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In childhood we strove to go to school
Our turn to teach, joyous as a rule
The end of story is sad and cruel

From dust we came, and gone with winds cool.

Omar Khayyam
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Abstract

Distinct mechanical properties of each cell are now regarded as novel biomarkers.
These properties which denote cell state, function and fate are regulated by cytoskeleton.
The main components of the cytoskeleton are actin filaments (F-actin). They are bundled
and crosslinked by actin-binding proteins into higher-order types of actin networks and
structures such as ‘stress fibers, filopodia, lamellipodia, cortical actin, basal actin and
perinuclear actin cap which together are referred to as actin cytoskeleton. These biopolymer
microstructures dynamically contribute to cellular mechanics and processes under different
physiological conditions.

In fact cells sense and respond to forces in the environment through organizing
diverse actin microstructures according to their functional demands. Such polymorphism in
F-actin organization requires spatial and temporal variations in actin cytoskeleton
architecture and results in heterogeneity of mechanical properties across cell surface.
Therefore the key cytoskeletal determinants for cell mechanics and morphology probably
vary across different cells, and it is essential to determine the dominant actin cytoskeleton
assemblies which provide mechanical properties and specific morphology in each cell type
and state.

Several techniques have been successfully employed to study cell mechanical
properties, including micropipette aspiration, magnetic twisting cytometry, optical traps,
and atomic force microscopy (AFM). In particular, AFM can be used to analyze live cells

and to investigate their mechanical properties in physiological conditions in a relatively



non-destructive manner. A common experimental strategy in studying the cell mechanics
with cytoskeleton involvement is to combine AFM with confocal laser scanning
microscopy (CLSM) and actin cytoskeleton modifying drugs which rendering a
comprehensive mechano-structural overview of the cells.

The work contained in this thesis focuses on detailed mechanical and cytoskeletal
characterization of normal and cancer cell types under both adherent and suspended states
and alterations of actin cytoskeleton and elastic modulus during cell cycle. It also provides
better insights into the possible links between actin cytoskeleton structures, mechanical
features and physiological states of the cells. The presented findings are expected to have

prime implications for biomedicine, biotechnology and biomechanics.
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Chapter 1

Introduction

1.1 Cell as physical object

Genuine understanding of life entails a comprehensive study of building block of
living matter i.e. the cell. As suggested by Paul A. Weiss in 1960 [1], cell should be
regarded as an integrated whole or a hierarchically ordered system of highly interdependent
constituent elements which contribute to a wide range of functions and features to which
life depends on. This complex living system can be defined more explicitly by learning
about its multidimensional properties and interaction of its subsystems. To this end, novel
insights and tools should be employed as an aid to break the limits of cell biology and boost
the cell system intuition.

The interdisciplinary field of cell mechanics has attracted a lot of attention and
experienced rapid growth over the last years. Recent developments have included studies of
cytoskeleton dynamics and cell-extracellular matrix (ECM) interactions as related to the
shape, function, deformability, and mechanical properties of whole cells; the viscoelasticity
and connectivity of subcellular structures such as microtubules, actin filaments, and
intermediate filaments; the biophysical aspects of cell adhesion and cell locomotion at both
cellular and molecular levels; injury of cells owing to mechanical forces; and the effects of
mechanical perturbations on cellular processes. The role of mechanical forces in biology is

certainly not a new idea but is currently gaining wider acceptance [2].
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Numerous cell components exhibit distinct mechanical characteristics and many
cellular processes involve mechanical phenomena. During many physiological functions,
cells change their mechanical properties by responding to forces in their microenvironment.
Morphology of the cell serves its specialized function within tissue and is maintained
through structural stiffness. In response to internal and external stimuli cells alter their
mechanical parameters and morphology via gene expression and protein synthesis. On the
basis of stated facts, proposed model here (Fig.1.1) assumes cell as a physical object in
which three interlinked domains namely morphology, physiology and mechanics are in
close relation with central dogma (genes). Mechanical properties are known to be

determined by the actin cytoskeleton which has received special attention as well.
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Cell as a physical object

Actin cytoskeleton

Mod. from expasy.org

Fig.1.1 Conceptual view of this research
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1.2 Cytoskeleton architecture and components

Cytoskeleton is an intricate and extensive biopolymer construction which is made of
structural proteins and their associated binding proteins. The term “cytoskeleton™ was first
proposed in 1903 by Nikolai K. Koltsov as a network of tubules which determine the shape
of the cell. There are three major types of cytoskeletal filaments in eukaryotic cells which
are classified based on the diameter of filament: Microfilaments (6nm), intermediate
filaments (10nm) and microtubules (25nm). Microfilaments which are also referred to as
actin filaments are the potential regulatory structures of cell mechanics. Actin is one of the
most ubiquitous and conserved proteins with a molecular weight of around 42 kDa which
was discovered in 1943 by Bruno F.Straub [3]. Three main actin isoforms have been
identified in animal cells: alpha, beta and gamma. Contrary to a actin which is found only
in muscle cells, B and y actin coexist in all cell types. Actin exists basically as the
monomeric or globular (G-actin) form which can be polymerized and generate filamentous
actin (F-actin). Actin filaments are in a constant state of flux by either adding new
monomers at the ‘barbed’ or ‘plus’ end or depolymerizing at the ‘pointed’ or ‘minus’ end.
These filaments can diassemble and reassemble into different structures based on the cell
state. The presence of high concentrations of crosslinkers that bind to actin filaments
promotes the assembly of highly organized, stiff structures, including isotropic networks,
bundled networks and branched networks [4]. In bundles, actin filaments are packed in
parallel, while in networks these filaments are crosslinked with different angles and density.

These actin biopolymer bundles and networks which are referred to as actin

cytoskeleton are responsible for mechanical stability and structural integrity of cells. Actin
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cytoskeleton is highly dynamic and contributes into many vital cellular processes through
constant reorganization of F-actin assemblies. Actin cytoskeleton is involved directly in
various pathogenic states such as bacterial and viral infections. Therefore studying the actin
cytoskeleton is crucial for understanding the mechanical behavior of cells, mechanical
regulatory structures of cells and mechanical interaction between cells and their
environment. It further provides valuable clues for better identification of the diseases and

searching for new effective therapeutic drugs.

1.3 Previous reports on biomechanical approaches

The field of cell biomechanics studies how cells move, deform, and interact, as well
as how they sense, generate, and respond to mechanical stimuli [5]. A variety of
experimental methods including cell poking, scanning acoustic microscopy, optical trap,
magnetic twisting cytometry, shear flow, micropipette aspiration, cytoindenter, substrate
stretching, microplates, hydrostatic pressure, microfabricated arrays, micromachines and
atomic force microscopy have been used to investigate the local or overall mechanical
properties of the cells by applying mechanical loads and examining the cell response to
induced deformation. Also by using computational approaches, mechanical models could
be made to describe the physical interactions between adjacent cells or the cell its
microenvironment.

In cell poking a fine glass stylus is used to indent the exposed surface of a cell
adherent to a rigid substratum. The force of the cellular resistance to indentation is

registered as a function of the depth of indentation [6]. Scanning acoustic microscope uses
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high frequency waves to generate high resolution images. By analyzing single acoustic
images, sound attenuation and sound velocity, the latter corresponding to stiffness
(elasticity) of the cortical cytoplasm can be determined [7]. Optical traps are based on the
controlled displacement of dielectric objects that are either attached o the cell membrane or
placed inside the cell so that when dielectric object moves toward the laser focal point
under a force and thus can be used to impose force through translocation of focal point or to
measure externally applied force by the resolution mode of the tapped object [8]. Magnetic
twisting cytometry relies on the use of ferromagnetic beads to measure pointwise
displacement in which cells partially engulf beads ranging in diameter from 250 nm to 5
um which impose cell displacement [9]. In shear flow method, precise amounts of shear
force in the form of laminar and turbulent flows can be applied to surface-attached cells and
many cellular responses can be measured as a function of shear which is especially
appropriate for the cells which should resist a shear flow in their natural habitat [10].
Micropipette aspiration technique involves sucking up the cell into a glass tube via stepwise
application of aspiration pressure which is maintained over a specified duration, and the
attendant extension of the cell into the pipette is monitored via optical microscope [11]. In
cytoindentation technique, displacement-controlled indentation tests are conducted on the
cell surface by a cell-indentation apparatus equipped with a thin cantilever-like indenter and
the corresponding surface reaction force of the cell is measured [12]. The procedure for
microplate substrate stretching involves culturing the cells on a thin-sheet polymer substrate,

such as silicone, which is coated with extra cellular matrix (ECM) molecules for cell adhesion. The

substrate is then mechanically deformed by pulling while maintaining the cell's viability in vitro and
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in this manner the effects of mechanical loading on the cell can be examined [13]. In microplates
method rectangular glass bars are used. After appropriate chemical treatment, microplates can
support cell adhesion and/or spreading. Rigid microplates are used to hold cells, whereas more
flexible ones serve as stress sensors. Microplate-based manipulations include: compression, traction,
aspiration and adhesion rapture [14]. To understand behavior the cells that are subjected to high
pressures under normal and abnormal conditions, hydrostatic loading technique can be used in
which a piston pressurizes the fluid above the monolayer of cells. When cells are grown in a three
dimensional matrix, pressure can be applied directly to the cell assemblage [15]. The
microfabricated array detector has arrays of closely spaced vertical microneedles (posts) of
silicone elastomer to encourage cells to attach and spread across multiple posts. As the cells probe
the surface the posts behave like simple springs such that their deflection is directly proportional to
the force applied by the attached cell [16]. Micromachines such as microelectromechanical systems
are very small devices which use a cluster of microneedles to detect the cell-matrix mechanical
interactions [17] or use multiple active and passive cantilever beams to apply localized deformation
and to measure focal forces generated by the cell [18].

