Loading protocol for cyclic uniaxial strain in dynamic experiments

The elastomeric microposts arrays were subjected to cyclic uniaxial stretch using the FX-5000
Flexcell system (Flexcell Corp. (Mc-Keesport)), applying maximum strain level of 10% at a frequency
of 0.5 Hz. Strain fields on the elastomeric microposts were validated within the central region of the
Flexcell membrane on which the microposts were bound via digital image correlation Matlab-based
code (Mathworks Inc.). For this, a random pattern of dots was inked on the microposts bonded to
the Flexcell membrane and images were collected by digital camera mounted on a stereo
microscope (SteREO Discovery V8, Zeiss). By applying our straining protocol, results showed that in
the area under consideration the strain field varied from 5 % to 7 %. Strains in the x direction
(direction of applied strain) are 6.8% on average, and strain in the y direction show a compression of
2% (data not shown).

Before applying the loading protocol, cells were seeded on top of the microposts for a time period of
4.5 hours to allow cell adhesion. Thereafter, the loading protocol was performed for 3.5 hours. After
that, cells on substrates were fixed with 4% formaldehyde in PBS (15 minutes, RT, Sigma-Aldrich) and
prepared for examinations.



Immunofluorescence studies

To prepare for immunofluorescence studies, cells were permeabilized with 0.1% Triton-X-100
(Merck) in PBS for 10 minutes and incubated with 3% bovine serum albumin (BSA) in PBS in order to
block non-specific binding. For actin stress fiber staining, FITC-conjugated phalloidin (1:500,
Phalloidin-Atto 488, Sigma) or Texas-Red conjugated phalloidin (1:100, Molecular Probes) were
applied for 1 hour at room temperature. For alpha-actinin 4, the rabbit primary antibody was anti-
alpha actinin 4 antibody [IgG, EPR2533 (2), Abcam). For vinculin, the monoclonal mouse antibody
hVIN-1 (IgG1, 1:200 to 1:400, Sigma-Aldrich) were used. As secondary antibodies, either goat anti
mouse-Alexa 555 (Molecular Probes, to vinculin) and goat anti rabbit-Alexa 488 (Molecular Probes,
to alpha-actinin 4) were used. Alternatively, the combination of goat anti mouse-Cy5 (to vinculin)
and goat anti rabbit-FITC (to alpha-actinin 4) with Phallodin-Texas-Red allowed a triple labelling of
the cell adhesion and actin structures. For nuclear staining, cells were incubated in DAPI (100 ng/ml,
Fluka) for 10 minutes or DAPI was added to the mounting medium at 0.5 pg/ml. After final washings
in PBS, cells on microposts were mounted on glass coverslides using Mowiol or a glycerol mounting
solution®.

Microscopy

Imaging of stained cells was performed with an inverted confocal microscope (Zeiss LSM 510 META),
using a C-Apochromat water-immersion objective (63x, NA=1.2). The laser-scanning microscope was
used according to the manufacturer's specification, using an Ar laser at 488nm (30 mW), a HeNe
laser at 543 (1 mW) and Chameleon laser (Chameleon Ultra I, Coherent) for DAPI at 760 nm. Z-series
were generated by collecting a stack consisting of optical sections using a step size of 0.45-1.00 um
in the z-direction, while a minimum pinhole opening (1 AU) was used. Alternatively, Z-series were
generated using a Leica TCS SPE confocal laser scanning fluorescence microscope (Leica DMRBE)
using LAS-AF software (version 2.3, Leica) and an oil immersion lens (63x, NA=1.3).

For fluorescence imaging, samples were examined under an inverted microscope (Zeiss Axiovert
200M, Zeiss).

Quantification orientation actin stress fibers

Prior to directionality analysis aimed at measuring stress fiber orientation, actin stress fiber confocal
Z-stacks of each analyzed cell were divided in 2 subsets, one on top of the nucleus (cap) and one on
the bottom of the nucleus (basal). For each subset the maximum intensity projection images were
calculated. Subsequently, the nuclear outline was tracked by thresholding the maximum intensity
projection of the DAPI Z-stack. This outline was used as mask for the cap and basal projections.
Directionality analysis of the confocal images of cap and basal actin stress fibers was conducted
using the Directionality plug-in of Fiji (http://fiji.sc/Fiji). This method exploits the image Fast Fourier
Transform (FFT) algorithms. The 2-D FFT determines the spatial frequencies within an image in radial
directions and the output of the plug-in is a normalized histogram that reports the amount of
structures at angles between 0° and 180° with a bin size of 2°. The reference angle was chosen as the
major axis of the elliptical microposts in static conditions, and along the strain direction in dynamic
conditions. Finally the values the average fiber fraction for each angle was calculated.



Cap anisotropy quantification

To quantify the extent of cap formation, the alignment of actin stress fiber on top of the nucleus was
measured. This was carried out by using the FibrilTool plug-in of ImageJ on the confocal slice of actin
stress fibers located on top of the nucleus. The nuclear outline was used as region of interest, in
order to measure the features of the cell actin cap only. The cap anisotropy score is given between 0
(for no order in actin cap fibers orientation meaning absent/disrupted cap) and 1 (perfectly ordered,
parallel actin cap fibers).

Cell orientation and aspect ratio

Cell orientation and aspect ratio were determined from outlines of cells in the maximum intensity
projections of actin stress fibers visualized. Cell orientation was measured relative to the major axis
of the elliptical microposts in static conditions and the strain direction in dynamic conditions. The
orientation of best-fit ellipse to the outline of each cell was measured using Imagel software.
Orientation angles were reported as a histogram for each experiment with bin size of 20°. Finally the
average cell orientation at each bin was calculated from 3 experiments. Cell aspect ratio was
measured from the best-fit ellipse of cell outline. It is defined as the ratio between the long axis and
short axis of the best-fitted ellipse. The aspect ratio is close to 1 for rounded cells and higher for
more elongated cells.

Data analysis and statistics

To plot data and perform statistical analysis, Prism software (GraphPad Software) was used.

For stress fiber orientation, three experiments were conducted to achieve a minimum of 30 cells per
condition (e.g. timepoint, static, dynamic (circular or elliptical microposts)). Histograms of stress
fiber orientation were averaged and fitted with a bi-modal periodic normal probability distribution
function using nonlinear least-square approximation algorithm *%*°:

9 ()=4 CXP{COS[Z(;/_%)]H} + 4, exp{cos[Z(}/ﬂ—)az)]H} 1)

1 2
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Hereby, is the fiber fraction as a function of the fiber angley. Variables %1 and %2 are the

two main fiber angles while B and B, represent the dispersities of the two fiber distributions. For
A A

cyclic uniaxial straining, an angle of 90° is perpendicular to the strain direction. “I and “2 are
scaling factors for the total fiber fractions of the distributions. The quality of the bimodal

approximation is represented by the R-squared value.

For cap anisotropy and cell orientation, data were collected from three experiments. Significant
differences were assessed by either a non-parametric Kruskal-Wallis, with Dunn’s post-hoc test
(aspect ratio and cap anisotropy) or unpaired t-test (reoriented vs remaining cells). A p value of 0.05
was considered significant.
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Chapter 4

Soft substrates normalize nuclear morphology
and prevent nuclear rupture in fibroblasts
from a laminopathy patient with compound
heterozygous LMNA mutations

Laminopathies, mainly caused by mutations in the LMNA gene, are a group of inherited diseases with a highly
variable penetrance; i.e. the disease spectrum in persons with identical LMNA mutations range from symptom-
free conditions to severe cardiomyopathy and progeria, leading to early death. LMNA mutations cause nuclear
abnormalities and cellular fragility in response to cellular mechanical stress, but the genotype/phenotype
correlations in these diseases remain unclear. Consequently, tools such as mutation analysis are not adequate
for predicting the course of the disease.

Here, we employ growth substrate stiffness to probe nuclear fragility in cultured dermal fibroblasts from a
laminopathy patient with compound progeroid syndrome. We show that culturing of these cells on substrates
with stiffness higher than 10 kPa results in malformations and even rupture of the nuclei, while culture on a
soft substrate (3 kPa) protects the nuclei from morphological alterations and ruptures. No malformations were
seen in healthy control cells at any substrate stiffness. In addition, analysis of the actin cytoskeleton
organization in this laminopathy cells demonstrates that the onset of nuclear abnormalities correlates to an
increase in cytoskeletal tension.

Together, these data indicate that culturing of these LMNA-mutated cells on substrates with a range of
different stiffnesses can be used to probe the degree of nuclear fragility. This assay may be useful in predicting
patient-specific phenotypic development and in investigations on the underlying mechanisms of nuclear and
cellular fragility in laminopathies.

The contents of this chapter are based on:

Tamiello,C. et al. Soft substrates normalize nuclear morphology and prevent nuclear rupture in fibroblasts from a
laminopathy patient with compound heterozygous LMNA mutations. Nucleus. 4, 61-73 (2013).
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Introduction

The structural continuity between the intracellular (nucleus and cytoskeleton) and the extracellular
environment of adherent cells is crucial for cell fate™®. The coupling between nucleus and
cytoskeleton via proteins embedded in the nuclear envelope and the connection between
cytoskeletal filaments and the extracellular matrix (ECM) via focal adhesions, together are part of
the mechanotransduction mechanism, i.e. the process of converting physical forces into biochemical
signals and integrating these signals into cellular responses®”.

Some of the structural connections between the nucleus and the cytoskeleton are altered by
mutations in the LMNA gene, which encodes for lamina-type proteins, i.e. lamin A, lamin C and lamin
AA10. Lamins are located just underneath the inner nuclear membrane of most differentiated
somatic cells and form the nuclear lamina, a fibrillar network part of the nuclear envelope which
plays a crucial role in the maintenance of nuclear shape and gives structural support to the
nucleus®’. Consequent to disturbances in the structural connections with the cytoskeleton and in
the nuclear lamina assembly, LMNA mutations lead to decreased cellular stiffness and increased
mechanical weakness leading to increased sensitivity to mechanical stress®’. Abnormal nuclear
morphology, compromised nuclear integrity and tendency to spontaneous nuclear disruption, even
in the absence of external forces, are also reported for these cells®,

The family of genetic diseases associated with mutations in the LMNA gene is called laminopathies.
Laminopathies are associated with a diverse array of tissue-specific degenerative disorders as well as
syndromes with overlapping features. The most important pathologies included are: different types
of striated muscle diseases, such as Limb-girdle muscular dystrophy, Emery-Dreifuss muscular
dystrophy, and dilated cardiomyopathy; abnormalities in adipose tissue development, including
Familial Partial Lipodystrophy, type Il (Dunningan syndrome) and type Il diabetes; peripheral nerve
diseases such as Charcot Marie-Tooth disease; and systemic failure diseases such as Hutchinson
Gilford Progeria Syndrome (premature ageing). Most of the symptoms develop in the postnatal
phase and may lead to early death'. The molecular mechanisms giving rise to tissue-specific
laminopathies are still largely unknown. The complexity of these diseases is further exemplified by
the fact that identical genetic mutations can give rise either to a severe disease phenotype in one
patient, or no clinical symptoms at all in another person. These observations indicate that mutation
analysis alone is not conclusive for diagnosis or prognosis of laminopathy development and
consequent functional losses.

Here we propose to use cell culture on substrates with different stiffness to probe laminopathy cells
from a progeroid syndrome patient with compound heterozygous mutations in the LMNA gene,
consisting of p.T528M in combination with p.M540T*. We hypothesize that soft substrates can
protect nuclei of these laminopathy cells from morphological disturbances and structural weakness,
as in this case lower forces are propagated to the weakened nucleus. We examined dermal
fibroblasts from the laminopathy patient and healthy control dermal fibroblasts seeded on collagen-I
coated polyacrylamide gels (PA gels) with stiffness varying over a physiologic range (3 - 80 kPa) and
glass substrates as control. After 48 hours from seeding, we analyzed nuclear shape and rupture, as
well as actin cytoskeleton organization, which is the main determinant of cell shape, structure and
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cellular stiffness™ ", Our results show that that only on soft substrates (3 kPa) the laminopathy cells



tested respond similar to healthy control cells. Interestingly, we were able to probe the intracellular
response of these cells by varying the stiffness of the extracellular environment. This suggests that
modulation of substrate stiffness is an attractive tool to investigate mechanical functioning and
fragility of genetically affected cells of individual patients as a phenotypic marker of the disease
stage.