Atomic force microscopy (AFM) which was developed by Binnig, Quate and Gerber
from scanning tunneling microscopy in 1986 uses a tiny tip at the free end of a flexible
cantilever which scans over the surface of a sample and sense the force interaction between
atoms of the tip and atoms of the sample. The mechanical probing of the sample surface by
AFM tip allows imaging, measuring and indentation of the sample which provides valuable
information for nanoscale characterization of the examined matter. Progress in
nanobiotechnology strongly relies on the development of scanning probe techniques,

particularly AFM [19]. Since there is no need for fixation or staining, AFM can image and
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manipulate the live cells under physiological condition with high resolution and minimal
damage. Using the AFM probe as a lab-on-a- tip enables us to probe simultaneously the
structure and specific biological, chemical and physical parameters of cell’s machinery [20].
AFM has emerged as a powerful toolbox in a variety of research fields and is expected to

find more applications especially in biology, medicine and nanobiotechnology (Fig.1.2).

Mechanical
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Fig.1.2 AFM can characterize and manipulate biological systems on the nanometer scale

[from ref 20].
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1.4 Atomic force microscope

1.4.1 Specifications
AFM system (Nanowizard I; JPK Instruments AG, Berlin, Germany) consists of
several main parts (Fig.1.3). The most important parts are AFM head and controller. The
AFM head is installed on an inverted optical microscope which is equipped with a special
stage. The entire set of AFM and optical microscope can be placed on an active vibration
isolation table to reduce the unwanted vibrations. The AFM head is connected to both

controller and computer.

L/

waVipration tdble

Fig.1.3 Main parts of AFM system
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1.4.2 Principles

Atomic force microscope which is also referred to as scanning force microscope
was primarily invented for imaging purposes. It has evolved into a multifunctional toolbox
which is particularly suited for biological studies due to its ability in probing the live cells
in their native microenvironment. Atomic force microscope uses a cantilever made of
silicon or silicon nitride which has a very low spring constant and a sharp tip is attached to
its free end. The atomic force microscope works on the basis of the physical interaction
between a fine tip and the sample surface. The tip is placed on the sample in a controlled
way using piezoelectric actuator. Cantilever behaves like a spring and deflects when the tip
is brought into contact with sample. The bending of cantilever is monitored by detecting the
translocation of a laser beam bouncing from the back of the cantilever by a four-quadrant
photodetector (Fig.1.4). A feedback system controls the piezo movement and stops it when
the set deflection/force (defined by the user) is reached. In case of an interaction between
the tip and the surface of the sample, cantilever will be pulled down toward the surface
until the force necessary for breaking the mutual interaction between the tip and the surface

1s reached.
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Fig.1.4 Principle of the AFM
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1.4.3 Modes of operation

Atomic force microscope can operate in different modes based on the type of tip-
sample interaction and style of tip movement. Contact mode (also known as repulsive
mode), intermittent contact mode (also termed as tapping mode) and non-contact mode are
the major scan modes. The non-contact mode is largely nondestructive but yields low
resolution the surface topography. In contrast, contact-mode force microscopy has the
potential of high spatial resolution though it may damage the surface. Intermittent contact
mode combines the merits of the two modes by oscillating the tip-sample contact and
exerting much lower energy from the oscillating probe to the sample surface. Therefore the
intermittent-contact mode is more effective than non-contact AFM for imaging soft
samples like living cells [21]. The contact mode was used throughout this research for
biomechanical investigations because it allows the adjustment of tip loading force and
controlled manipulation of the target cells.

The forces which act between the tip and the specimen are either repulsive or
attractive. Van der Waals force, mechanical force of the cantilever and capillary force of
fluid between the cantilever and the sample surface are the three involved forces between
the tip and the sample [22]. In practice, the dominant interactions at short probe-sample
distances in the atomic force microscope are due to Van der Waals forces. To illustrate the
operating modes, the plot of tip-sample force as a function of tip-sample separation can be
created (Fig.1.5). The forces that fall below or stay above the axis are attractive (negative)

and repulsive (positive) respectively. During contact mode, the probe predominately
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experiences repulsive forces which lead to the tip deflection. As the tip moves further away
from the surface attractive forces are dominant (non-contact mode). In the intermittent
mode which is a combination of the other two operation modes, tip-sample force interaction

oscillates repeatedly between the attractive and repulsive forces.
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Fig.1.5 Diagram of tip-sample force vs. separation distance
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1.4.4 Force measurement

The force which causes the cantilever deflection can be determined based on the
Hook’s Law: AZ = F /K. where AZ is the deflection, F is the acting force and K. is the

spring (Fig.1.6)

1Az

Fl

Fig.1.6 Cantilever deflects as the tip is pushed towards the sample

Apart from using attractive and repulsive forces for imaging the sample with
nanometer resolution, atomic force microscope can also measure these forces with pico-
Newton precision. In the contact force spectroscopy of cells, the cantilever approaches the
cell surface, pushes into it and then retracts again. The velocity of the cantilever and
indentation depth can be controlled. During this process the height information z-piezo and
the deflection of the cantilever are recorded from which a force-distance curve is produced.
Three typical probe-sample interactions which exist in each cycle are no contact, attraction

and repulse (Fig.1.7).
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No contact Attraction Repulse

Fig.1.7 Typical probe-sample interactions

1.4.5 Force curve acquisition

On a hard surface this gives an ideal force-distance graph (Fig.1.8). To interpret this,
the graph has to be read from right to left, due to the higher cantilever position at the
beginning of the measurement [23]. First the cantilever is moved down without touching
the sample, i.e. no deflection but a decreasing distance is recorded (A). Very close to the
surface the cantilever can suddenly be attracted by the sample due to attractive forces (e.g.
electrostatic interaction), i.e. the cantilever flicks down the remaining distance and gives a
small downward deflection (B). When the cantilever is moved further down, the cantilever
is bent upwards in direct proportion to the z-piezo height (C). As soon as a defined setpoint
of deflection is reached the cantilever is withdrawn (D). While moving upwards again, the
deflection of the cantilever decreases. Passing the contact point, the tip usually stays
attached to the surface by adhesion, which causes the cantilever to bend in the opposite
direction (E). At some point it suddenly loses contact and flicks back into its initial position

(F). Further retraction causes no change of vertical deflection (G).
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Fig.1.8 Diagram of an ideal force-distance curve
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1.4.6 Elasticity measurement

Force curve analyses can be used to determine chemical and mechanical properties
of the material of the interest. The tip can be used to indent the specimen and, from the
resulting surface deformation, one can determine the mechanical properties of the sample
[24]. Second, the shape of the force curve during retraction of the tip from a surface can be
used to elucidate attractive forces of nonspecific nature, as well as highly specific binding
between biological molecules [25, 26]. Moreover stretching and unfolding experiments on
single molecules can be conducted [27]. In particular, the elastic modulus E (also called
Young’s modulus) of a wide range of biological samples from tissues and cells to protein
layers [28].

Young’s modulus is an elastic property of a material, and is defined as the stress of
a material divided by the strain [29]. This is normalized measure of the compressibility so
that stiff materials have high Young’s modulus values. If a material is compressed

homogenously (Fig.1.9), the calculation of the Young’s modulus can be done as follows:

£ = tensile Stress/tensile strain

Tensile stress = tensile force/

- F
cross — setional area ~ /A

Tensile strain = extention/original length = AL/L
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AL

Fig.1.9 Illustration of physical quantities for defining the Young’s modulus (from ref. 29)

In practice, for calculation of elastic modulus from the AFM measurements of
biological samples other parameters such as indenters’ shape and thickness of the sample
should be considered. The Hertz model [30] is the standard model used for extracting
elasticity from force-distance curves. Based on this model the sample is an isotropic solid
with linear elasticity, indenter is not deformable, and that there are no other interactions
between the two. Moreover, to apply Hertz model to the elastic measurement of the cells
the indentation depth and the viscosity response of cytoplasm should be considered [31, 32]
because biological materials are heterogeneous and mostly viscoelastic. Due to these

mentioned limitations, it is advisable to consider the extracted elasticity of the cells as the
“apparent Young’s modulus” or “apparent modulus of elasticity (Eapparent)”, throughout this

manuscript. However, for the purpose of simplicity and practicality, the customary form of

“Young’s modulus” has been used here instead.
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Chapter 2

Elastic properties of mesenchymal stem cells (MSCs)

2.1 Introduction

Mesenchymal stem cells (MSCs) are a heterogeneous population of stem/progenitor
cells with the pluripotent capacity to differentiate into mesodermal and non-mesodermal

cell lineages (Fig.2.1).

Mesanchymal Stem Cell (M3L]
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Fig.2.1 Self-renewal and pluripotency of MSC (mod. from Kotobuki N, Artif. Organs, 2004).