Results

We investigated the intracellular effect of increasing substrate stiffness on diseased dermal
fibroblasts, isolated from a patient suffering from a progeroid syndrome due to compound
heterozygous missense mutations (p.T528M and p.M540T) in the LMNA gene (LMNAmut) and we
compared these findings with control human fibroblast cell line (NHDFa). For this purpose both cell
types were seeded on collagen | coated polyacrylamide (PA) gels with stiffnesses ranging from 3 kPa
to 80 kPa, as well as on collagen | coated glass substrates. Both cell types adhered and elongated
when plated on the surface of the collagen | coated PA gels and glass substrates, except for the 3 kPa
where fewer cells adhered and reduced cell spreading after attachment was observed after 48 hours
from seeding (Figure 4.1A). Fluorescent staining (phalloidin-TRITC) of the actin cytoskeleton at 48
hours after seeding suggested that both cell types could equally sense the stiffness of the substrates
as their actin cytoskeleton became more stretched and organized in bundles for substrates stiffer
than 3 kPa (Figure 4.1B). Quantitative measurement of cell area and aspect ratio confirmed that soft
substrates (3 kPa) with E = 3 kPa elicit significant lower cell spreading and elongation in both cell
types (Figure 4.1 C-D) However, no significant differences were observed on the 10, 20, 80 kPa PA
gels and glass.

Nuclear shape of LMNAmut is abnormal on stiff substrates but preserved on soft
substrates

Morphologically visible nuclear abnormalities are common in laminopathy cells®’. These
abnormalities, seen as nuclear blebs, herniation’s, and so-called honeycomb structures after
immunostaining, seem to indicate the presence of weak spots at the nuclear membrane and/or
nuclear interior. Here, we tested whether the extracellular substrate stiffness affects the frequency
of these nuclear abnormalities in the LMNAmut cells. From the images of DAPI and lamin B1
immunolabeled nuclei, it became obvious that few abnormally shaped nuclei were seen in cells
seeded at low stiffness after 48 hours from seeding (between 3 and 4% of all nuclei) (Figure 4.2).
Representative images of normal and abnormally shaped nuclei are shown in Figure 4.3A. Further
quantitative analysis of 600 nuclei per cell genotype showed that on soft substrates (3 kPa) both
LMNAmut and NHDFa nuclei overall have a normal appearance (2.9 + 0.4% NHDFa, 3.7 + 0.4%
LMNAmut, Figure 4.3B). However, while in the NHDFa control fibroblasts abnormally shaped nuclei
were detected in about 3.0 £ 0.7% of the cells regardless of the substrate stiffness, a significant
increase of abnormally shaped LMNAmut nuclei was observed on 10, 20, 80 kPa PA gels and glass
substrates (respectively 8.2 + 0.7%, 26.9 + 5.0%, 44.7 + 1.7% , 22.5 + 2.4%) (Figure 4.3 B-C). The
fraction of misshapen nuclei in LMNAmut cells increased significantly on the 80 kPa gel (up to 44.7 +
1.7% compared to 26.9 + 5.0% on 20 kPa). A reason for this significant increase could be the higher



cell density observed on the 80 kPa gels seeded with LMNAmut cells. As in a side experiment we
observed increased nuclear aberrations with increased cell density, we therefore hypothesize that
cell-cell contact played a role in the formation of nuclear abnormalities (Figure 4.4). On the glass
substrate results were similar to those on the 20 kPa PA gels (22.5 + 2.4%). The findings on glass are
in agreement with earlier studies, showing that 36% of all cells from this LMNAmut patient cultured
on glass substrates had irregularly shaped nuclei with blebs, honeycomb figures, large and poorly
defined protrusions™.
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Figure 4.1. Effect of substrate stiffness on cell morphology and actin cytoskeleton organization. (A) Representative bright
field images of NHDFa and LMNAmut cells seeded on polyacrylamide gels with stiffness ranging from 3 kPa to 80 kPa taken
48 hours after seeding. Fewer and less spread cells were present on 3 kPa polyacrylamide gels than on stiffer substrates for
both cell types. Scale bar: 100 um. (B) Actin organization in NHDFa and LMNAmut (phalloidin-TRITC, red) showed increased
organization and tension on substrates stiffer than 3 kPa. Green colour is given by lamin B1 staining. Scale bar: 20 um. (C-D)
Cell area and aspect ratio presented as box-and-whisker plots. The measurements of NHDFa and LMNAmut did not show
significant difference, thus the values were considered as a group.
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Figure 4.2. Nuclear abnormalities in LMNAmut cells. Nuclear morphology of NHDFa (A) and LMNAmut fibroblasts (B)
cultured on 3, 20, 80 kPa polyacrylamide gels. Scale bar: 10 um.
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Figure 4.3. Nuclear morphological abnormality regulation by substrate stiffness. (A) Immunofluorescent labelling of cell
nuclei with DAPI (blue), lamin B1 (green) and overlay of the two in the most right panels allowed to distinguish between
normally (upper row) and abnormally shaped nuclei (second and third row). In particular, the nucleus in the second row
shows a protrusion and in the third row a bleb can be observed. Scale bar: 10 um. (B) Frequency of abnormally shaped
nuclei on increasing PA gel stiffness for LMNAmut and control NHDFa. Values represent means from at least 300 cells from
2 experiments. Bars represent SEM. * p < 0.05, ** p < 0.01 vs NHDFa on the same substrate stiffness (C) Statistical analyses
of differences in frequency of misshapen nuclei for LMNAmut and NHDFa on the different substrate stiffness’s. *, p < 0.05;
no star, p > 0.05.

LMNAmut cells show a defective actin cytoskeleton on stiff substrates but not on
soft substrates.

In order to provide insight into the role of the actin cytoskeleton on the onset of nuclear
abnormalities (protective mechanism of a soft environment on nuclear integrity), we investigated
actin fiber organization using phalloidin-TRITC labelling. The actin cytoskeleton is known indeed to
respond to substrate stiffness and affect cell shape and migration. Confocal microscopy of the
phalloidin stained cells plated on 3 kPa PA gels showed a rounded morphology for both cell
genotypes, with little polymerized actin formation that barely formed bundling of tensed fibers. In
the perinuclear region there seemed to be no actin fibers, while we observed fibers running on top
of the nucleus (actin cap) (Figure 4.5A).



Figure 4.4. Effect of increased cell density on nuclear abnormalities. Representative confocal sections of LMNAmut
seeded on glass substrates immunocytochemical stained for F-actin in red (phalloidin-TRITC) and DAPI in blue at 48 hours
after seeding. (A-B) High density LMNAmut cells show misshapen nuclei. (C) Low density LMNAmut cells show intact
nuclear morphology. (D) High density NHDF cells show normal nuclear morphology.

At 10 kPa and higher stiffnesses, cells demonstrated the typical well-spread and flattened
morphology with development of bundles of tense stress fibers (Figure 4.1A and Figure 4.5 B and E).
According to Khatau et al.”, LMNA mutant cells can lack the characteristic actin cap running above
the nucleus. After analysis of confocal z-stacks of both cell genotypes in our study, we could not
confirm a difference in actin cap presence. However, we did detect aberrations in actin cytoskeleton
organization in about 5% of the LMNAmut cells plated on 10, 20, 80 kPa and glass, at 48 hours after
seeding but not on the 3 kPa. These aberrations included detachment of actin stress fibers in the
perinuclear region with formation of a speckled pattern of actin which suggests actin
depolymerisation in these areas (Figure 4.5 C-D). Similar observations were already reported for

. 7,17,24,2
cells cultured on glass cover slips’*"?*?>,
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Figure 4.5. Influence of substrate stiffness on cytoskeletal actin organization and aberrations. Confocal z-series taken
from half height of the whole cell and relative orthogonal cross sections of NHDFa and LMNAmut immunocytochemical
stained for F-actin in red (phalloidin-TRITC) and Lamin B1 in green at 48 hours after seeding. (A) Representative fibroblast
seeded on 3 kPa PA gels. It shows short and not tensed actin fibers, which are missing in the perinuclear region. An actin
cap is running above the nucleus (white arrowhead). No differences could be noticed between LMNAmut and NHDFa. Thus
no aberrations could be detected in the actin cytoskeleton of cells plated on soft substrates. (B) Control NHDFa on PA gel
stiffer than 3 kPa, precisely on the 20 kPa PA gel. Actin stress fibers are tensed and well-structured also in the perinuclear
region. The actin cap made of thick stress fibers run above the nucleus the (white arrowhead) nucleus. (C-D)
Representative aberrations found in LMNAmut seeded on 20 (C) and 80 kPa (D) PA gels. Cells have a misshapen nucleus.
Yellow arrowhead indicates the lack of actin fibers in the perinuclear region (C) and a speckled distribution of actin (D). The
actin cap is running above the nucleus (white arrowhead). Scale bars: 20 um. (E) Representative images of cells on three
substrate stiffnesses. NHDFa (left panel) and LMNAmut (right panel) on 3kPa, 20 kPa and 80 kPa PA gels. Scale bar: 50 pm.



Disruptions of the actin-cytoskeleton and trypsinization partially normalize nuclear

abnormalities in LMNAmut cells.

To further prove the correlation between actin cytoskeletal tension and the onset of nuclear
abnormalities, LMNAmut cells grown on collagen | coated glass bottom culture dishes were
incubated for different period of times with cytochalasin D (cytoD), which inhibits actin dynamics
and, consequently, causes disruption of the actin-cytoskeleton (Figure 4.6). Next, the drug was
removed and LMNAmut cells were allowed to recover in normal growth medium for 1 hour to
overnight. Confocal microscopy on phalloidin-TRITC and DAPI stained LMNAmut cells showed that
the short treatment (30 minutes) followed by 1 hour recovery (short treatment + short recovery)
disrupted the actin-cytoskeleton only mildly compared to untreated control LMNAmut (Figure 4.6 A-
B). Yet, there was no difference between the frequency of misshapen nuclei in this group and in the
untreated control LMNAmut (18.4 + 2.1% vs 22.3 + 4.0%, Fig. 4E). There was presumably not enough
time for the nucleus to respond to the decrease in cytoskeletal tension or the degree of disruption
did not allow any response. In contrast, a three hour treatment followed by an hour recovery (long
treatment + short recovery) leads to serious disruption of the actin cytoskeleton and significantly
less misshapen nuclei (11.8 +0.8%, Figure 4.6C). Upon 3 hours cytoD treatment followed by
overnight recovery (long treatment + long recovery), the actin cytoskeleton completely recovered
from the treatment and tensed stress fibers were visible (Figure 4.6D). The frequency of misshapen
nuclei (19.1 + 1.6%) was found to be comparable to that of untreated LMNAmut cells (Figure 4.6E).

Moreover we analyzed the changes in nuclear morphology due to cellular detachment of LMNAmut
cells by trypsin, followed by re-adhesion to a glass substrate (Figure 4.7). At 30 and 60 minutes after
seeding, nuclear folding due to trypsin treatment did not yet allow a reliable analysis of nuclear
shape. At this stage of attachment the actin cytoskeleton was largely disorganized, seen as absence
of tense stress fibers in these cells. Starting from 2 till 8 hours after seeding the frequency of
misshapen nuclei was significantly lower than that at 72 hours (11.0 + 2.0%, 13.3 + 3.8%, 14.6
2.3%, 15.6 + 2.2%, 28.3 + 3.5% respectively at 2, 4, 8, 24 and 72 hours). At these time points actin
reorganization did take place in the lower regions of the cell, making contact with the glass
substrate, but stress fibers were absent at close distance to the nucleus. While after 24 hours of
attachment the actin organization was mainly restored, showing actin fibers in close contact with
the nucleus, it took even longer (up to 72 hours) until cells were fully stretched, and showing the
regular percentage of abnormal nuclei (Figure 4.7 A-B).

Strikingly, not only the number of cells with blebs, but also bleb size itself increased considerably
with time, ranging from 1-25 pm? after 2 hours (average 5.24 um?®, n=12) to 3-62 um? (average 24.4
pum?, n=10, Figure 4.7C). This shows that nuclear morphology becomes partially normalized after
trypsinization, which hydrolyzes the protein-protein bonds that attach cells to the extracellular
matrix and consequently induces cell rounding along with reduction of cytoskeletal tension.