They have generated a great deal of interest owing to their potential use in regenerative

medicine and tissue engineering [33, 34]. In order to maximize the potential of MSCs for
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biomedical applications, a more comprehensive characterization of MSCs is required. To
achieve this goal, the development of a direct, relatively non-destructive method for
measuring physical properties, which reflect the fate and physiological state of MSCs, is
necessary. Population thickness (height) of adhered human MSCs may be related to various
cell functions, such as proliferation activity and cell cycle [35, 36]. However, a more
comprehensive view of the physical properties of MSCs is required. Mechanical properties
such as cytoskeleton organization and elasticity, membrane tension, cell shape, and
adhesion strength may play important roles in stem-cell fate and differentiation [37, 38].

A change in mechanical properties, and in particular, in the stiffness (elasticity) of
tissue cells, has been recognized as an indication of cancer [39]. Several techniques have
been successfully employed to study cell mechanical properties, including micropipette
aspiration, magnetic twisting cytometry, optical traps, and atomic force microscopy [40, 8].
In particular, AFM can be used to analyze live cells and to investigate their mechanical
properties in physiological conditions in a relatively nondestructive manner [41-44].

Surface mechanical properties of a cell are dominantly defined by the actin

cytoskeleton [45—-48]. Stress fibers are specific determinants of cell mechanics [49], and

cortical actin promotes cortical rigidity [50, 51]. Dominant types of actin cytoskeleton
differ by cell types as well as position. Therefore, the key determinants for cell mechanics
probably vary across different cell types, and it is necessary to determine the character of
cell mechanics in each cell type. Previously, it was reported that the elastic modulus of
human MSCs decreased dramatically by actin de-polymerization, whereas the cell

thickness increased [79]. The elasticity and the thickness of an actin de-polymerized MSC
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and a bare nucleus were almost the same. Thus, regulatory factors of nuclear thickness and
cell elasticity are possibly the same, and these may be related to the actin cytoskeleton.
Recently, Khatau et al. reported that a perinuclear actin cap, which is an actin filament
structure that forms a cap or dome above the apical surface of the nucleus, tightly regulates
the nuclear shape of adherent fibroblasts [53]. In this part of study, I examined the
regulatory effect of the perinuclear actin cap on thickness and stiffness of adherent rat

MSCs by using several actin cytoskeleton-modifying drugs.

2.2 Experimental procedure

2.2.1 Materials
The AFM probe (ATEC-CONT; spring constant: 0.02—-0.75 N/m) was purchased

from Nanosensors (Neuchatel, Switzerland). Cell culture media was purchased from
Nacalai Tesque (Kyoto, Japan), and fetal bovine serum (FBS) was purchased from JRH
Biosciences (Lenexa, KS). Antibiotics were purchased from Sigma—Aldrich (St.Louis, MO)
Fisher 344 male rats were purchased from Japan SLC (Shizuoka, Japan). ATP
bioluminescence assay kit was purchased from Toyo Ink (Tokyo, Japan). Other reagents

were purchased from Sigma—Aldrich, Wako Pure Chemical Industries Ltd. (Osaka, Japan),

or Invitrogen (Carlsbad, CA).
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2.2.2 Preparation and culture of MSCs
Rat MSCs were isolated and primarily cultured as described previously [54]. In
brief, bone marrow cells were obtained from the femoral shafts of 7-week-old male Fisher
344 rats. The cells were obtained from at least 2 rats and mixed. The culture medium was
Eagle’s minimal essential medium (with Earle’s Salt and L-glutamine) containing 15%
FBS and antibiotics (100 U/mL penicillin G, 100 pg/mL streptomycin sulfate, and 0.25

pug/mL amphotericin B). The medium was renewed twice a week, and cells at passages 2—-6

were used in this study. Y-27632 (10 uM), blebbistatin (5 pM), cell permeable C3
transferase (20 ng/mL), calyculin A (0.15 nM), and wiskostatin (1 pM) were used to

analyze inhibition or acceleration of the actin cytoskeleton. Cells were cultured in the

medium containing these reagents for 2 days and then examined by AFM.

2.2.3 AFM measurements
Rat MSCs cultured on 35-mm culture dishes in the medium were examined by
AFM at room temperature. The probe was indented into the cells up to 50 nN at 10 pm/s.
The Young’s modulus of the cell was calculated according to the Hertz model. Although
the Hertz model is accommodated in an elastic body, various kinds of cellular stiffness
have been evaluated by this model as Young’s modules [55]. The force—distance curve at

the region up to 400 nm of cell surface indentation was fitted to the model (Fig.2.2).
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Fig.2.2 Typical force—distance curves obtained from the indentation of and pulling up from

the surface of rat MSCs are shown at the left, and the schema for cell manipulation by AFM
is shown at the right. Cell thickness is represented as the distance between the contact point
of cell surface and substrate. Stiffness is calculated from the force curve at the region of

indentation (up to 400 nm) by fitting it to the Hertz model (inset).
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Although the ATEC-CONT is a tetrahedral probe, the edge of the probe is conical. Thus,

the following equation was used in the model of indentation:

o E 2tan o

= S?
1-v? T

where F = force, 6 = depth of indentation, a = semi-opening angle of the cone (5°), v =
Poisson’s ratio (0.5), and E = Young’s modulus. Cell thickness was derived from the length,
from the cell contact point to the substrate (Fig.2.2). All experiments were performed in
more than 10 cells, and each cell was examined at 9 different points within a size-defined
grid (Fig.2.3a) on the nuclear region of the membrane. In this study, I assumed that the
distribution of Young’s moduli and the thickness of cells were in accordance with the log-

normal distribution, and a median value of 9 points was adopted for the Young’s modulus

of each cell (Fig2.3b).
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Fig.2.3 Representation of AFM-manipulated points and adoption of proper value. (A) A
grid of 9 points was examined on the top of cell nucleus. (B) Median value was adopted for

elasticity of each cell.
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2.2.4 Cell proliferation assay

Approximate cell number was determined using an ATP bioluminescence assay kit
according to the manufacturer’s instructions. Rat MSCs were plated at a density of 1x10°
cells/well into white 96-well culture plates and cultured in the culture medium containing
the cytoskeleton-modifying reagent for 6 days. The ATP bioluminescence reagent was
added to the wells, and the cultured cells were shaken for 1 min and then incubated for

another 10 min at 25°C. Luminescence was measured with Synergy HT (BioTek, Winooski,

VT).

2.2.5 Evaluation of perinuclear actin cap

The perinuclear actin cap was evaluated by staining the actin filaments of rat MSCs.
Cells cultured for 2 days with the cytoskeleton- modifying reagent were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, and then stained with FITC-
labeled phalloidin for actin filaments and propidium iodide for nucleus. Specimens were
observed by confocal laser scanning microscope (FV-1000; Olympus, Japan) in 0.5 Im
serial sections. The presence of the perinuclear actin cap was determined from the status of

actin filaments over the nucleus in more than 23 cells for each condition (Fig.2.4).
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Fig.2.4 Perinuclear actin cap of rat MSCs. The actin filaments of cells were stained with
FITC-labelled phalloidin and then three-dimensional images of the actin filaments were
observed by CLSM. Green color shows FITC-labelled phalloidin and red color shows PI.
Typical images of normal MSCs (ctrl) and Y-27632 treated cells are shown. Yellow lines
show the locations of Z-axis image planes. Arrowheads represent actin cap. Arrow

represents no/disruption of actin cap. Bar is 20 um.
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2.3 Results

2.3.1 Relationship between stiffness and thickness of MSCs

First, I examined the relation between every AFM-measured Young’s modulus and
the thickness of each rat MSC (Fig.2.5). Compared with the thickness, the measured
Young’s modulus varied widely for each cell manipulation by AFM. This was due to the
fact that cellular mechanical properties are local and can change dramatically based on the
location being probed [56]. Since it was difficult to determine the cell stiffness from these
scattered Young’s moduli, I examined the distribution of Young’s moduli of rat MSCs in
single cells and found that the distribution of Young’s moduli corresponded to a log-normal
pattern of distribution (Fig.2.6). Therefore, I selected the median value of the widely spread
Young’s moduli of each cell in this study, because the median provides a better estimate of
the target value than the mean in a log-normal distribution (Fig.2.3b). Thickness versus
Young’s modulus of each adherent rat MSC was then plotted. Analyses of 100 cells
revealed that Young’s modulus of various adherent rat MSCs varied largely, and that it had
a weak inverse correlation with cell thickness in each cell (Fig.2.7). The correlation
coefficient R between these 2 factors was 0.35 (P = 0.0004). In short, flat, adherent MSCs

tended to be rigid, whereas tall MSCs showed a relatively elastic property.
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Fig.2.5 Young’s modulus and cell thickness of each manipulation for the same cells. Each
point indicates a single AFM manipulation and 9 points of the same code belong to a single
cell (total 5 cells indication). The dispersion of Young’s modulus is larger than that of

thickness in each manipulation.
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Fig.2.6 Distribution of Young’s modulus of same MSCs. The Young’s modulus of each
cell (total 3 cells) is measured at 100 times repeatedly. The distribution pattern of Young’s

modulus of rat MSCs shows log-normal pattern.
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Fig.2.7 Relationship between cell elasticity and thickness in rat MSCs. Each data point is
for one cell (total 100 cells). The line shows approximated curve for the points (R = 0.35, P