All together, these results suggest a direct correlation between the level of actin-cytoskeleton
tension and the prominence of nuclear abnormalities.
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Figure 4.6. Effects of transient cytoD treatment on LMNAmut nuclei. Representative confocal sections of LMNAmut
seeded on collagen | coated glass substrates incubated with cytoD 1uM and recovered in normal growth medium. After
fixation, cells were stained with DAPI (blue) to check for nuclear abnormalities and phalloidin-TRITC (red) to check for actin
organization. (A) Untreated control LMNAmut. (B) Short treatment + short recovery: LMNAmut treated for 30 minutes with
cytoD and recovered for 1 hour. (C) Long treatment + short recovery: LMNAmut treated for 3 hours with cytoD and
recovered for 1 hour. (D) Long treatment + long recovery LMNAmut treated for 3 hours with cytoD and recovered
overnight. Scale bar: 20 um. (E) Frequency of misshapen nuclei in LMNAmut upon treatment with cytoD. At least 600 cells
were assessed per each group.*, p < 0.05; no star, p > 0.05.
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Figure 4.7. Alterations in nuclear shape and actin organisation upon attachment of cells after trypsin treatment. (A)
Representative confocal sections of LMNAmut seeded on collagen | coated glass substrates at 30 minutes, 1, 2, 4, 24 and
72 hours after seeding. Cells were immunocytochemical stained for F-actin in red (phalloidin-TR) and lamin A/C in green.
Inset at 4 hours: 3D view (generated by Image) 3D-viewer, showing the position of the nucleus (green)at the upper region
of the cell, with very few tense actin stress fibers (red) surrounding the nucleus). Scale bar: 10 um. (B) Frequency of
misshapen nuclei after seeding.*, p < 0.05; no star, p > 0.05. (C) Changes in nuclear bleb size upon attachment, visualized
by immunofluorescence using the Jol2 lamin A/C antibody. Note the increase in size as well as the aberrant shape of the
nuclear blebs. Note also that in most blebs a typical honeycomb structure of the lamina staining can be seen. Scale bar: 10
um.

Cellular compartmentalization in LMNAmut cells is not compromised on soft
substrates.

Given the increased presence of abnormally shaped nuclei in LMNAmut cells cultured on substrates
stiffer than 3 kPa, we tested whether this was correlated to a loss of cellular compartmentalization.
We chose promyeolocytic leukaemia nuclear bodies (PML-NBs) as marker, as these assemblies of
PML proteins are normally confined to the nuclear interior of non-proliferating cells*® (Figure 4.8A).
Earlier studies by De Vos et al. and Houben et al. showed that frequent loss of PML-NBs from the
nucleus to the cytoplasm can be found in laminopathy cells***?. In the current experiment,
approximately 600 cells for each genotype, on each substrate, were screened manually for PML-NBs
localization using fluorescent microscopy. We observed cytoplasmic PML-NBs (cytPML-NBs) in cases
of abnormally shaped nuclei as well as for intact nuclei (Figure 4.8 B-C). Therefore it is not possible
to directly correlate abnormalities in the nuclear shape to the loss of cellular compartmentalization.



Similarly to previous findings', 4.4 + 1.1% NHDFa control cells demonstrated cytPML-NBs,
regardless of the substrate stiffness (Figure 4.8D). On the 3kPa substrate, LMNAmut and NHDFa
control cells showed no significant differences in the frequency of cells with cytPML-NBs (3.1 + 0.5%
LMNAmut and 2.0 + 0.2% NHDFa). However, we did observe a gradual increase of LMNAmut cells
with cytPML-NBs with increasing stiffness of the substrates between 3 and 20 kPa (from 3.1 + 0.5%
to 12.8 + 1.2%), indicating increased frequency of cytPML-NBs in LMNAmut cells (Figure 4.8 D-E).

Nuclear ruptures in LMINAmut cells increase with substrate stiffness, but are
prevented on soft substrates.

A recent study by De Vos et al.’® showed the occurrence of spontaneous nuclear ruptures in cells
from laminopathy patients cultured on glass substrates. These ruptures never occurred in wild type
cells (NHDFa) under the same culturing conditions. Based on these results and triggered by the
finding of variable cytPML-NBs on different substrate stiffness, we hypothesized that mechanical
cues provided by the extracellular environment might affect the frequency of nuclear rupture
events. For this purpose we monitored living cells (about 20) for 2 hours at 1 or 2 minute intervals
under a fluorescent microscope on 3, 10, 20, 80 kPa PA gels and glass substrate after 24-36 hours
from transfection with EYFP-nuclear localization signal (EYFP-NLS), which helped to check for nuclear
integrity. Correct expression of EYFP-NLS was revealed by a constant intense intranuclear
fluorescent signal. In NHDFa cells, as well as in LMNAmut cells on 3kPa substrates we could not
detect a nuclear rupture event in any cell examined. In contrast, for the stiffer substrates an
increased frequency of nuclear rupture was detected in the LMNAmut cells, increasing from 20%
(4/20) of LMNAmut with nuclear rupture on the 10 kPa substrate to 34.5% (10/29) on 80 kPa. The
ruptures were visible as a sudden transient efflux of EYFP-NLS from the nucleus to the cytoplasm
(Figure 4.9 and Video www.tandfonline.com/doi/suppl/10.4161/nucl.23388/suppl_file/kncl_a_1092

3388_sm0001.zip).This phenomenon, which lasts about 20 minutes and can occur repetitively in the
same cell, was followed by restoration of EYFP-NLS signal in the nucleus and was not lethal for the
cells. All together, these results confirm that soft substrates do not compromise the nuclear integrity
of LMNAmut cells, while stiff environments do.
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Figure 4.8. PML-NBs localization as a marker for cellular compartmentalization. (A-C) Confocal sections representative of
cell nuclei were immunolabeled with Lamin B1 (red), DAPI (blue) and PML-NBs (green) to investigate the localization of
PML-NBs. Nuclei were counterstained with DAPI (blue). The most right panel shows the triple overlay. Scale bars: 10 um.
(A) Nuclei showing normal morphology and internal localization of PML-NBs. Cellular compartmentalization is intact. (B)
Cytoplasmic localization of PML-NBs (cytPML-NBs) around a nucleus showing an abnormal morphology (white arrowhead).
Loss of cellular compartmentalization is indicated by the exit of PML-NBs to the cytoplasm. (C) CytPML-NBs could be found
also in normally shaped nuclei (white arrowhead) indicating that loss of cellular compartmentalization is not directly
related to nuclear morphology abnormalities. (D) Relative frequency of NHDFa and LMNAmut showing cytPML-NBs. Values
represent means from at least 600 cells from 2 experiments. Bars represent SEM. * p < 0.05, ** p < 0.01 vs NHDFa on the
same substrate stiffness (E) Statistical analyses of differences in frequency of cytPML-NBs for LMNAmut and NHDFa on the
different substrate stiffness’s. *, p < 0.05; no star, p > 0.05.
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Figure 4.9. Spontaneous ruptures of the nuclear membrane do not occur on soft substrates. (A) Montage of selected
images from a time-lapse recording of LMNAmut cell cultured on 10 kPa PA gel and transfected with EYFP-NLS, sampled at
1 min intervals for 2 h (Supplementary Video). Nuclear membrane rupture causes the decrease in intranuclear EYFP signal
and increase in cytoplasmic EYFP signal (at 0:36, yellow arrowhead). Subsequently, the nuclear signal is gradually up taken
by the nucleus and the rupture appears to be restored (at 0:51, orange arrowhead) (B) Evolution in time of EYFP-NLS
(mean) intensity in the nucleus of the cell shown in (A). (C) Frequency of spontaneous nuclear membrane ruptures on the
different substrates for LMNAmut. Error bars represent the square root of the number of recording.



Discussion

In this study we showed that, on soft substrates with stiffness of 3kPa, abnormal nuclear
morphology and nuclear ruptures in dermal fibroblasts from a laminopathy patient with compound
heterozygosity for mutations in LMNA can be normalized. Normalization of nuclear shape at low
substrate stiffness, i.e. in presence of low cytoskeletal tension, indicates that nuclear abnormalities
correlate to the mechanical properties of the ECM, such as the collagen I-coated PA gels used in
here. For the purpose of this study and in view of a future clinical application, we chose to
investigate dermal fibroblasts because it is and easily accessible cell source to probe and
investigate®.

A crucial finding is that the nuclei of LMNAmut cells used in this study do not develop an abnormal
morphology when they are cultured on soft gels (3 kPa), while on stiffer substrates nuclei appear to
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have a misshapen shape (Figure 4.3) as reported also by Verstraeten et al.”>. Abnormal nuclear

10111830 Kbyt the relevance of

phenotypes are normally found in cells with LMNA mutations
morphological abnormalities in the pathogenesis of laminopathies is not unravelled. Nuclear
abnormalities are indeed not present in all diseased cells and there is no direct association between
nuclear abnormalities and disease phenotype or severity’’. However, previous studies have been
performed only on glass or stiff silicon substrates and did not consider the mechanotransduction
feedback-loop, which influences the cellular response based on the ECM mechanical cues. Still, in
order to establish correlations between genotype and phenotype repeated measures using cells
from different patients or families of patients are needed, as the phenotypic variability in this family
of diseases may lead to different responses of the nucleus to developing intracellular tension.

One reason for increased nuclear abnormalities, nuclear ruptures and loss of cellular
compartmentalization might be that, on soft substrates, the nuclear membrane is exposed to
reduced cytoskeletal forces, transduced from the ECM. This can be inferred by our results on the
actin cytoskeleton organization and from the partial normalization of the nuclear abnormalities upon
disruption of the actin cytoskeleton by cytoD and after cell trypsinization. When actin is not
assembled into tensed stress fibers, it is likely that the force exerted on the nucleus is not enough to
tear apart the nuclear membrane or to compress the nucleus, causing nuclear rupture at weak spots.
Furthermore, disorganization of the actin cytoskeleton in the perinuclear region of LMNAmut, was
observed particularly on stiffer substrates and gave indication for an abnormal distribution of forces
exerted to the nucleus, enhancing nuclear morphology disturbance. In contrast to Kathau et al.?, we
observed in the LMNAmut cells the presence of the nuclear shaping actin cap. Therefore, to explain
these findings, we propose that a pulling mechanism in addition to a compressive pushing
mechanism might play a role in altering nuclear morphology. We suspect that, on stiff substrates,
the actin cap presses tightly against the nucleus and, in addition, organization of the stress fibers
around the nucleus is abnormal, enhancing the probability of disturbance and rupture in the
morphology of the genetically disorganized and weakened nucleus (Figure 4.10). This physical model
can explain the observations on the different substrate stiffnesses. However the significant increase
of misshapen nuclei on the 80 kPa PA gel is, in our opinion, due to an increase of cell-cell contact and
increase in cell area and aspect ratio, which imply increase of cytoskeletal forces exerted on the
nucleus. Reasons for the increase in cell area and cell aspect ratio might be found in changes in
adhesive properties of the substrates. Hydrogels of increasing stiffnesses lead to increasing



anchoring densities and thereby increase in cell spreading®?, while collagen absorption onto glass
substrate could determine an anchoring density similar to that of the 20 kPa PA gel. While these in
vitro studies cannot be directly interpolated to the in vivo situation, our assay to measure nuclear
weakness could well predict the development of a laminopathy phenotype in patients. A common
denominator in (nearly) all laminopathies is the loss of specific tissues, seen as muscular dystrophies
and/or lipodystrophies. For each of these laminopathies, its value will have to be proven.

A NHDFa /LMNAmut

Minucleus
Miamin B1

B NHDFa

C LMNAmut

Figure 4.10. Proposed mechanism for actin cytoskeleton organization and effects on nuclear abnormalities on soft and
stiff substrates. Schematic representation of the cross section of a cell seeded on substrates with different stiffness. Red
represents the actin cytoskeleton while green the nucleus (dark green nuclear lamina). (A) When seeded on a soft
substrate NHDFa and LMNAmut cells have the same response. They develop not tensed actin stress fibers which are not
directly connected to the nucleus in the perinuclear region. Fibers run below and on top of the nucleus. Since low forces
are exerted on the nucleus, the onset of nuclear abnormalities is prevented. (B) NHDFa cells seeded on a stiff substrate
(stiffer than 3 kPa) develop tensed actin stress fibers which are well-organized in the whole cytoplasm. Stress fibers
connect to the nucleus and form also the actin cap running on top of the nucleus. (C) LMNAmut cells on top of a stiff
substrate develop tensed stress fibers. These stress fibers appear to be lacking in the perinuclear region and aggregates of
actin are often visible. The pushing action of the actin cap (stress fibers running on top of the nucleus) together with the
uneven distribution of pushing actin in the area around the nucleus lead to the development of nuclear abnormalities,
further resulting in nuclear damage.

Taken together our data suggests that we were able to probe the response of the nucleus from the
outside of the LMNAmut cells by using the mechanoresponsive pathways of the actin cytoskeleton.
However, presently, we cannot rule out the involvement of microtubules, as they are known to be
connected to actin via kinesin 1, and to the nuclear membrane via nesprin—43. Studies on nucleus and
cytoskeletal elements co-transfected laminopathy cells could give insights on the precise
mechanisms of nuclear rupture.

Substrate stiffness appears to modulate also nuclear integrity. Indeed, we detected that repetitive
disruptions of the nuclear membrane, previously reported by De Vos et al.’® in cells from different
laminopathy patients under standard culturing conditions, are prevented on soft substrates (3 kPa)



but increasingly occurs on stiffer substrates. It is not clear how the cells can survive a repetitive
disruption of the nuclear membrane, as mixing of cytoplasmic and nuclear components prevents
appropriate nuclear localization of nuclear factors that can be crucial for several mechanisms (such
as replication and transcription).

Also PML-NBs, often lost from the nucleus in laminopathy cells cultured on a glass substrate, were
retained in the nucleus of LMNAmut seeded on soft substrate. However, since we observed
cytoplasmic localization of PML-NBs without nuclear abnormalities (Figure 4.8), the presence of PML
bodies in the cytoplasm is not indicative for dysfunctions of the nuclear lamina. Moreover, in a
parallel study a direct correlation between occurrence of cytoplasmic PML-NBs and nuclear rupture
as seen with EYFP-NLS could not be established: while in some cases of nuclear rupture PML-NBs
moved out of the nuclei, in other cases this did not happen. Conversely, leakage of PML-NB proteins
into the cytoplasm, or incomplete import of PML-NB proteins can cause cytoplasmic assembly of
PML bodies without nuclear rupture®®.

In conclusion, despite the fact that the data reported were from cells of only one laminopathy
patient with rare compound mutation in the LMNA gene, our findings suggest that soft substrates
could be used protect and possibly rescue cell from laminopathy patients with morphological
disturbances and structural weakness. This study shows the value of using substrate stiffness based
approach for improved diagnosis of genetically diseased cells in order to understand the interplay
between genotype and phenotype. Elucidating the mechanotransduction pathways involved in the
response of LMNA-mutated cells to changes in the extracellular environment will also help to
provide new insight into the genotype phenotype correlations

Materials and methods

Cell cultures

Cells used in this study were primary skin fibroblasts. The laminopathies cells (LMNAmut) were
obtained from a skin biopsy taken from a 2-year old male subject diagnosed with apparently typical
Hutchinson Gilford Progeria Syndrome, which showed compound heterozygous mutations
(LMNAAT528M/M540T)*.Informed consent was obtained from the parents of the proband for this
study. Normal human dermal fibroblasts (NHDFa) obtained from the European Collection of Cell
Cultures (Salisbury, United Kingdom) were used as a control. NHDFa and LMNAmut were grown at
37°C in a humidified incubator containing 5% CO, and cultured in Advanced Dulbecco's modified
Eagle's medium (DMEM, Invitrogen, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS;
Greiner Bio-one, Frickenhausen, Germany), 1% L-glutamine and 1% pennicilin/streptomycin (Lonza,
Walkersville, USA). Cells were passaged by splitting at a 1:2 or 1:3 ratio every 3 days using trypsin.
For seeding onto the substrates, cells were trypsinized at sub-confluency and plated at a density of
5000 cells/cm?. NHDFa were used between passage 5 and passage 15. LMNAmut were used
between passage 10 and passage 20. No differences were seen in the growth behaviour between
passage numbers.



Transfection for live-cell imaging

LMNAmut were transiently transfected with an EYFP-NLS construct® (kind gift from Dr. J. Goedhart,
University of Amsterdam, the Netherlands) using Genelammer (Invitrogen, 204132) according to
manufacturer's instructions at a Genelammer/DNA ratio of 6:1 (ul per ug DNA). Transfection was
performed 24 hours after seeding of the cells and culture medium was changed 4 hours after
transfection to minimize cytotoxicity.

Coated polyacrylamide (PA) gels and glass substrates

Polyacrylamide (PA) gels coated with collagen | were used to create 2 dimensional substrates with
controlled stiffness for NHDFa and LMNAmut. PA gel stiffness (expressed as elastic modulus, E) was
controlled by modulating the bis-acrylamide crosslink concentration and was verified using an
indentation test®®. The method used for the preparation was adapted from Pelham and Wang®. In
short, glass bottom culture dishes (singles or multi-well; 35 mm-diameter dish, 20mm-diameter
glass, coverslip No. 1.5, MatTek Corporation, Ashland, USA) were cleaned with 1% NaOH, silanized
with pure 3-(aminopropyl)trimetoxysilane (Sigma-Aldrich, St. Louis, USA) for 10 minutes and, finally,
functionalized by means of 0.5% glutaraldehyde (25% solution, Sigma-Aldrich) in PBS for 30 minutes.
Precursors mixtures of PA gels were made from acrylamide (40%, Sigma) and N, N', N'-methylene-
bisacrylamide (bis-AA, \%, Sigma-Aldrich) mixed with MilliQ water and Hepes 50mM. Final
acrylamide concentrations were 5% or 10%, while bis-AA varied between 0.03% to 3%. Cross-linking
was induced by adding 10% ammonium-persulfate (APS) (1/200 vol/vol; Fisher, Pittsburgh, USA) and
N,N,N',N'-tetramethyl-ethane-1,2-diamine (TEMED) (1/2000 vol/vol; Merck, Schipol-Rijk, The
Netherlands). For each gel, 10 pl of the acryl-bisacrylamide solution was pipetted onto the
functionalized glass bottom culture dish. A small coverslip (No. 0, 13-mm diameter; Menzel,
Braunschweig, Germany), cleaned with 1% NaOH and instantaneously siliconized by immersion in
Sigmacote (Sigma-Aldrich), was placed onto the droplet in order to flatten the gel and produce a
surface without irregularities. After polymerization and soaking in Hepes 50mM, the siliconized
coverslip was taken off and the inert surface of the PA gels was functionalized by a covalent coating
with Collagen I. For this purpose, first the photoreactive heterobifunctional protein crosslinker N-
succinimidyl-6-[4'-azido-2'-nitrophenylamino] hexanoate (sulfo-SANPAH; Pierce Biotechnology,
Rockford, USA) was dissolved in DMSO (Merck) and Hepes 50mM (ph 7.4) obtaining a 1.0mM
solution that was added on top of the gel. Subsequently PA gels were exposed to ultraviolet (UV)
light to allow photo-activation of sulfo-SANAPH; this process was performed twice with fresh sulfo-
SANPAH to ensure activation of the entire surface. After washing with 50mM Hepes, rat tail collagen
| (BD biosciences, Bedford, MA) was diluted in PBS (Sigma-Aldrich) in order to obtain a 0.20 mg/ml
solution and added to the gels (500 pl). Incubation with collagen solution occurred for 4 hours on a
shacking table at room temperature. The PA gels and were subsequently sterilized under germicidal
UV-C light for 10 minutes, washed with PBS and incubated with culture medium for at least 30
minutes before seeding to ensure equilibration of the space within the gel and the medium. PA gels
were stored and used within 3 weeks from preparation

The elastic modulus (E-modulus) of the PA gels was determined on gels prepared on coverslips
(Menzel) with 25 pul of solution. Indentation was applied to the centre of the gels with a spherical
indenter (2mm-diameter) while measuring force and indentation depth. Afterwards a numerical
model was iteratively fitted to these experimental data using a parameter estimation algorithm. The
mechanical properties of the PA gels were quantified in 3 gels for each group in the same day when



the cells were seeded. The indentation test revealed that differences between the batches and in
time were not significant (data not shown). The gels prepared with 5% acrylamide/0.01%
bisacrylamide, 5% acrylamide/0.05% bisacrylamide 5% acrylamide/0.3% bisacrylamide, 10%
acrylamide/0.26% bisacrylamide had elastic moduli of 3.8+0.9, 9.9+3.7, 19.8+3.6 and 81.7+2.4 kPa
respectively (meantSD), as shown in Table 1. This stiffness range (3-80 kPa) was created to mimic
physiologically-relevant stiffness values similar to fat tissue (3 kPa), muscle (10-20 kPa) and
collagenous bone (>20 kPa).

The glass substrates (coverslips No. 0, 13-mm diameter; Menzel), were sterilized in 70% ethanol and,
subsequently, coated with adsorbed collagen I. The covalent binding of collagen | coating to the
substrates was examined by immunolabeling. The antibody used were mouse monoclonal antibody
to collagen I (IGg1, diluted 1:100, Sigma-Aldrich) and, as secondary antibodies, goat anti-mouse 1Gg1
Alexa 488 (diluted 1:500, Molecular Probes).

Table 4.1 Composition and elastic modulus of the polyacrylamide gels used as substrates.

3 kPa 10 kPa 20 kPa 80 kPa

Acrylamide 5% 5% 5% 10%
Bis-Acrylamide 0.01% 0.03% 0.3% 0.26%
E (kPa) 3.8%0.9 9.9+3.7 19.843.6 81.7%2

Immunofluorescence labelling and imaging

At 48 hours after seeding, NHDFa and LMNAmut grown onto PA gels of 3, 10, 20, 80 kPa and glass
bottom culture dishes coated with collagen | were washed with PBS and fixed with 4% formaldehyde
in PBS (Sigma-Aldrich) for 10 minutes at room temperature. Next, they were permeabilized with
0.1% Triton-X-100 (Merck) in PBS for 10 minutes and incubated with 2% bovine serum albumin (BSA)
in PBS in order to block non-specific binding. Afterwards, they were incubated for 2 hours with
primary antibodies in NET-gel. The following primary antibodies were used: mouse MoAb to PML
proteins (IgG1, diluted 1:200, sc-966, Santa Cruz) and rabbit polyclonal to LaminB1 (IgG1 1:500,
diluted, ab16048, AbCam). After washing with PBS (3 times, 10 minutes), secondary antibodies in
NET-gel were applied for 1 hour. Goat anti-mouse 1gG1 Alexa 488 (diluted 1:500, Molecular Probes)
was used against PML-NBs antibody while goat anti- rabbit 1gG Alexa 555 or Alexa 488 (diluted
1:500, Molecular Probes) were used against Lamin B1 antibody. For F-actin staining phalloidin-TRITC
(1:200, Molecular Probes) was used. After 2 washing steps with PBS, cells were incubated for 5
minutes with DAPI (1:500, Molecular Probes) for nuclear counterstaining. Imaging for the
immunofluorescence studies was performed by means of an inverted confocal microscope
connected to an inverted Axiovert 200M (Zeiss LSM 510 META, Zeiss). A C-Apochromat water-
immersion objective (63x, NA=1.2) was used to minimize the effects of spherical aberration when
focusing deep into PA gels, while for cells plated on glass a Plan-Apochromat oil immersion objective
was used (63x, NA=1.4). The laser scanning microscope was used in the dual parameter setup,
according to the manufacturer's specification, using dual wavelength excitation: the Ar laser at
488nm (30 mW) and the HeNe laser at 543 nm (1 mW). Z-series were generated by collecting a stack
consisting of optical sections using a step size of 0.3-0.45 um in the z-direction while a minimum
pinhole opening was used (1AU). Alternatively, a Leica SPE confocal microscope was used, mounted



on a DMI 4000 inverted microscope. Excitation lines were 405 nm (DAPI), 488 nm (FITC) and 532 nm
(Phalloidin).

Cytochalasin D treatment
At 24 hours after seeding, LMNAmut grown onto collagen | coated glass bottom culture dishes were
transiently treated with cytochalasin D (cytoD, Sigma-Aldrich) 1 uM to inhibit actin filament
dynamics. Successively the growth medium was refreshed with normal growth medium. Three
different treatments were carried out:
e Short treatment + short recovery = 30 minutes cytoD treatment and 1 hour recovery in
normal growth medium.
e Long treatment + short recovery = 3 hours cytoD treatment and 1 hour recovery in normal
growth medium.
e Long treatment + long recovery = 3 hours cytoD treatment and overnight recovery in normal
growth medium.
Finally, LMNAmut cells were fixed and stained for actin organization and nuclear abnormalities.