=0.00043).
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2.3.2 Regulation of stiffness and thickness of MSCs by actin

cytoskeleton

An intact actin cytoskeleton contributes a major part of cell stiffness, yet there are
several forms of actin cytoskeleton in a cell, e.g., stress fibers, lamellipodia, filopodia, and
cortical actin. Here, I examined the effect of actin stress fibers and lamellipodia on stiffness
and thickness of adherent rat MSCs, using several pharmacological agents that affect the
actin cytoskeleton (Fig.2.8). I used gentle concentrations of all agents to avoid inducing
obvious morphological changes (Fig.2.9). Ras homolog (Rho) inhibitor C3 transferase,

Rho-kinase (ROCK) inhibitor Y-27632, and myosin II ATPase inhibitor blebbistatin

prevent and attenuate stress fiber formation [57-59]. The Young’s moduli of the cells

treated with these agents decreased relatively while their thickness increased (Fig.2.10). On
the other hand, the properties of the cells treated with myosin light chain phosphatase
inhibitor calyculin A [60], which activates actomyosin formation and enhances actin
polymerization in stress fibers, lamellipodia formation, and cortical actin, were hardly
altered (Fig.2.10). Moreover, cells treated with the N-WASP inhibitor wiskostatin, which
inhibits lamellipodia formation [61], showed no changes in either the Young’s modulus or
thickness (Fig.2.10). Thus, the cell stiffness and thickness of adherent rat MSCs were
strongly affected by attenuation of actin stress fibers, but were barely influenced by

activation of actomyosin formation or inhibition of lamellipodia formation.
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Fig.2.8 Schematics of the chemical agents effects on actin cytoskeleton. C3 transferase, Y-
27632, and blebbistatin inhibit actin polymerization and stress fiber formation. Oppositely,
calyculin A inhibits myosin light chain phosphatase and results in actin polymerization
including stress fiber and cortical actin formation. Wiskostatin inhibits lamellipodium

formation.
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Fig.2.9 Phase contrast images of agents treated rat MSCs. The AFM probe is observed at

left side in each image. Bar is 100 pum.
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Fig.2.10 Influence of the agents on Young’s modulus and thickness of rat MSCs. Each

point indicates a data from each cell (a total of 10 cells for each condition). C3 transferase

(C3), Y-27632 (Y27632), and blebbistatin (Blebb) decreased surface rigidity of rat MSCs

and increased cell thickness. On the other hand, calyculin A (CalyA) and wiskostatin

(Wisko) had little impact on these physical properties of MSCs.
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2.3.3 Actin cap correlation with cell thickness and stiffness of MSCs

Actin filament structures that form a cap or dome located above the apical surface
of the nucleus, referred to as the perinuclear actin cap, regulate the nuclear shapes of
adherent fibroblasts [23]. The perinuclear actin cap is specifically disorganized or
eliminated by the inhibition of actomyosin contractility. To identify a possible role of the
perinuclear actin cap in regulation of stiffness and thickness of rat MSC, I examined the
changes in the actin cap organization in rat MSC under the presence of each actin
cytoskeleton- modifying agent by observing with confocal laser scanning microscope. The
majority of rat MSCs had a well-developed perinuclear actin cap under normal culture
conditions (Fig.2.4), rendering a flat shape to rat MSCs. Analysis of collected images
demonstrated that treatment with actin stress fiber-formation inhibitors, namely, C3
transferase, blebbistatin, and particularly Y-27362, led to an increase in the number of cells
with no actin cap as compared to the control cells (Fig.2.11). In contrast, more MSCs
possessed an organized actin cap after treatment with calyculin A and wiskostatin
(Fig.2.11). Attenuation of actin stress fibers results in reduction of perinuclear actin cap
organization, which corresponds to the data of the cell thickness and stiffness of rat MSCs
(Figs.2.10 & 2.11). However, augmentation of actin cap organization had little impact on

the cell thickness and stiffness of rat MSCs (Figs.2.10 & 2.11).
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Fig.2.11 Organization of perinuclear actin cap of rat MSCs in treatment of the agents.
Frequencies of organization and no/disruption of perinuclear actin cap are shown. The
presence of the perinuclear actin cap of each condition was determined from more than 23
cells. C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb) decreased actin cap
organization, on the other hand, calyculin A (CalyA) slightly increased actin cap

organization.
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2.3.4 Effect of actin cytoskeleton on proliferation activity of MSCs

Population thickness of adhered human MSCs may be related to proliferation
activity at the donor level [3]. I thus examined the possible affect of actin cytoskeleton on
proliferation activity of rat MSC population to determine whether cell stiffness relates with
proliferation. Adding the agents to the cell culture media revealed that Y-27632, C3
transferase, and blebbistatin, which attenuate the actin stress fibers and the perinuclear actin
cap, slightly increased the growth activity of rat MSCs (Fig.2.12). On the other hand,
upregulation of perinuclear actin cap formation, as caused by treating the MSCs with
wiskostatin or calyculin A, had little effect on cell proliferation (Fig.2.12). These data
consist with the results of cell thickness and stiffness. I therefore propose that actin cap

organization regulates the proliferation activity and cell thickness and stiffness of rat MSC.
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Fig.2.12 Proliferation activity of rat MSCs culturing with the agents. The cell number for 6
days culturing was evaluated by measuring the intracellular ATP concentration with
chemiluminescence system. C3 transferase (C3), Y-27632 (Y27632), and blebbistatin
(Blebb) slightly increased the cell numbers, on the other hand, calyculin A (CalyA) and

wiskostatin (Wisko) do not influence on the proliferation.
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2.3.5 Role of actin cytoskeleton in replicative lifespan of MSCs

In vitro cell expansion is an essential process. Since MSCs harvested from patients
are limited in quantities. However, they have a finite life span in vitro and stop growing due
to cellular senescence. In other words, they grow larger, flatten shape, express senescence-
associated marker (p-galactosidase) and lose their proliferative activity after several
passages [62]. To examine the effect of actin cytoskeleton on long-term culture of MCSs,
the cells were treated with 2 and 10 uM concentrations of ROCK inhibitor Y-27632 and the
population doubling was recorded over the culture days. The results show that
downregulation of F-actin polymerization has the potential to boost the growth kinetics of
cultured MSCs (Fig. 2.12). To confirm the role of actin cytoskeleton in aging of MSCs,
cellular senescence assay was performed by staining for B-galactosidase. Compare to
control cells, treatment with Y-27632 notably reduced the percentage of MSCs which

express the senescence related enzyme (Fig.2.13).
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Fig.2.13 Long-term growth of MSC with modified actin cytoskeleton. Compared to the
control cells, treating the MSCs with Y-27632 during a culture period of 100 days clearly

increased the division number.
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Cell count | B-gal | Percentage (%)

Ctrl 282 240 85.1
Y-2uM 351 213 60.7
Y-10uM 742 211 28.4

Fig.2.14 B-galactosidase staining assay of MSCs. Aged cells which express high amount of

the enzyme stain blue. Percentage of senescent cells was lower in the Y27632-treated cell.
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2.4. Discussion

In this study, I experimentally demonstrated two major points relevant to surface
stiffness of substrate-adhering rat MSCs. One is that cell stiffness and cell thickness
showed an inverse correlation at a single-cell level. The second is that the perinuclear actin
cap organization regulates the cell stiffness, thickness, and possibly proliferation activity of
rat MSCs. A schematic diagram of the findings are shown in Fig.2.15. Originally, MSCs
adhere flat on a given substrate, and their actin stress fibers and perinuclear actin cap are
well developed. A developed actin cap flattens out the nucleus and increases surface
stiffness. On the other hand, cells with depolymerized stress fibers lose their actin cap, with
a resulting decrease in surface stiffness, and the nucleus boosts the cell height according to
the plasticity of nuclear lamin A [55]. Thus, although surface stiffness and cell thickness
are essentially different physical properties of cells, the perinuclear actin cap coordinates
these properties in MSCs. However, these cell properties were not affected by development
of the actin cap organization after treatment with either calyculin A or wiskostatin. In
particular, calyculin A is an activator for actomyosin formation, and it increases surface
stiffness in Drosophila embryonic S2R+ cells by accelerating cortical actin formation [51].
Cortical actin determines isotropic cortical tension of non-adherent or mitotic cell [63], and
the surface stiffness of some cells is mainly determined by this cortical actin formation [51].
Thus, it is believed that anisotropic surface tension that arises from the perinuclear actin
cap is higher than the isotropic cortical tension in MSCs, which would explain why
behavior of the stiffness of rat MSCs differed from the above cell. In addition, further-

developed stress fibers and actin cap of MSCs may induce partial buckling of the actin
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cytoskeleton [64] or fluidization of cell [65]; the physical properties are unaffected by
augmentation of the actin cap formation. Interestingly, the stress fiber-attenuated MSCs
tended to show a high proliferation activity. This result corresponds with the previous study
relating cell thickness with proliferation activity in human MSCs [35, 36]. These results
additionally show that the states of the actin cap and actin stress fibers in MSCs are potent
regulators of the proliferation activity of each cell. It is well known that mechanical
properties of cell environments control cell life [66, 67]. It was also demonstrated that
proliferation capacity of MSCs can be improved over time by regulating their actin
cytoskeleton. Normal MCSs enter senescence and lose their valuable potentials gradually
during in vitro culture period. It is known that beta-GAL activity increases in late passage
MSC, but report no differences between MSC from young and aged donors [68]. The
experimental data from B-galactosidase assay reveals that actin cytoskeleton is closely
correlated with cellular senescence of MSCs. Commitment of differentiation lineage of
MSCs is specified by matrix elasticity which is sensed by actomyosin contraction [69].
Furthermore, the surface stiffness of MSCs changes depending on the substrate elasticity.
The surface stiffness of MSCs also changes during cell differentiation [70]. The present
study reveals that the surface stiffness of MSCs is regulated by actin stress fibers, including
the perinuclear actin cap, and is related with proliferative activity. Thus, the mechanical
properties of MSCs are potent indicators for their cell behavior and physiological functions.
The evaluation of cell quality and estimation of cell activities of MSCs are essential

cytotechnology for applications in regenerative medicine and tissue engineering. I predict
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that in the future non-destructive and high-speed methods of measuring mechanical

properties of MSCs will become an essential part of the cytotechnology.
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Fig.2.15 Overview of the physical properties of MSCs. In normal MSCs, developed
perinuclear actin caps generate high surface tension and press tightly against the nucleus,
giving the cells a rigid surface stiffness and flat thickness. In contrast, in stress fibers-
attenuated MSCs, the surface tension was decreased and the cell surface was boosted by the
nucleus, resulting in the cells with elastic surfaces and a high thickness. Furthermore,

elastic and tall cells tended to have high proliferative activity.
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2.5 Summary

Mesenchymal stem cells (MSCs) have been extensively investigated for their
applications in regenerative medicine. Successful use of MSCs in cell-based therapies will
rely on the ability to effectively identify their properties and functions with a relatively non-
destructive methodology. In this study, I measured the surface stiffness and thickness of rat
MSCs with atomic force microscope and clarified their relation at a single-cell level. The
role of the perinuclear actin cap in regulating the thickness, stiffness, and proliferative
activity of these cells was also determined by using several actin cytoskeleton-modifying
reagents. This study has helped elucidate a possible link between the physical properties
and the physiological function of the MSCs, and the corresponding regulatory role of the

actin cytoskeleton.
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Chapter 3

Elastic features of adherent and suspended cells

3.1 Introduction

Alterations of biological activities and transformations of cell states often entail
mechanical behavior change of the composed cells. In particular, alteration in cell
stiffness/elasticity has emerged as a marker for cellular phenotypic events and diseases [71
-73]. During optic-cup morphogenesis, change in the level of stiffness of the retinal
epithelium is important for formation of neural retina tissue [74]. The stiffness of red blood
cells increases by infection with Plasmodium falciparum [75]. Malignant cancer cells are
less stiff than normal cells [76-78]. Mechanical properties are largely attributable to
structure of actin cytoskeleton [52, 79], and thus these stiffness alterations probably show
the remodeling process of actin cytoskeleton in these cellular events and disease states [80].

The remodeling regulation of actin cytoskeleton has important role in the cancer cell
life. Actin depolymerization and disrupted stress fibers, marked by a shift in F-actin to G-
actin, occurs in early stages of malignant transformation [81, 82]. Besides, abnormal
distribution of F-actin favoring cell migration occurs in the later stage of cancer
corresponding to tumor cell invasiveness and metastasis [83]. Thus, sensitive and high
speed estimation methods for the remodeling of actin cytoskeleton in cancer cells act as a
powerful tool for early detection of cancer. Then the stiffness and other mechanical

properties are potent detectable targets of the cancer cytotechnology.
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There are some methods to detect elasticity and other mechanical properties,
including micropipette aspiration, magnetic twisting cytometry, optical traps, cell poking,
scanning acoustic microscopy and atomic force microscopy [11, 40, 8, 42, 84, 7,]. These
technologies reveal cell stiffness and mechanical properties in adhered or suspended state
of cells with diverse scale. The micropipette aspiration and optical traps aim to suspended
cells, and on the other hand, the magnetic twisting cytometry and AFM generally aim to
substrate adhered cells. In particular, AFM has been incrementally used to directly measure
the cancer cell stiffness in many studies [85-87].

AFM can be used to image live cells and probe their mechanical properties in
physiological conditions in a nondestructive manner and at a high spatial resolution [44,
79]. It analyzes these stiffness of a living cell by the probe indentation method, an AFM
cantilever serves as a microindenter to probe the cell directly [45]. Thus, AFM analysis can
sensitively disclose the difference of structure of actin cytoskeleton between adherent
normal and cancer cells as the difference of cell surface stiffness [88-91]. For the present,
these stiffness cytotechnologies for cancer cells are only adapted to adherent cells because
the difference of structure of actin cytoskeleton between cancer and normal cell is well
known only in adherent state. However, most useful cytotechnology for detection of cancer
cells, such as circulated tumor cell in blood and biopsy of cancer, should be applicable to
suspended cell states. To that end, it is required to demonstrate the cell stiffness and the
structure of actin cytoskeleton of suspended cancer cells in comparison with normal cells.

The stiffness of suspended leukocytes and trypsinized cells can be measured with

AFM by using a biocompatible anchor for membrane (BAM) substrate [48, 92]. BAM
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molecule contains an oleyl group, a poly ethylene glycol (PEG) domain and an NHS-
reactive ester group, and the surface presented oleyl group of BAM substrate anchors the
suspended cells (Fig.3.1) [93]. The morphology of the substrate adherent and spread cells is
different in each cell, and orientation and distribution of their actin cytoskeleton is
anisotropy and heterogeneous. On the other hand, BAM anchored suspended cells show
homogeneous round shape and isotropic actin cytoskeleton vicinity of their plasma
membrane [92]. These cortical actin structures of rounded cells have no apparent
discrimination in different cell types [92]. Therefore, there is a possibility that the structure
and features of actin cytoskeleton of suspended cancer cells are not difference from those of
suspended normal cells. Though the cortical actin structure of trypsinized and mitotic round
cells seemed to develop similarly, the surface stiffness of the trypsinized round cells
showed greater stiffness than that of mitotic round cells [92]. Thus, the stiffness/elasticity
measurements may detect invisible information about the maturation or strength of the actin
cytoskeleton network in vicinity of cell surface.

In this study, I examined the structures and regulatory mechanisms of actin
cytoskeleton and surface stiffness of cancer and normal cells between adherent and
suspended states. Furthermore, to demonstrate the difference of features of actin
cytoskeleton between cancer and normal cells, I compared those with human embryonic
kidney HEK293 cells, which bearing immature actin cytoskeleton. Normal cells had
developed actin stress fibers, but cancer cells and HEK293 cells did not have developed
fiber structures of actin cytoskeleton. The BAM anchored suspended all cells showed

similar cortical actin structures without recourse to cell types. Only cancer cells, however,
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had many microvillus structures consists of F-actin on their surface in both adherent and
suspended states. Although the difference of stiffness between cancer and normal cells
decreased by detaching the cells from substrate, the difference of stiffness response for
actin cytoskeleton modifying reagent of cancer and normal cells kept in even suspended
states. Thus, the regulatory mechanism for actin cytoskeleton of cancer and normal cells are
probably different in not only adherent states but also suspended states. In addition, these
results demonstrate that it is able to discriminate the features and structures of actin
cytoskeleton between cancer and normal cells in suspended states using stiffness measuring

method.
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Fig.3.1 Structure of a BAM molecule (left) and schematic of BAM coating to which a

suspended cell is anchored (right).
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3.2 Experimental procedure

3.2.1 Materials

The pyramidal probe (SN-AFOIS-NT; spring constant: 0.02 N/m) was purchased
from Seiko Instruments Inc. (Tokyo, Japan). Human diploid fetal lung fibroblasts, TIG-1
cells, established at the Tokyo Metropolitan Institute of Gerontology [94], human
embryonic kidney cells, HEK293 cells, human cervix cancer cells, HeLa cells, and human
fibrosarcoma cells, HT1080 cells were obtained from Health Science Research Resources
Bank (Osaka, Japan). Fisher 344 male rats were purchased from Japan SLC (Shizuoka,
Japan). Eagle’s minimal essential medium (MEM), Dulbecco's modified Eagle's medium
(DMEM), and antibiotics were purchased from Sigma-Aldrich (St. Louis, MO). Fetal
bovine serum (FBS) was purchased from JRH Biosciences (Lenexa, KS). Biocompatible
Anchor for Membrane (BAM; SUNBRIGHT OE-020CS) was purchased from NOF
Corporation (Tokyo, Japan). F-actin labeling kit was purchased from AAT Bioquest, Inc
(Sunnyvale, CA). Glass based culture dishes were purchased from Asahi Glass Co., Ltd
(Tokyo, Japan). Other reagents were obtained from Sigma-Aldrich, Wako Pure Chemical

Industries Ltd. (Osaka, Japan), or Life Technologies Ltd. (Tokyo, Japan).

3.2.2 Preparation of BAM-coated dishes

The BAM coated dishes were prepared as follows. The polystyrene and glass based
tissue culture dishes were coated with 5% bovine serum albumin (BSA) in PBS for 1 hour.

After washing with Milli-Q water, the surfaces were treated with | mM BAM in PBS for
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30 minutes. Then, the BAM coated dishes were washed and dried. The without BAM

coated dishes means regular cell culture dishes.

3.2.3 Preparation and culture of MSCs

Rat MSCs were isolated and primarily cultured as described previously [54]. In
brief, bone marrow cells were obtained from the femoral shafts of 7-week-old male Fisher
344 rats. The cells were obtained from at least 2 rats and mixed. The culture medium was
MEM containing 15% FBS and antibiotics (100 units/mL penicillin G, 100 pg/mL
streptomycin sulfate, and 0.25 pg/mL amphotericin B). The medium was renewed twice a
week, and cells at passages 2—6 were used in this study. The animal experiment was
approved by the ethics committee of National Institute of Advanced Industrial Science and

Technology (AIST), Japan.