Cell spreading assay

Cells were detached using a trypsin solution containing 0.125% trypsin (Invitrogen Life Technologies,
Breda, the Netherlands), 0.02 M EDTA and 0.02% glucose in PBS. Duration of trypsin treatment was
kept to a minimum (approximately 3 min at 37°C), Trypsin was inactivated by adding an excess of
culture medium with serum, and cells were seeded onto glass coverslips. Cells were allowed to
attach for a variable period of time (0.5 hr, 1 hr, 2hr, 4 hr, 8 hr, 24 hr or 72 hr.) under standard
culture conditions, and were fixed and processed for immunofluorescence as described above. As
primary antibody the mouse monoclonal lamin A/C antibody Jol2 (IgG1, diluted 1:20; a kind gift from
Dr. C.J. Hutchison (Durham University, United Kingdom)) was used. The percentage of cells with
abnormal nuclei (blebs) was estimated by counting 3x100 cells per time point.

Image analysis

Brightfield images of cell cultures were obtained with an Axio Observer Z1 (Zeiss). For cell area and
aspect ratio measurements, NHDFa and LMNAmut were manually outlined in relative brightfield
images. Using Image) (1.45) freeware software, cell area and cell aspect ratio were measured. Cell
aspect ratio was calculated as the length of the long axis of the cell divided by the length of the short
axis. At least 60 cells were analyzed on the substrate of each type

Abnormal nuclei or cytoplasmic PML bodies were scored manually on about 100 cells in 3 random
locations on 2 samples per each stiffness (600 cells in total) for each cell genotype. Nuclei were
scored as abnormally shaped when their appearance, after laminB1l staining and DAPI
counterstaining, showed abnormalities such as blebs, large and poorly defined protrusions and
invaginations. In scoring of PML bodies, a second non-specific channel was acquired (550LP) to avoid
counting of autofluorescent foci. Mitotic cells, identified by the shape of the DAPI staining, were
rejected from the analysis, as they also show cytoplamsic PML bodies.

Live-cell imaging
In order to perform live-cell imaging, LMNAmut were seeded on PA gels of 3, 10, 20, 80 kPa and on
glass bottom dishes and, after 24 hours, were transfected with EYFP-NLS. After 24 to 36 hours from



transfection, LMNAmut were supplemented with pre-warmed phenol-free serum-containing culture
medium (DMEM 31053, Invitrogen) complemented with 15mM Hepes. Evaporation of the medium
was prevented by covering it with an approximate 2mm layer of mineral oil (Sigma) previously
washed with culture medium. Time-lapse recording with an interval of 1 or 2 minutes were taken
using an inverted automated microscope (Leica DMRBE, Manheim, Germany) equipped with a black
and white CCD-camera (CA4742-95, Hamamatsu, Bridgewater, NJ, USA). Image acquisition was
achieved using Openlab software (Improvision, Lexington, MA, USA). The microscope was equipped
with a heated stage which temperature was set at 37ffC. This allowed imaging the sample while
keeping it in optimal cell culture conditions. A 20x (N.A.-0.45) objective was used. For image
processing and analysis of time-lapse videos, ImageJ (1.45) freeware was used. Briefly, for each time-
lapse recording the analysis of the fluctuations of the fluorescence intensity in representative
nuclear regions was performed. Values were normalized and then plotted as function of the time.

Statistical Analysis

Data are expressed as mean+SEM and meanSD for PA gels elastic modulus. Statistical analysis was
performed using StatGraphics (Manugistics, Inc., Rockville, MD). The data were analyzed by unpaired
t-test (allowing different SD), one-way ANOVA (followed by Tukey's multiple comparison test) or, in
case of non-Gaussian distribution, the Mann-Whitney or Kruskal Wallis tests (the latter when
comparing more than two groups, followed by Tukey's multiple comparison test). A p-value of 0.05
was considered statistically significant.
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Chapter 5

General discussion



Main findings of this thesis and implications for understanding
interplay between cell cytoskeleton response and complex
biophysical environments

This thesis addresses important aspects of the interplay between actin cytoskeleton remodeling of
adherent cells and the biophysical environment. Cells are active entities in the physiological
environment. The structural continuity between the extracellular environment and the cellular
interior grants the cells the ability to continuously sense and adapt to the developing
microenvironment. The mechanical feedback of cells to the extracellular environment is mediated by
an interconnected network of intracellular structures, among which the actin cytoskeleton plays a
pivotal role. The actin cytoskeleton is a dynamic and well-organized network of fibers that drives,
among others, the fundamental processes of cell motility, contractility and differentiation®. To serve
these functions, the actin cytoskeleton arranges and remodels itself to adapt its geometrical,
mechanical and dynamic properties.

In this thesis, we aimed at getting a quantitative understanding of actin cytoskeleton remodeling in
response to changes in the physiological cellular microenvironment. The obtained fundamental
knowledge is of particular relevance for application in (re)building and regenerating diseased or
damaged tissues in regenerative medicine strategies. In view of this, we focussed first on cellular
organization. Achieving in vivo-like tissue organization is a major goal of regenerative strategies
because cellular organization determines the biological and mechanical properties, and hence the
functionality, of the whole tissue. Cellular organization, as seen in the intracellular actin
cytoskeleton, is the result of the complex interaction between the biophysical cues of the
surrounding extracellular environment and the cellular interior. Among many biophysical cues,
topographical cues and cyclic strain are considered the most relevant stimuli capable of inducing
cellular alignment by invoking an actin cytoskeleton response (reviewed in chapter 1). However, in
the physiological environment these cues are presented to the cells simultaneously. To understand
the mechanisms of actin orientation response to the combination of both cues, we have developed
and employed a dedicated experimental model system. By using this system, we studied the actin
orientation response in normal (healthy) adherent cells and in cells with disturbances of the actin
cytoskeleton. The latter also serve a model cells for so-called ‘diseases of the mechanotransduction’.
To evaluate our understanding of structural defects, we used substrate stiffness as a tool to rescue
these cells, by inducing less tension in the actin cytoskeleton thanks to soft substrates. The main
findings of this work are reported below (Figure 5.1).

A model system capable of dissecting the effects of separate and combined

topographical cues and cyclic strain

The influence of topographical cues and cyclic uniaxial strain on the actin cytoskeleton of adherent
cells was studied by using a newly developed model system consisting of elastomeric microposts
capable of imposing both cues to the cells growing on top of the microposts. The topographical cues
employed for guiding actin cytoskeleton alignment (contact guidance) were created by using
microposts with elliptical cross section. Bounding of the microposts to a flexible membrane of
commercially available stretching device (FlexCell) allowed us to apply cyclic uniaxial strain directly
to the microposts. Micropost arrays characterized by different cross sections (circular and elliptical)



were included on the same membrane, as well as different arrangements of the elliptical microposts
to the strain direction (Figure 2.1). Such system enabled testing and evaluating of the actin
cytoskeleton remodeling in different conditions during the same experiment, without the need to
prepare different samples per each experimental condition. Adherent cells could be grown on top of
the microposts coated with fibronectin and exposed to the different stimuli applied separately or in
combination (chapter 2). Therefore, this model system is suitable for dissecting the effects of
topographical cues and cyclic uniaxial strain on the actin cytoskeleton.

Cap and basal actin fibers have distinct response to combined cyclic strain and

topographical cues

To understand to what extent and how topographical cues and cyclic strain influence the actin
cytoskeleton orientation of adherent cells, we first used the developed model system with healthy
human vena Saphena cells, previously characterized as myofibroblasts. We analyzed the orientation
response of their actin cytoskeleton upon dual stimulation, by topographical cues and cyclic uniaxial
strain applied separately and in combination. The main finding of this study is that the subcellular
organization of the actin cytoskeleton is of fundamental relevance to explain the whole actin
cytoskeleton reorientation response. In particular, we have demonstrated that, due to the
competition between the responses of two particular subsets of stress fibers, a clear actin fiber
orientation response is lacking upon exposure to topographical cues and cyclic uniaxial strain along
the same direction. On the one hand, the subset of actin stress fibers running on top of the nucleus
(actin cap) responds to the cyclic uniaxial strain despite the presence of competing topographical
cues presented along the same direction of the mechanical strain. On the other hand, the stress
fibers lying underneath the nucleus (basal actin fibers) are more prone to follow the topographical
cues. Actin cap fibers and basal layer respond in the same way when competing stimuli are not
present.

The existence and the role of these two different subsets of actin stress fibers in adherent cells
grown on two-dimensional (2D) substrates have only recently started to be characterized. Regarding
actin cap stress fibers, their role in cell mechanotransduction and mechanosensing on 2D substrates
was pointed out first by Kathau et al.” Actin stress fibers are directly interconnected with the nucleus
via the LINC complex and nuclear lamins. This strategic location of the actin cap stress fibers results
in their direct involvement in shaping of the nucleus of somatic (differentiated) cells. Further
investigations revealed that the actin cap is also responsible for the intra-cellular positioning of the
nucleus®®. The particular interconnection with the nuclear interior via the LINC complexes makes the
actin cap also a more suitable route for transducing forces directly from the extracellular
environment to the genome contained by the nucleus. Chambliss et al.” have indeed demonstrated
that the stress fibers of the actin cap and their associated focal adhesions build up ultra-fast
machinery for cellular mechanotransduction and can respond very rapidly to shear stress
stimulation. Our results add to this knowledge that the actin cap stress fibers are able to respond to
cyclic uniaxial strain by strain avoidance even in presence of topographical cues directed along the
same direction of the strain. Moreover, in this study, we also observed that the nuclear and cellular
orientation after application of combined topographical cues and cyclic strain correlated with the
orientation of the actin cap. This suggests that the actin cap might be the key player in cellular
reorientation in response to cyclic strain. Overall, this study contributed to the knowledge of the
mechanisms inducing cellular orientation via actin cytoskeleton by elucidating that coordinated



response of both actin cap and basal layer of fibers is necessary to obtain an anisotropic organization
of cells when stimulation by topographical cues and cyclic strain are presented to the cells
simultaneously.

The actin cap is crucial for response to cyclic strain

To further investigate the relevance of the actin cap for cellular mechanoresponse to topographical
cues and strain stimulation, applied separately and in combination, we adopted the developed
model system on diseased cells (chapter 3). As our control, we used wild-type mouse embryonic
fibroblasts normally expressing the actin cap, while, as our tool, we employed diseased cells with an
abnormal conformation of the actin cytoskeleton, more precisely fibroblasts without actin cap
formation (/mna-lacking fibroblasts). The loss of actin cap in these cells was invoked by genetically
eliminating the lamins, the meshwork of proteins in the nuclear interior interconnected with the
LINC complexes.

Our findings showed that the absence of a cap does not impair topography sensing since cells
without the actin cap succeeded in aligning along the topographical cues. This was also observed in
cells plated on fibronectin lines®. On uniform substrates, basal actin fibers orient randomly
underneath the nucleus and they do not follow the polarization axis of the cells as the actin cap®®,
while on micro- and nanotopographical features, they appear to be the first to respond by contact
guidance and further direct the alignment of actin cap stress fibers®. Thus, it seems that basal actin
fibers are relevant for topographical sensing and response. Considering that these stress fibers are
not connected to the nucleus and do not apply any tension on it”%, it is suggested that regulatory
pathways of topography sensing and response might be an interplay of structural
mechanotransduction and biochemical signaling. Alternatively, this basal actin fiber behaviour could
arise as a compensatory mechanism adopted by the cell to adhere.