3.2.4 Cell cultures and drug treatment

TIG-1, HeLa, HT1080, and HEK293 cells were maintained in DMEM containing
10% FBS and antibiotics. The culture medium was replaced twice a week or triweekly. For
the adherent and suspended states examination, cells were treated with Y-27632 (20 uM)
and Calyculin A (0.1 nM) and incubated 12 h. For the suspended state, cells were removed
from the culture dish by treatment with 0.25% trypsin-0.02% EDTA in PBS and plated on
the BAM-coated dish for 30 minutes in normal culture medium then washed with PBS to
remove the unattached cells and incubated 12 h in the drug-included medium. The cells

attached on the culture dishes and BAM-coated surfaces with or without the drug were
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manipulated by AFM (Fig.3.2). Actin-depolymerization of the cells was induced by

treatment with 5 uM cytochalasin D for 2 h.
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Fig.3.2 Indentation of BAM-anchored round cells by AFM

3.2.5 Evaluation of actin cytoskeleton

To visualize different actin cytoskeleton microstructures, the cultured cells on glass
base dishes with or without BAM coating (for suspended and adherent states) were fixed
with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and then stained with
the F-actin labeling kit for actin filaments. Specimens were observed by confocal laser
scanning microscope equipped with x 60 oil immersion lens (NA = 1.42) in 0.5 pm serial

sections. Superimposition of the serial images processed with ImageJ software (NIH,

Bethesda, MD).
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3.2.6 AFM measurements

Adherent and suspended cells in the medium were examined by AFM at room
temperature. Combination of optical microscope (IX-71, Olympus) and atomic force
microscope allows positioning the probe onto a particular region of a cell. Here, the atomic
force microscope probe was indented into the top of the cell nucleus up to 1 nN at 5 um/s.
The Young’s modulus of the cell was calculated in accordance with the Hertz model [30].
The force-distance curve at the region up to about 500 nm of cell surface indentation was

fitted by JPK data processing software (JPK instruments AG) as:

Fe E2 tanoc82
1-v \/5

where, F = force, 6 = depth of probe indentation, v = Poisson’s ratio (0.5), a = face angle of
the pyramidal probe (20°), and E = Young’s modulus. All experiments were performed in
more than 20 cells, and each cell was examined at more than 25 points on the top of the cell.

The median value was adopted for the Young’s modulus of each cell [79].
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3.2.7 Statistic analysis

The alteration similarity of Young's modulus of cells was clustering analyzed with College
Analysis software created by Prof. Masayasu Fukui (Fukuyama Heisei University,
Hiroshima, Japan). I used the alterations of logarithmic average value of the Young's
modulus in the analysis. The responsiveness of the Young's modulus for Y-27632 or
calyculin A in adhered or suspended states were used as variables in each cell. The distance
of each element was calculated with standardized Euclidean distance method and the

clustering construction was used as Ward method.

3.3 Results

3.3.1 Actin cytoskeleton organization of adherent and suspended

cancer and normal cells

In this study, I used two types of normal stromal cells, rat MSCs and human
fibroblasts TIG-1, two types of cancer cell lines, HeLLa and HT 1080 cells, and single kidney
cell line HEK293 cells. The adhered normal MSCs and TIG-1 cells showed flat and
elongated morphology (Fig.3.3). HeLa, HT1080 and HEK293 cells adhered on the culture
substrate but they did not show large and highly elongated morphologies like normal cells
(Fig.3.3). After cell detachment from the culture substrate by trypsinization, these
suspended cells anchoring on BAM substrate showed almost round shapes without recourse
to cell types (Fig.3.3). By detachment cells from normal culture substrate, their

morphological asymmetry was apparently canceled.
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To characterize the structure of actin cytoskeleton of adhered these cell types and
the reorganization from adhered to suspended states, F-actin of these cells in adherent and
suspended states were stained by fluorescein labeled phalloidin and observed by CLSM. In
the adherent MSCs and TIG-1 cells showed highly developed actin stress fibers across the
cell body (Fig.3.4). Particularly they clearly bore filamentous perinuclear actin cap at their
apical surface (Fig.3.5). The actin cap is an F-actin structure that forms a cap or dome
above the apical surface of the nucleus [53], and it regulates the surface stiffness and
thickness of adherent rat MSCs [79]. By contrast, the adhered HeLa, HT1080 and HEK293
cells showed weak stress fibers and scattering spot-like F-actin structures at the base and
ruffling lamellipodia at the edge (Fig.3.4). In the focusing on their apical surface, they did
not have any developed actin cap structures and have some dense protrusions, and
particularly on Hela and HT1080 cells, they had many microvillus structures on their
surface (Fig.3.5). Therefore, F-actin structures are obviously different from adhered normal
stromal cells and cancer and HEK293 cells; apical surface actin cap structures were
developed in normal stromal cells but absent in cancer and HEK293 cells, and furthermore
asymmetry of F-actin structures were high in normal cells but scarcely determinable in
cancer and HEK cells.

On the other hand, the F-actin structures of these cells changed the whole situation
on the BAM surface (Fig.3.6). Without recourse to cell types, they showed apparently same
F-actin structures; that is, suspended cells including normal stromal, cancer and HEK293
cells had clear cortical actin structures vicinity of their plasma membrane (Fig.3.6).

Although some spotted actin structures were observed inside cells, nothing filamentous
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structures were observed. The F-actin of cells on BAM surface showed almost symmetric
structures. Fluorescence images also showed that granule-like actin structures replaced the
stress fibers in HeLa, HT1080 and HEK293 cells.

To summarize, in the process of cell detachment from the normal substrate, F-actin
structures of adhered normal stromal cells were dynamically reorganized from asymmetric
stress fibers to symmetric cortical actin (Figs.3.6). In the case of cancer cells, the basal
undeveloped F-actin and lamellipodia reorganized to the cortical actin (Figs.3.6). Although
the actin structures of adherent normal stromal and cancer cells were obviously different, it
was difficult to determine the difference of actin structures of these cells in suspended

states.
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Fig.3.3 Phase contrast images of the examined adherent and suspended cells. Bar is 20um.
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Fig.3.4 Whole actin microstructures of all examined cells from bottom to top. Bar is 20um.
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Fig.3.5 Surface actin microstructures of the adherent cell types. Bar is 20pm.
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Fig.3.6 Surface actin microstructures of the suspended cells types. Bar is 20um.

72



3.3.2 Biomechanical properties of adherent and suspended cancer

and normal cells

I then determined the biomechanical properties of these cells in adhered and
suspended states by AFM nanoindentation method. To reduce the affect of various cell
morphologies, I placed the AFM probe at the points above the nucleus of adhered cells. The
Young's modulus distributed broadly without recourse of cell types and cell states (Fig.3.7).
From the previous studies, the distribution of Young's modulus of cell corresponds to a log-
normal pattern [79, 92]. Thus, I showed the logarithmic average of the Young's modulus in
each conditions (Fig.3.7).

The Young's moduli of adhered normal stromal cells were clearly higher than that
of cancer cells (Fig.3.7). The Young's modulus of HEK293 cells showed lowest distribution.
By detachment from substrate and alteration in cell morphology, the Young's modulus of
normal stromal cells slightly decreased but that of cancer cells relatively unchanged
(Fig.3.7). On the other hand, the Young's modulus of HEK293 cells obviously increased by
detachment of cells from the normal culture dish (Fig.3.7). The difference of the value of
Young's modulus in each cell type decreased by release these cells from adhesion state.

The Young's modulus of the suspended state in this study was measured after 12 h
from the cell detachment. It is reported that the rigidity of trypsinized suspended MSCs
measured by optical stretching increases with time progress [97]. Then, I examined the
transitions of the Young's modulus of suspended normal TIG-1 and cancer HeLa cells. The
Young's modulus of TIG-1 cells clearly decreased after 1 h of cell detachment (Fig.3.8). On

the BAM surface, the Young's modulus of the anchored round TIG-1 cells gradually
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increased in a time-dependent manner (Fig.3.8). Though, the Young's moduli of the TIG-1
cells on the BAM surface at 24 h were relatively lower than that in the adhesion states
(Fig.3.8). On the other hand, the Young's modulus of suspended HeLa cells anchored on
BAM surface were relatively constant, and those on BAM surface were almost same in
adhesion state (Fig.3.8).

These Young's modulus values of adherent and suspended cells excepting adhered
HEK293 cells were higher than those of cytochalasin D treated actin depolymerized cells
(Fig.3.9), and thus these obtained mechanical properties reflect the mechanical
characteristics of actin filaments around the cell surface. As regarding to adhered HEK293
cells, it would seem that their actin filaments vicinity of apical surface hardly supported
their body mechanically. However, by cancel their adhesion, actin filaments shifted to
support their surface mechanically.

Taken together, the mechanical properties of both adhered and suspended cells
reflect the mechanical characteristics of actin filament structures in the vicinity of cell
surface. The mechanical properties of adhered normal stromal cells were obviously higher
than that of cancer cells. In the process of cell detachment from the normal culture substrate,
mechanical properties of normal stromal cells decreased (Figs.3.7). In the case of cancer
cells, the mechanical properties were almost unchanged in the process of cell detachment
from the culture substrate (Figs.3.7). Even in the suspended state, the mechanical properties

of normal stromal cells were still higher than that of cancer cells (Fig.3.7).
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Fig.3.7 Young’s modulus of the untreated adherent and suspended cells. Elastic values of
normal cells highly dropped after detachment. Cancer cells showed almost no change in
their mechanical phenotype upon trypsinization and cell rounding. Strikingly, HEK293

cells showed a significant elastic increase in suspended state compared to adherent state.
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Fig.3.9 Sharp elastic decline of F-actin depolymerized adherent and suspended cells.

Disruption of actin filaments by cytochalasin D treatment caused a considerable decrease in

elastic values of all cells regardless of their type and adhesion state, which confirms the

critical role of actin cytoskeleton in regulation of mechanical properties.
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3.3.3 Mechanical responsiveness of cancer and normal cells

It can be inferred that the defined difference of mechanical properties between
adhered normal stromal and cancer cells reflect on the completely difference of F-actin
structures at the apical surface of those cell types. On the other hand, because suspended
cells including normal stromal and cancer cells had almost similar cortical actin structures
vicinity of their plasma membrane, it is unclear what does the difference of mechanical
properties between suspended normal stromal and cancer cells based on. To clarify the
difference of the contribution of various F-actin structures to the mechanical properties of
cell surface, I examined the responsiveness of mechanical properties of cells for actin
cytoskeleton modifying reagents, Y-27632 and calyculin A. Y-27632 is a ROCK inhibitor
and prevents and attenuates stress fiber formation [58, 95]. On the other hand, calyculin A
is a myosin light chain phosphatase inhibitor and activates actomyosin formation and
enhances actin polymerization [60, 98].

Addition of Y-27632 to the cultured cells reduced their Young's modulus in all the
cell types and adhesion and suspended states (Fig.3.10). Particularly the Young's modulus
of normal stromal cells significantly decreased both in adhered and suspended states. On
the other hand, the reduction rates of the Young's modulus by treatment of Y-27632 in
cancer cells were lower and almost same in adhered and suspended states (Fig.3.10). The
Y-27632 treated mechanical properties of suspended normal stromal cells became almost
same as suspended cancer cells (Fig.3.10). For HEK293 cells, although the adhered
mechanical properties were slightly decreased by treatment with Y-27632, mechanical

properties in suspended state largely decreased (Fig.3.10). Thus, the responsiveness of
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mechanical properties for Y-27632 varied between normal stromal, cancer and HEK293
cells.

Treating the normal stromal cells with calyculin A, the Young's modulus were
almost unchanged in adhered and suspended states (Fig.3.10). On the other hand, for cancer
cells, the Young's modulus were slightly increased both in adhered and suspended states by
treatment with calyculin A (Fig.3.10). For HEK293 cells, the Young's modulus of adhered
cells increased but that of suspended state was unchanged (Fig.3.10). Therefore, the
responsiveness of mechanical properties for calyculin A slightly varied between normal
stromal and cancer cells.

The tendency of responsiveness of mechanical properties for actin cytoskeleton
modifying reagents varied between normal stromal and cancer cells but was similar in
adhered and suspended states of each cell type (Fig.3.10). Thus, it will be assumed that the
regulatory structures of actin filaments for mechanical properties fundamentally varied in
normal stromal and cancer cells without recourse of cell adhesion states.

Finally I statistical analyzed the alteration similarity of Young's modulus of cells.
The responsiveness of Young's modulus for Y-27632 or caluculin A in adhered or
suspended state were used as variables in each cell. Fig.3.11 shows the dendrogram of the
results of the clustering analysis. Normal stromal cells and cancer cells belonged in other
clusters (Fig.3.11). The responsiveness behavior of HEK293 cells for actin cytoskeleton
modifying reagent relatively closed to the cluster of cancer cells (Fig.3.11). The
responsiveness characters of normal stromal, cancer and HEK293 cells for Y-27632 and

calyculin A in adhered and suspended states were indicated in radar chart (Fig.3.12).
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Normal stromal cells were strongly affected by Y-27632 in adhered and suspended states
compared with cancer cells (Fig.3.12). On the other hand, cancer cells were strongly
affected by calyculin A compared with normal stromal cells (Fig.3.12). The responsiveness
for actin modifying reagents were almost unchanged between in adhered and suspended
cells both in normal stromal and cancer cells (Fig.3.12). For HEK293 cells, they indicated
unique responsiveness for these reagents between in adhered and suspended states. In
adhered states, the responsiveness of HEK293 cells was similar to cancer cells (Fig.3.12).
However, in suspended states, the responsiveness was close to normal stromal cells
(Fig.3.12). Probably, regulatory actin filaments structures of HEK293 cells for mechanical
properties would be varied in adhered and suspended states. The regulatory structures of
actin filaments for mechanical properties fundamentally varied in normal stromal and
cancer cells without recourse of cell adhesion states, and thus the mechanical properties

would become the characteristic marker of cancer cells even in the suspended states.
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Fig.3.10 Elastic behavior of the adherent and suspended cells after treatment with Y-27632
and Calyculin A. Downregulation of actin filaments by Y-27632 reduced the elasticity of
all adherent and suspended cells yet the mechanical response of the cells were different.
Upregulation of actin filaments by Calyculin A had little impact on the Young’s moduli of

the cells in both adhesion states but their responsiveness was varied.
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Fig.3.11 Dendogram of elastic response of the adherent and suspended cells after treatment

with actin modifying agents. Normal, cancer and HEK293 cells belong to separate clusters.
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Fig.3.12 Radar chart display of relative elastic response and ratio of the adherent and
suspended cells after treatment with Y-27632 and Calyculin A. Mechanical response of

normal, cancer and HEK293 cells varied in adhesion states.
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3.4 Discussion

This study presents an overview of surface mechanics and actin cytoskeleton
architecture of normal stromal and cancer cells in adherent and suspended state. The
adhered normal stromal cells form a highly organized actin cap structures and shows great
stiffness on their apical surface (Figs.3.5 & 3.7). To the contrary, adhered cancer and
HEK293 cells without actin cap structures show lower stiffness in comparison with the
normal cells (Figs.3.5 & 3.7). By detachment from substrate and reorganization of F-actin
structures to cortical actin vicinity of plasma membrane, the surface stiffness of the normal
stromal cells decreased but was still higher than that of the cancer cells (Figs.3.6 & 3.7).
Furthermore, the responsive features of surface stiffness for actin modifying reagents, Y-
27632 and calyculin A, in the normal stromal and cancer cells were kept in adhered and
suspended states (Fig.3.10). Therefore, the regulatory mechanism for actin cytoskeleton in
the vicinity of plasma membrane of cancer and normal cells are probably different in not
only adherent states but also suspended states.

Actin cap is an actin structure that forms a cap above the apical surface of the
nucleus, tightly regulates the nuclear shape of adherent fibroblasts [53]. The stiffness and
thickness of adhered MSCs, which are correlated inversely, are coordinated by the actin cap
organization, actin cap well organized cells show high stiffness [79]. Furthermore, the
proliferative activities of MSCs are related with the cell thickness, thick cell populations
show highly proliferative activity [35, 36], and possibly regulated by the actin cap
organization [79]. On the other hand, the cancer cells do not form actin cap on the apical

surface but form some dense protrusions (Fig.3.4). The proliferative activity of cancer cells

83



could be greater than that of normal cells. The perinuclear F-actin structures like actin cap
maybe involved in proliferative activity of these cells, but it is unclear whether it is directly
or indirectly. On the other hand, it is reported that the range of inverse correlation between
stiffness and thickness of adhered cells belong distinct groups in normal and cancer cells
[100]. It is required that fundamental understanding for regulation of cell proliferation by F-
actin structures.

Although the CLSM observable F-actin structures were obviously different from
adhered normal stromal and cancer cells, those of suspended states on BAM surface
showed apparently similar structures (Figs.3.6). However, the stiffness of these suspended
cells were different and normal cells showed higher stiffness than cancer cells (Fig.3.7).
Disconformities of surface stiffness and CLSM imaging of F-actin structures was also
observed at the round shaped cells in mitosis and trypsinized-detahced state; the detached
round cells show higher stiffness than that of mitotic round cells. Probably, the AFM
measurement for surface stiffness can reveal the different physical properties of cell cortex
of mitotic and trypsinized cells. Thus, difference of the surface stiffness between suspended
normal and cancer cells would indicate the different features of the cortical actin in these
cells. In fact, the responsiveness of surface stiffness for actin cytoskeleton modifying
reagents, Y-27632 and calyculin A, was different in suspended normal and cancer cells
(Fig.3.10). The responsiveness of suspended cells was almost same as that of adhered states
although the F-actin structures of adhered and suspended normal cells were completely

disparate (Figs.3.10 & 3.12). Thus, the regulatory factors for actin cytoskeleton of normal
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cells are different from that of cancer cells, and it maybe undisturbed cell morphological
alterations.