Absence of the actin cap, instead, affects strain avoidance-induced reorientation. Cells lacking the
actin cap were observed to have an impaired strain avoidance response even in absence of
topographical cues, and a completely abrogated response in case of topographical cues and when
cyclic uniaxial strain was applied in the same direction. Thus, we concluded that an intact actin cap is
of fundamental importance for strain avoidance response induced by cyclic uniaxial strain. The actin
cap is presumably passing the signals coming from the strain stimulation to the nuclear interior,
where the overall cell response is regulated. The interplay between nuclear-cellular movements
through the actin cap has been demonstrated to be crucial for cell migration®. Our study confirms
that the fibers of the actin cap play an essential role in cellular mechanoresponse. While the role of
the actin cap stress fibers has been and continues to be elucidated, we still lack a comprehensive
understanding of the function and response to the biophysical cues of the basal stress fibers.
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Figure 5.1. Schematic overview of the main findings of this thesis. a) A model system made of stretchable microposts
characterized by circular and elliptical cross sections was developed to stimulate adherent cells with topographical cues
and cyclic uniaxial strain. In static conditions both normal cells and cells without the actin cap align along the topographical
cue, i.e. the major axis of the elliptical microposts. When cyclic uniaxial strain was applied, investigations on normal cells
revealed that the competition between topographical cues and cyclic strain applied in the same direction is due to the
distinct response of actin cap and basal actin fibers to the combined cues. (See next page)
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To explain the impaired reorientation response observed even in the absence of topographical cues,
it might be relevant to consider that cells suffering from lack of, or mutated, Imna have altered actin
dynamics®. Alternatively, the impaired response can be related to the fact that cells were grown on
substrates where adhesion was restricted to the top of regularly spaced fibronectin-coated circular
microposts. There is indication that topographic features increase the stability of focal adhesions
compared to flat uniform substrates™. This would result in a competition between the stimuli arising
from the topographical cues and the stimuli inducing cell reorientation by strain avoidance. The cell
might then opt for the most energetically favourable condition, thus to maintain its original
orientation. Most likely, these two scenarios are synergistically affecting the response of Imna-
lacking cells'2. Importantly, since the cap-lacking cell are Imna-lacking cells, they represent a model
for the family of diseases arising from mutation in LMNA gene and resulting not only in a weakened
and abnormally structured lamin network, but also in a myriad of tissue specific phenotypes. Thus
these cells represent a useful model for studying the development of laminopathies as
mechanotransduction diseases. The impaired mechanoresponse of the laminopathy cells observed
in this and previous investigations, and the altered nucleo-cytoskeleton shuttling of
mechanosensitive transcription factors such as ERK and MLK with important roles in the
cardiovascular system, contribute to shedding new light on the development of the cardiac
phenotype in many laminopathies®.

Structural weakness of laminopathy cells can be rescued by soft culture substrates

We further investigated the structurally weakened laminopathy cells and we attempted to rescue
them by modulating the extracellular environment. Loss of nuclear structural integrity is a particular
1315 We hypothesized that the onset of such structural
abnormalities is caused by the tension of the actin cytoskeleton exerted directly on the (structurally
weak) nucleus. We investigated this hypothesis by modulating the intracellular actin cytoskeleton
tension by varying the stiffness of the cell culture substrates, as it is well known that stiffer

feature of LMNA mutant cells in vivo

extracellular environments induce the formation of tensed actin stress fibers. Our results
demonstrated that nuclear abnormalities of LMNA mutant (laminopathy) cells correlate with the
stiffness of the surrounding environment. Cells cultured on soft substrates (3 kPa) did not develop
nuclear malformations, while aberrant nuclear morphologies were observed on substrate stiffer
than 10 kPa, leading to spontaneous ruptures of the nuclear membrane in LMNA-mutated cells.

The actin cap reorients almost perpendicular to the strain direction by strain avoidance while the basal actin fibers follow
the topographical cues. Cellular reorientation is governed by actin cap behaviour. Investigations on cells without the actin
cap pointed out that presence of an intact actin cap is crucial for cellular response to cyclic strain. Cells expressing only the
basal layer do not respond to strain but keep following the topographical cues prescribed by the elliptical microposts even
if strain is applied along the same direction of the micropost major axis. b) While normal fibroblasts never show nuclear
ruptures, cells with structural defects such as cells with abnormal conformation of the lamina (mutant) can be protected
from nuclear abnormalities and ruptures when cultured on soft substrates. A soft extracellular environment causes low
actin tension in the cell, while a stiff substrate invokes high tension in the actin cytoskeleton which is ultimately transferred
to the weak nucleus causing disruptions of the nuclear integrity.



The cells used in this study originate from a patient with heterozygous LMNA mutations. These
mutations do not result in complete lack of lamin A. In this and similar situations, mutant lamins
I*® Therefore the stability of the
nucleo-cytoskeletal connection, including the LINC complexes, does not get affected and the actin

appear as stable as wild-type lamin and are expressed at similar leve

cap fibers can normally develop. Indeed, we did not observe a clear loss of actin cap in the patient
cells. Recently, also Scharner et al. observed actin cap formation in laminopathies cells'. The
unvaried capability of the actin cytoskeleton to form the actin cap fibers and respond to the cues of
the extracellular environment in these patient cells allowed us to modulate the tension developed in
the actin cytoskeleton by varying the stiffness of the culture substrate modulate the cell response.
The actin cap structure has been demonstrated indeed to be crucial for cellular mechanoresponse to
substrate stiffness™®. Although the formation of the actin cap was not impaired, the laminopathy
cells used in this study developed abnormalities in the actin cytoskeleton organization in the
surrounding of the nucleus. These disturbances are suspected to be related to the nuclear
abnormalities observed on the stiffer substrates. The blebs and the invaginations characteristic of
the mutated cells are hypothesized to perturb the local balance of forces around the nucleus,
causing a heterogeneous distribution of actin filaments'>?. This suspected redistribution of forces in
laminopathies cells can eventually result in changes in DNA organization and, consequently, in
abnormal cellular mechanoresponse.

Overall, this thesis demonstrates that it is relevant to analyse stress fiber response at different
subcellular levels in order to get a deeper understanding of actin cytoskeletal remodeling in
response to biophysical cues of the cellular environment. Actin cap and basal stress fibers seem to
play a different role on the mechanical environment of the nucleus; actin cap fibers appear to be
relevant for the mechanoresponse to cyclic strain and stiffness sensing while basal actin fibers seem
to play a major role in sensing and responding to topographical cues. The obtained knowledge is of
particular relevance for the development of regenerative and therapeutic approaches as knowledge
is obtained about how modulate cytoskeletal alignment and cytoskeletal tension by biophysical cues
of the cellular environment.

Methodological challenges

The multidisciplinary work presented in this thesis represents advances in the area of cell
mechanobiology for the understanding of the interplay between cell responses and complex
biophysical environments. The developed model system of elastomeric microposts has led to the
discovery of distinct behaviors of the actin cytoskeleton in healthy and diseased cells exposed to
topographical cues and cyclic strain. Substrate stiffness was also used as a tool to modulate the
response of the actin cytoskeleton in order to study structural abnormalities in weakened cells. In
this section we report on the considerations and limitations on the engineering and biological
aspects of the investigations performed in chapter 2, 3 and 4.

Technological Challenges
On the technical side, in chapter 2, we have designed, fabricated and used a novel model system
made of microfabricated elastomeric microposts coated with fibronectin. The micropost system



allows to impose strain as well as contact guidance to the adhering cells, as it is bound to a
stretchable membrane and designed with posts with an elliptical cross section, thus presenting a
favoured direction for cell attachment. We have shown that such a model system, when used in
static condition, is able to induce cell alignment in the direction of the major axis of the elliptical
microposts and trigger strain avoidance reorientation when cyclic uniaxial strain is applied,
demonstrating that it is a viable tool to study the influence of contact guidance and strain on
adherent cells such as fibroblasts. Moreover, by combining arrays of different microposts with
different cross sections (circular and elliptical) on the same membrane we were able to greatly ease
the experimental procedure by testing several topographical cues using identical experimental
conditions.

The advantage of microposts is that they can be created using readily available soft-lithography
processes. This makes it possible to accurately control the biophysical stimuli within the cellular
microenvironment. While elastomeric microposts have been largely designed and used as circular
cylinders, in our model system we have introduced microposts with elliptical cross section in order
to impose cell directionality. To our knowledge, only Saez et al.?! have done this previously. Their
design has inspired the development of our elliptical micropost. When comparing our study to the
one by Saez et al., some contrasting considerations emerge. To explain cell alignment on elliptical
microposts, Saez et al. support the idea that cell contact guidance is guided by the cellular ability to
sense differential stiffness between the major and minor axis of the micropost (anisotropic rigidity
sensing). This was concluded after they observed that the cells they used (epithelial cells) did not
align along any favoured direction on very stiff microposts, suggesting that they could not
discriminate between the two stiffnesses. In our study instead, myofibroblasts did align along the
micropost major axis also when they were plated on extremely stiff microposts. It is plausible that
the different cell kinds used in the two studies sense and align along the topographical cues
employing different mechanisms. We suspect that the myofibroblasts are more sensitive to the
edges provided by the microposts, as also suggested previously by Texeira et al.**?*. To understand
whether this is the case, it would be necessary to check the actin cytoskeleton alignment of
myofibroblasts adhered on elliptical island of fibronectin patterned on a uniform substrate. In this
way, the effect of the geometrical features provided by the sharp edges of the microposts would be
excluded. Unfortunately, accurate micro-contact printing of such small islands remains a practical
challenge. Development of improved techniques for obtaining these patterns is currently under
investigation in our research group. Our hypothesis that contact guidance is induced by the
geometrical features of the elliptical microposts finds support in recent observations of
accumulation of focal adhesion proteins along the edges of topographical patterns since early time
point from cell adhesion. The existence of fast and very sensitive mechanism of local topography
sensing at the cellular membrane could explain the alignment of focal adhesions and the
cytoskeleton along the anisotropy of the topography®*. Considering also the results of our
investigation of chapter 3, illustrating that the basal actin fibers that are not connected to the
nucleus, seem to be the dominant factor for cellular alignment, we speculate also that contact
guidance might be induced by a combination of mechanical and biochemical signalling.
Nevertheless, cellular mechanotransduction systems are not generalizable between cell types since
cell-specific differences are well known to exists, perhaps due to the specific role of each cell type in
the native conditions. Based on the current understanding it, it is conceivable to hypothesize that



several signaling pathways - biochemical and mechanical - act synergistically during cellular response
to topographical cues.

The main reason for the introduction of elastomeric microposts in the field of mechanobiology, is
that they can be used as force sensors for (sub)-cellular measurements®. Forces are calculated by
imaging the micropost deflections, which are related to the force knowing the bending stiffness of a
single micropost (given by the microposts geometry and Young’s modulus of the polymer used for
the fabrication). In the current experimental model system we did not use the elastomeric
microposts as force sensors, therefore no information can be extrapolated about the traction forces
developed at the level of single focal adhesions in aligned or randomly oriented cells. This could be
of relevant importance to unravel the structural and functional coordination and integration of actin
cytoskeleton, cellular contractile forces and focal adhesion dynamics. Preliminary investigations of
this kind have been performed by Shao et al.? in the Fu laboratories. Interesting results revealed
that the relative position of the cells to the strain direction has relevant effects on the subcellular
distributions of contractile force and focal adhesion distribution. Thus, traction force measurement
would be a major integration to the used model system for future investigations. This can be
achieved by using more flexible microposts or higher resolution scanning microscopy (e.g. STORM)?.
More flexible, thus longer microposts are needed to be able to capture micropost displacements
with standard imaging systems currently used in our laboratory. However, producing longer
microposts has practical drawbacks, as softer rods tend to easily collapse.

The data reported in this thesis are acquired from fixed cells after performing experiments. More
information on the actin cytoskeleton remodeling could be obtained by capturing real time changes
in the actin structure upon stimulation via biophysical cues. To this end, a custom made device
incorporating the stretchable micropost model system should fit under a confocal microscope. Next
to this, image acquisition timing should allow to capture phenomena whose timescales vary from
823 Moreover, probes for live-cell imaging that do not interfere with
the cell physiological behaviour should be employed. Finally, to mimic the multiaxial deformation
fields to which cells are exposed in physiological environment such as the cardiovascular tissues,
cyclic biaxial mechanical loading should be applied on the model system that we have developed.

fractions of seconds to minutes

Finally, in the present work, in vitro studies were performed on 2D substrates to study the effects of
topographical cues and cyclic uniaxial strain in a controlled manner. However, in the in vivo
environment, cells are embedded in a three-dimensional (3D) matrix. The unnatural conditions to
which cells are exposed when studied on 2D environments are likely to artificially influence the cell
response. Therefore, further work should concentrate on investigating actin cytoskeleton
remodelling in 3D. Preliminary studies performed in our laboratory have attempted to investigate
cell orientation in more physiologically relevant environments. Foolen et al.*® have shown that it is
possible to study actin cytoskeleton remodeling in 3D collagenous microtissues upon stimulation by
cyclic strain. Their results have demonstrated that cells at the core of the 3D microtissue become
insensitive to the straining stimulation since contact guidance provided by the scaffolding collagen
dominates the orientation response of the actin cytoskeleton. Yet, the influence of the matrix
integrity and the cell density in these constructs might play a pivotal role in determining the
sensitivity of the cells to the biophysical cues of the environment. Thus, more studies need to be
implemented after having overcome relevant technical challenges in order to move our
understanding of the cytoskeleton remodeling in 3D.



Mimicking substrate stiffness

The micropost model system used to perform the investigations reported in chapter 2 and 3 of this
thesis can also be used to mimic substrate stiffnesses relevant to cells. The major advantage is that
substrate stiffness can be changed without altering surface chemistry, since the micropost length is
proportional to the bending stiffness and the fibronectin, which is microcontact printed on the top
of the microposts, creates a homogenous distribution of adhesive proteins. Previous work making
use of micropost substrates has been published by different groups and has shown that these
substrates are suitable to study the influence of substrate stiffness on cell behaviour. Ladoux and
colleagues showed that using microposts of different bending stiffnesses, clear effects could be
observed on traction forces exerted by 3T3 fibroblastic cells, cell adhesion and migration®".
Moreover Fu et al.*? have reported on the design of a library of microfabricated elastomeric posts
that can be used to investigate the effects of substrate stiffness on cell morphology, focal adhesions,

1.** have shown that migration

cytoskeletal contractility and stem cell differentiation. Also Sochol et a
of bovine aortic endothelial cells is influenced by the bending stiffness of the microposts.

Our study (chapter 2) seems, to some extent, to contradict these findings. Although we have
performed our experiments on three micropost arrays with different stiffnesses (bending stiffness
from 16 to 774 nN/um), i.e. three different micropost lengths, we could not detect differences in the
actin cytoskeleton behaviour of myofibroblasts (chapter 3). One would expect that on softer
substrates the alignment as well as the reorientation response upon cyclic strain are less
pronounced on soft substrates since the mechanosensing apparatus is not well established®. One
possible explanation for our results is that the local mechanism of stiffness sensing at the cell
boundary dominate the response of the myofibroblasts. Alternatively, the stiffness range used in our
study does not represent a relevant spectrum to observe difference in this cell kind. To clarify these
aspects, further investigations are needed to accurately elucidate the forces sensed by the cells
when exposed to the micropost arrays both in static and dynamic conditions.

In chapter 4, we have employed polyacrylamide gels of different stiffness to probe the intracellular
response of wild type and mutant cells. We have prepared collagen I|-coated gels with stiffness
ranging from 3 and 80 kPa and we have shown that we can correlate the degree of nuclear weakness
in the mutant cells with the stiffness of the polyacrylamide gels. The results of this study and similar
ones employing hydrogels whose changes in stiffness are achieved by modifying its crosslinking
density were put under discussion when conflicting evidences emerged from the study of
Trappmann et al.**. They showed that spreading and differentiation of stem cells depends on the
tethering of molecules of the extracellular matrix to the substrate. For hydrogels like the
polyacrylamide gel, changing the bulk material stiffness by varying the crosslinker concentration can
produce secondary effects such as altering the density of cell-adhesive ligands and thereby modify
the mechanical feedback of the extracellular matrix protein used as coating. The risk is then that, as
a consequence, the overall cell behaviour gets affected. However, as commented by Ovijt Chaudhuri
and David J. Mooney®, the relationship between stiffness and anchoring density is likely to be quite
complex and deserves further investigations. Recently, David Mooney and colleagues®” and Adam
Engler and colleagues®® tried to further explore this topic of debate. They did this by studying the
effects on cell behaviour of the independent modulation of the extracellular matrix stiffness and
ligand density. The common result of these two studies is that stiffness, rather than ligand tethering,
regulates cell behaviours such as cell adhesion and differentiation®. However, it remains unknown
how cells integrate bulk stiffness with local mechanics and stiffness. This mechanism could well be



cell type, integrin type and extracellular matrix material dependent. To elucidate the whole
physiological interplay between cells and their surrounding matrix, many technical challenges need
to be overcome in the search for tissue-mimetic material retaining the modularity of the synthetic
material and the biological instructiveness of native matrices®. However, next to the technological
challenges, an important question related to cell biology still needs to be addressed: on which scale
stiffness is sensed by the adherent cell?

Biological Challenges

In chapter 2, we have used primary human vena saphena cells (HVSC), harvested from the vena
saphena magna of one patient. These cells have been previously characterized as myofibroblasts.
Our choice was based on the knowledge that these cells have been shown to develop prominent

142 Moreover

43, 44

stress fibers in 2D and, in general, to be sensitive and respond to mechanical cues
they have been used in our laboratory for engineering in vitro heart valve substitutes . Primary
cells are chosen because their biological response may be closer to an in vivo situation; however
myofibroblasts need to be harvested from patients in an invasive manner. The main striking
observation when using HVSC under competitive stimuli (contact guidance and cyclic strain along the
same direction) is that their response is not completely homogenous as 50% of the cells reorient at
an angle to the strain direction and 50% do not. We can relate these results to the fact that
populations of genetically identical cells are not homogeneous, but contain subpopulations with
phenotypic heterogeneity in their response to external stimuli. Indeed the HVSC used here have

5% 'In our study we did not

earlier been partially shown to express a-SMA (around 70% of the cells
perform a thorough cell phenotype characterization. Thus, it might well be that the cell phenotype
changed towards the normal fibroblasts with passage number or by the thawing-freezing procedure.
Since reorientation occurs through cell-wide remodeling, and it is plausible that the whole process
requires contractile fibers capable to synergistically regulate the response of the actin cap and the
basal layer of fibers, loss of contractility (loss of a-SMA) might result in impaired ability of the cell to
orchestrate the whole reorientation. Also we cannot exclude that, within the same population, cells
have heterogeneous sensibility to the biophysical cues or unsynchronized response. As our
investigation makes use of only one straining regime and one observation timepoint, it is not
possible to decipher whether these hypothesis are reasonable.

In chapter 3 we further studied and dissected the relevance of the actin cap and basal actin in
mechanoresponse. Two different kinds of cells have been challenged by topographical cues and
cyclic strain with the same model system developed in chapter 2. The first kind of cells showed
(almost) only actin cap fibers (the normal wild type mouse embryonic fibroblasts) while the other
cell type expressed only the basal actin fibers. The latter were mouse embryonic fibroblasts from a
mouse where A-type lamins had been eliminated by gene targeting. The complete loss of A-type
lamins caused the disruption of the actin caps in the majority of the cells. The choice of using Imna-
lacking fibroblasts as a tool for studying the role of the actin cap in the response to biophysical cues
has revealed to be crucial for this mechanobiology study. In this way we could prove that the lack of
the messaging system from the cell membrane to the nucleus given by the actin cap is of
fundamental importance for the correct response to strain. Moreover, the knockout mice from
which the Imna-lacking cells were harvested exhibit overtly normal embryonic development but
their postnatal growth is marked by the rapid onset of muscular dystrophy and cardiomyopathy.



Therefore the Imna-lacking cells used in our study can also be seen as model for the family of
diseases comprehending muscular dystrophy and cardiomyopathy, the so called laminopathies.

In chapter 4 we proceeded with studying laminopathy cells in the attempt to understand their onset
and develop new tools for their detection. More precisely, we studied laminopathy cells from a
progeroid syndrome patient (Hutchinson-Gilford progeria syndrome, HGPS) with rare compound
heterozygous mutations in the LMNA gene, consisting of p.T528M in combination with p.M540T%
(chapter4). Our experiments have demonstrated that nuclear abnormalities develop in these patient
cells when the culture substrate is as stiff as muscular tissue (10 kPa).

Since in our investigation cells from only one patient were used, the results obtained allow only
conclusions with respect to this particular cell culture. Certainly, future work is needed to generalize
the results to other laminopathies. Additional work should include additional patient cell lines or in
case of limited availability in cells with reduced levels of lamins A/C (e.g. by RNA interference) and/

or Imna”

" mouse embryonic fibroblasts used in the study of chapter 3. An interesting extension of
the research would be determining whether also disruption of LINC complexes using either RNAi or
dominant negative SUN/KASH (LINC proteins) mutants can emulate the effects of a compliant
substrate.

Yet, generalization of the findings of our study to the family of diseases arising from mutations in
genes encoding for proteins of the nucleo-cytoskeletal interconnection are not straightforward. In
different cell types, the biophysical route of signal transduction can be different. For instance in
cardiomyocytes the interconnection between the extracellular and the sarcomere, is formed by the
costameres that could represent an alternative route for mechanotransduction via the actin-myosin

network.

Road towards the translation to tissue regeneration and
therapeutic strategies

This thesis has helped gaining fundamental insights in the relation between biophysical cues, actin
cytoskeleton remodeling and cell function. A direct translation of the results obtained in this work
into new clinical applications or in the clinical setting is difficult. Nevertheless, the knowledge gained
raises the attention to several interesting research directions, for instance towards tissue
regeneration strategies and potential therapeutic approaches for diseased cellular states.

A micropost model system for comprehensive mechanobiological studies

A potential spin-off from our research is the model system that we have developed. Our micropost
model system is suitable for systematic studies of cell mechanoresponse to combined topographical
cues, substrate stiffness and cyclic strain. The microposts cross-section can be designed to impose
different topographical cues to the cells. The stiffness of the substrate can be varied by changing the
microposts length and the strain protocol can be tuned via the FlexCell controller. Eventually, the
system can be miniaturized and incorporated into micro devices at the cellular level towards the
development of high-throughput platforms for the investigations of cellular mechanoresponse. The



use of a systematic approach for cellular studies is beneficial for moving toward a comprehensive
understanding of the complex interplay between the biophysical cues and cellular
mechanoresponse. Studies employing our model system can be performed with different kind of
cells. In our vision the use of cells with impaired mechanotransduction represents a valuable tool for
understanding the onset of diseased phenotypes, which can eventually lead to pathology.

Actin cytoskeleton remodeling by biophysical cues for regenerative and therapeutic

strategies

Results obtained in this thesis (chapter 2 and 3) show that cellular alignment is intimately linked to
the interplay between cyclic strain and contact guidance. This knowledge will certainly have
implications for the rational development of new and more efficient regenerative strategies for
tissues that are constantly exposed to a combination of biophysical cues, such as the cardiovascular
tissues. When developing synthetic tissue analogues, firstly the proper substrate for cell survival and
differentiation needs to be chosen. Further the appropriate environmental conditions for tissue
maintenance should be provided. Our results represent an advance in the understanding how
combined biophysical cues in the cell environment, such as topography and cyclic strain, can steer
cellular behaviours. In situ tissue engineering can exploit the response of cells to well-known
biophysical cues to produce organized cellular structure that recapitulate the native, healthy
anisotropic tissue organization to ensure tissue functionality. In spite of the myriad of
accomplishments in the field, the current platforms for tissue engineering and regeneration still fail
to use both structural anisotropy and proper cell-matrix contacts to promote functional cellular
phenotypes. Therefore, our findings can be useful in the development of scaffolds for in situ tissue
engineering.

From previous studies performed in our group, it has emerged that for the realization of a functional
tissue engineered heart valve the degree of anisotropy of the construct is of fundamental
importance to achieve the anisotropic biomechanical function of native heart valves*. These results
suggest new scaffold design guidelines that could possibly help to overcome the leaflet retraction
problem and valve regurgitation observed in vivo after implantation of the currently available tissue
engineered heart valves®. However, in our view, these results need to be integrated with the ones
obtained in our study as it is necessary to understand to what extent topographical cues provided by
the scaffold and cyclic strain resulting from the in vivo hemodynamic loading influence the final
cellular organization in the engineered construct.

The knowledge of actin cytoskeleton remodeling knowledge obtained in this thesis come from in
vitro studies performed on 2D substrates. Although this represents a valuable first step, the road to
reach knowledge which is directly applicable for the design of in vivo 3D scaffolds is complex and
long. Firstly, it is needed to move to studies performed in 3D settings, using scaffolds that can
eventually be used for human implantation. Then, it is also fundamental to look at the maintenance
of the anisotropy over time, as well upon scaffold degradation and by considering the influence of
cell collective behaviours. Moreover, further research should focus on human cell types interesting
for cellular regeneration, such as the cardiomyocytes for cardiac regeneration or cells from the
circulation, especially stem cells.

Even though, the road to clinical research will not end there. For instance, after the initial design of
an optimal scaffold for in situ engineering, in order to translate the use of the end product into



clinical practice, several steps need to be accomplished, i.e. scaling-up, pre-clinical studies,
validation, and improved production processes until clinical research and commercialization.

The indication that relative orientation of cells to the strain direction has direct influence on the
cellular mechanoresponse can also open the way to the understanding of pathological processes.
Misaligned cells, lacking a preferred orientation could represent dysregulated cellular phenotypes,
while cells aligned perpendicular to the strain direction may represent cells in a healthy state, able to
maintain cellular homeostasis®®. Further studies, concentrating for instance on cellular secretome
and inflammasome could help complete the picture. From there, the obtained knowledge could
support the design of more detailed strategies for guiding cellular orientation in view of restoring
anisotropic tissue organization reducing also the host response to scaffold implantation.

Furthermore our studies contribute to an in-depth understanding of the cellular diseased state by
demonstrating that the lack of the actin cap results in impaired strain avoidance response. The
impairments of the structural mechanotransduction pathway and the loss of the connections
between the extracellular environment and the nuclear interior caused by the lack of the actin cap
or disturbances in binding partners from the LINC complex and/or lamin abnormalities can result in
abnormal cellular responses. This can eventually lead to the perturbation of the delicate
homeostasis of native tissues. Therefore, this knowledge can help understanding the development
of diseases such as laminopathies, and in general diseases arising from mutations of protein building
up the interconnection between cellular exterior and the nuclear interior. Thus, our study suggests
that an attractive solution for treating diseases such as laminopathies could be to restore structural
defects of the mechanotransduction pathway, to achieve the transduction of biophysical stimuli to
the genome. Surely, these aspects need to be further investigated as until now, most of the research
has focussed on developing treatments for the impaired signalling in laminopathy cells>.

As a conclusive note, it is clear that the incorporation of the cellular mechanotransduction and
mechanoregulation concepts of this thesis into clinical research are promising, but far from
realization. Nevertheless, the results reported in this thesis have provided the foundation for new
PhD projects within our research group, aiming at developing an in-depth understanding of the role
of focal adhesions and actin cytoskeleton dynamics in cellular organization in physiological and
pathological conditions, as well as in fibrous scaffold environments.

Towards an assay for laminopathy detection

The observation that nuclear abnormalities in laminopathy cells correlates with the stiffness of the
culture substrate opens up new avenues for the interpretation of the pathogenesis of laminopathies,
their diagnosis and potential therapeutic strategies.

Our findings support the idea that A-type lamin mutations result in increased susceptibility to
mechanical stress”". Strikingly the most diffuse laminopathies affect mechanically challenged tissues
such as the striated and cardiac muscles. The complex nature of laminopathies for which the
causative links between genotype and phenotype remain unknown and for which tissue-specific as
well as overlapping phenotypes are observed, let us speculate that an interdisciplinary research can
yield better diagnosis, better follow-up and therapeutic chances.



In our studies we used polyacrylamide gels to probe the laminopathy cells. The in vitro assay using a
series of polyacrylamide gels of varying stiffness has demonstrated to be a useful tool to assess the
degree of nuclear weakness. This type of assay can have predictive value for the behavior of
laminopathy cells in vivo. For the diagnosis of laminopathies, mutation analysis alone is not a useful
tool as systematic correlation of phenotype with genotype cannot be established. Thus, the
potential of the polyacrylamide gel method makes it an attractive tool for investigating the
mechanical functioning and fragility of genetically affected cells of individual patients as a
phenotypic marker of the disease stage. This represents a first step for bringing cell mechanics
research into clinical applications. However, before proceeding towards the clinical application, the
validation of the method by testing other patient cells under a wide range of condition is crucial.

Outlook and future perspectives: where do we go from here?

The achievement of a comprehensive understanding of the actin remodeling by biophysical cues in
physiological and pathological conditions is a long road. The work performed in this thesis
represents another small but potentially important step towards it. Still several key challenges need
to be overcome in the field of mechanobiology for an in-depth understanding of the mechanism
underlying the response of the actin cytoskeleton to complex biophysical environments. These
aspects include studies in 3D environment performed by means of live-cell imaging and elucidation
of the influence of structural and biochemical mechanotransduction pathways. Moreover, actin
cytoskeleton remodeling should be studied in relation to other cellular structures relevant for the
transmission of biophysical stimuli to the nucleus. Finally, the integration of experimental research
with computational models of the actin cytoskeleton behaviour is a helpful tool to converge towards
an in-depth understanding of actin-related biological processes. These lines of research are further
illustrated below.

Studying actin cytoskeleton remodeling in 3D environments

The results obtained in this thesis come from investigations of the actin cytoskeleton on 2D
substrates (chapter 2 and 3). 2D environments are often chosen as favourable experimental settings
since controlling the biophysical cues is relatively easy and imaging of sub-cellular structures can be
performed by standard confocal microscopy. Future development in the study of the actin
cytoskeleton remodeling should aim at a deeper understanding in 3D, more in vivo-like,
environments. These substrates are of special interest because they mimic more closely the
physiological environment of tissue cells. There are preliminary data showing that, in 3D, analogues
of actin cap-LINC complex interconnections exist. The presence of such nuclear-bound actin
filaments in a more physiological context adds value to our results and those obtained in similar
studies performed in 2D*% This also opens up the doors for the translation of findings obtained on
2D substrates to the 3D environment. Moreover, if absence of interconnection between the actin
fibers and the nucleus would be found in laminopathy cells in 3D environments, a clearer
explanation for the observed lack of cellular alignment and impaired response to strain would be
provided®. The major challenges in this kind of studies are related to the difficulty of imaging the
actin cytoskeleton and quantifying the actin organization as well the changes in the actin structure.



Despite recent advances, imaging individual actin filaments have not been resolved in cells by optical
means, including super-resolution methods>**°, due to the small diameter and high packing density
of actin filaments. To this end STED (Stimulated Emission Depletion) microscopy is suggested to
provide a valuable tool as it provides fast and direct super-resolution.

Studying actin remodeling by live-cell imaging, using vital probes

To address issues on how cells integrate, transduce and respond to physical signals, it is crucial to
develop live imaging techniques to analyse the responses of the structural components at the
subcellular level with high spatial and temporal resolutions. Live imaging of actin cytoskeleton
remodeling can provide crucial information about actin-related cellular processes and can overcome
the fixation artifacts that can occur when working with fixed specimens®. Actin-related cellular
processes however can occur in fractions of a second, therefore the image acquisition speed need to
be adapted to these time frames®. The development and use of spinning disk confocal microscopy
has allowed to simultaneously illuminating and collect light from across the entire sample in a highly
time resolved manner. However this should be combined with good image quality, which is often a
problem as scattered or emitted light by structures residing in regions removed from the focal plane
can still reach the detector by travelling through adjacent pinholes and create artefacts®’. Moreover,
for live actin cytoskeleton observations by fluorescent microscopy, appropriate fluorescent probes
that do not interfere with the normal actin dynamic should be employed. The recent development of
a new generation of far-red fluorescent probes for live-cell imaging based on a novel cell-permeable
silicon rhodamine (SiR) dye has shown to represent a promising powerful approach. These probes
are suitable for live super-resolution microscopy of actin cytoskeleton remodeling as they are
permeable and biocompatible, bright and photostable, fluorogenic, and show little toxicity>®™°.

Studying the roles of structural and biochemical mechanotransduction pathways in

actin cytoskeleton remodelling

The transduction of signals from the extracellular environment to the nucleus and the vice versa
does not only occur via the structural mechanotransduction pathway®®, which has extensively been
addressed in this thesis. Mechanotransduction occurs also via an intricate network of biochemical
signals such as GTPase® % While the model system used in this thesis is capable of dissecting
topographical cues and cyclic strain stimulation, the concurrent biochemical cues were not blocked.
Thus, it remains to be investigated to which extent the structural and mechanotransduction
pathways cooperate in mixed pathways for the physiological functioning of the cell. It is also relevant
to understand i) whether the two pathways result activated depending from the stimuli to which
cells are exposed®, ii) whether biochemical signalling could compensate the lack or the
malformation of (part of) the structural mechanotransduction pathway and iii) to which extent the
biophysical cues of the environment also invoke a biochemical signalling. From our results it seems
that the signalling cascade invoked by topographical cues is independent from the formation of a
complete structural mechanotransduction pathway. In another study, instead, it has been suggested
that the nuclear translocation and downstream signalling of transcription factors pivotal for cardiac
development (biochemical signalling), such as such MLK', is dependent on the presence of a
functional actin cytoskeleton, which is compromised in cells with of mutations in lamins. The
complexity of this system can be illustrated by examining the function of focal adhesion kinase (FAK)
that does not only phosphorylate other proteins but also makes a physical connection to the



sarcomeres upon phosphorylation. Investigations of these aspects of cellular mechanotransduction
will not only advance our understanding of the relevance of the structural connections in the cellular
mechanoresponse, but will also help to elucidate whether diseases/disorders of
mechanotransduction arising from mutations of proteins mediating the structural pathway (such as
LINC-associated proteins and lamins) primarily result from structural defects or impaired
biochemical signalling.

Linking actin remodeling to other sub-cellular structures

The results of the studies of this thesis point out the relevance of the completeness of the nucleo-
cytoskeletal connection for correct strain avoidance response to cyclic uniaxial strain (chapter 2 and
3). However the actin cytoskeleton is only one part of the structural mechanotransduction pathway
connecting the cellular exterior with the inner part of the nucleus®. Analyzing the response of the
actin cytoskeleton to separate and combined biophysical cues concurrently with the study of the
behaviour of other structures, can provide valuable insights in the mechanisms underlying cell
response to biophysical cues®. Therefore, a major integration for future experimental studies would
be to take into consideration other sub-cellular components of the structural mechanotransduction
pathway. For instance, it may be relevant to investigate the role of focal adhesions. These are the
outer most components interacting with the surrounding cellular environment, thus the starting
place for mechanotransductive events. At the same time, focal adhesions are critical for actin
cytoskeleton anchorage. Knockout cells could represent a valuable tool for investigating the effects
of the absence of sub-cellular structures. This research will help to integrate mechanics into our
understanding of molecular basis of disease and eventually elucidate the onset of several diseases
where defects in mechanotransduction are implicated®.

Studying actin remodeling with the support of computational models

Computational modelling should be combined with experimental research to achieve an in-depth
understanding of actin cytoskeleton remodeling. Actin cytoskeleton remodeling models will produce
novel insights into sub-cellular mechanics, reduce the number of experiments, and provide a
powerful predictive tool for tissue regenerative strategies. Our findings could be incorporate in
computational models describing actin cytoskeleton response to topographical cues and cyclic
strain. To our knowledge, such a model must still be implemented, while computational models
describing actin cytoskeleton orientation response to separate topographical cues®’ and cyclic

uniaxial straining are already available®®”°.

Conclusion

The presented work describes our efforts to understand actin cytoskeleton remodeling induced by
biophysical cues in healthy and diseased cells in 2D environments. Overall the results of this work
demonstrate that dedicated model systems must be developed to unravel the influence of combined
biophysical cues on the actin cytoskeleton behaviour. Moreover, accurate analysis of sub-cellular
structures such as actin cap and basal actin fibers is of fundamental importance to understand
overall cell response. Our results pointed out that competition between topographical cues and
cyclic uniaxial strain for actin cytoskeleton orientation response arise from distinct orientation



responses of cap and basal actin fibers, respectively. Our findings also show that cells with an
aberrant cytoskeletal conformation have inadequate orientation response to cyclic strain. This
suggests that an intact actin cytoskeleton, thus an intact structural mechanotransduction pathway, is
crucial in the control of normal cellular mechanoresponse. Lastly, we demonstrate that cells with
reduced structural integrity, thus cells with impaired mechanotransduction can be protected from
mechanical instability and loss of structural integrity by using soft substrates, i.e. by imposing low
cytoskeletal tension.

This research opens up the way to rational designs of strategies for guiding and controlling cellular
orientation such as the biomaterial-based regenerative approaches that need to mimic native
cellular organization to achieve proper tissue functioning. In addition, valuable knowledge is
gathered for understanding the onset of diseases of the mechanotransduction.

Key challenges for the future translation of our results to the clinical research are: a) investigating
actin cytoskeleton behaviour by live-cell imaging in more in vivo-like 3D environments, b)
understand the interplay between the structural mechanotransduction pathway and biochemical
signalling in the transduction of biophysical signals c) link actin cytoskeleton response to relevant
structures for the transmission of biophysical signals, such as focal adhesions and d) integrate the
experimental knowledge with computational model of the actin cytoskeleton mechanoresponse.
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