In the case of HEK293 cells different from other cell types, their stiffness increased
by cell detachment from adherent substrate and reorganization of their F-actin structures
(Fig.3.7). It is unclear why did only HEK293 cells show these unique stiffness alterations.
But Yamane et al. reported that detachment of HEK293T cells, which is HEK293 cells
stably expresses SV40 large T antigen gene, from the substrate by trypsinization and
inhibition of reattachment induces phosphorylation of Ezrin/Radixin/Moesin (ERM)
proteins [101]. ERM proteins crosslink the plasma membrane to the underlying actin cortex
[99, 102], and they highly regulate surface stiffness and cell rounding at the onset of
mitosis [51]. Therefore, the augmentation of phosphorylated ERM proteins by detachment
of HEK293 cells from substrate induces organization of cortical actin and then probably
increases their surface stiffness. How about cancer cells? The CLSM imaging of F-actin
showed similar structures in adherent HEK293 and cancer cells (Figs.3.5 & 3.6). Why is
the stiffness of cancer cells unchanged after cell detachment? ERM proteins are observed in
various cytoskeleton-based structures including microvilli, and ERM are considered
essential for the formation or maintenance of microvilli, [103]. Cancer cells bore many
microvillus structures on their surface [116], and their ERM proteins may be already
phosphorylated in adhered state. For the reason, the surface stiffness of cancer cells in
adhered and suspended states would be almost same (Fig.3.7). However, it is still unclear
why did the stiffness of HEK293 cells show different responsiveness for actin modifying

reagents in adhered and suspended states. The responsiveness in adhered state is close to
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that of cancer cells but in suspended state is close to that of normal cells. To understand the
puzzle of actin cytoskeletal regulation in various cells, it is hoped to elucidate the
modulation role of actin binding or regulation proteins including ERM proteins for
structures and mechanical features of actin cytoskeleton.

The need for biomarkers for cancer detection and analysis is critical due to the
complexity of the disease. Therefore, realization of the detection for cancer cells in
suspended state will be a one of the most important progress in cytotechnology area. In this
study, I presented the capability of the discrimination of cancer cells from normal cells
using cell surface stiffness in suspended state. I also indicated that the difference of
regulatory mechanism of F-actin structures vicinity of plasma membrane between cancer
and normal cells. It is difficult to directly detect of the differences of actin regulation
pattern in cancer and normal cells. Though biomechanical features depend on the structures
of actin network appear as a deformation or membrane fluidics. The principle of the
detection methods of cell biomechanics is fundamentally different from the most available
cytotechnology, i.e. flow cytometry. Moreover, the measuring of cell biomechanics are
unique technology providing the valuable information of structures and features of actin
cytoskeleton of intracellular space. I hope that in the future high-speed and high-precise
methods of measuring biomechanical properties of suspended cells using flow channels of
existing the flow cytometry are an essential part of the cancer cytotechnology. The

summary of the findings of this section are shown in Fig.3.14.
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Fig.3.14 Summary of elastic and structural findings in this section. (A) Normal cells exhibit
a highly contractile actin cap on their surface while in cancer and HEK293 cells actin cap is
absent and cortical actin could be the source of tension. By detachment, actin cytoskeleton
of all the cell types remodeled and cortical actin appeared as the main elastic actin structure
in the suspended cells. (B) Adherent normal cells are stiffer than the suspended ones.
Cancer cells show relatively similar elastic phenotype in both adherent and suspended

states; however adherent HEK293 cells are softer than their suspended counterparts.
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3.5 Summary

The mechanical features of individual cells are unique indicators of their states and
constantly change in accordance with cellular events and diseases. Particularly, cancer
progression is characterized by the disruption and/or reorganization of actin filaments
causing mechanical changes. Thus, precise mechanical characterization of cells is expected
to become an effective cytotechnological approach for early detection of cancer. In this
study, I investigated the actin microstructures and surface mechanical behavior of cancer
and normal cells in the adherent and suspended states using atomic force microscope and
confocal laser scanning microscope. Adherent normal stromal cells had developed actin cap
structures on their apical surface, generating high surface stiffness, whereas cancer cells did
not have developed filamentous actin structures, and their surface stiffness was low.
Although the filamentous actin structures of normal stromal cells reorganized to the cortical
region when the cells were detached from the adherent substrate, resulting in a decrease in
surface stiffness, the stiffness of suspended normal cells remained higher than that of
cancer cells. Additionally, these suspended-state actin structures were similar, regardless of
the cell type. Furthermore, the mechanical responses of the cancer and normal stromal cells
to perturbation of the actin cytoskeleton were different. Thus, the mechanisms regulating
the actin cytoskeleton in cancer and normal cells are probably different not only in the
adherent state but also in the suspended state. These results demonstrate the possibility of
discriminating the features and structures of the actin cytoskeleton in cancer and normal

cells in the suspended and adherent states using stiffness measurement methods.
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Chapter 4

Elastic character of round mitotic and trypsinized cells

4.1 Introduction

The mechanical features of cells are unique indicators of their states and constantly
change in accordance with cellular events. During optic-cup morphogenesis, alterations in
the level of stiffness of the retinal epithelium are important for the self-formation of neural
retina tissue [74]. Malignant cancer cells exhibit less stiffness than normal cells [39].
Furthermore, the mechanical features of mesenchymal stem cells are attributed to their
diverse characteristics and states [79, 96, 47]. These mechanical changes in cells are widely
mediated by actin cytoskeleton. Thus, by analyzing the mechanical properties of cells, it is
possible to know and evaluate the characteristics of the complicated actin networks on the
surface of cells. For example, studies analyzing the physical response of actin filaments
networks [64], detecting the cell contraction force depending on cell substrate [104], and
examining the penetration efficiency of fine nanoneedle through cell surface membrane
[48] have shown that the actin cytoskeleton can be potentially characterized by analyzing
the mechanical properties of cells.

Actin cytoskeleton also controls the dynamic shape of cells during various
morphological events. Thus analyzing the mechanical changes with the events helps
elucidate the dynamical roles of actin cytoskeleton. During cell division, changes in the

organization and dynamics of actin cytoskeleton cause retraction of the cell mar-gin, cell

89



rounding, and formation of the cleavage furrow [105, 106, 51]. The stiffness of the
cleavage furrow region of cells in cytokinesis drastically increases as compared to that of
the top region of cells in metaphase [107]. The cleavage furrow contains an actomyosin
contractile ring, which controls the changes in stiffness of the region. Apart from this,
cortical stiffness of metaphase rounded cells was greater than that of interphase adherent
cells of Drosophila embryonic S2R+ cells [51]. Cortical rigidity and cell rounding at the
onset of mitosis are highly regulated by the ERM family of actin-binding proteins [51].
ERM proteins crosslink the plasma membrane to the underlying actin-rich cortex by
phosphorylated activation [102]. Thus, activation of the ERM proteins is a key factor in cell
rounding and formation of the rigid actin cortex during mitosis [108]. Passive cell rounding,
which is marked by a morphological change, can be induced by trypsin treatment. The
surface morphology of trypsinized cell exhibits blebs, spherical protuberances, and
microvillous projections [109,110]. These surface morphological changes are similar to that
during cell mitosis [111]. Yamane et al. reported that detachment of HEK293 cells from the
substrate by trypsinization and inhibition of reattachment induces phosphorylation of ERM
proteins [101]. Thus, suspending the trypsinized round cells might induce the formation of
a rigid actin cortex, similar to that observed during mitosis. Furthermore, suspended forms
of adherent cells are found not only in artificial trypsinized condition but also in natural
blood, e.g., metastatic cancerous cells and stem/progenitor cells [112, 113, 114]. Thus, the
mechanical characterization of the actin cortex of the round-shaped cells helps elucidate the
regulatory mechanisms underlying the dynamic morphological changes by the actin

cytoskeleton.
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The stiffness of leukocytes and trypsinized cells has been measured by using atomic
force microscope and a biocompatible anchor for membrane (BAM) substrate for anchoring
the suspended cells [48, 92]. In this study, I determined the cortical stiffness of the
trypsinized round cells anchored by BAM substrate and compared it with that of mitotic
round cells. To identify and examine the mitotic cells, Fucci (Fluorescent Ubiquitination-
based Cell Cycle Indicator) system was employed. This system contains 2 fusion proteins,
namely, the monomeric Kusabira Orange fused to human Cdtl (mKO2-hCdtl) and the
monomeric Azami Green fused to human geminin (mAG-hGeminin) for visualizing the cell
cycle phase [115]. Fucci system shows the cell cycle by phase-dependent color variation in
fluorescence (Fig.4.1). Cells at the G1/GO phase display red fluorescent nuclei, whereas
those at the S/G2 phase show green fluorescent nuclei. Mitotic cells with diminished
nuclear membrane show green fluorescence of the entire cell, allowing the measurement of
cortical stiffness of round cells by AFM. The mitotic and trypsinized round cells both
showed actin-rich cortical regions on the cell surface. Although the cortical actin regions
observed using confocal laser scanning microscope were almost the same irrespective of
the cell state, the cortical rigidity of trypsinized round cells showed greater stiffness as than
that of mitotic round cells. Thus, the cortical rigidity of round cells varies according to the
cell state, and analyzing the cell cortex rigidity is useful for characterizing the actin

network on the cell surface.
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Fig.4.1 Cell cycle progression in FUCCI system. Red- and green-emitting fluorescent

proteins are used to develop dual color indicator for individual cell cycle phases.
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4.2 Experimental procedure

4.2.1 Materials

A quadratic pyramidal AFM probe (SN-AF01-S-NT; spring constant: 0.02 N/m)
was purchased from SII NanoTechnology Inc. (Chiba, Japan). Hela.S-Fucci (RCB2812)
and NMuMG-Fucci (RCB2813) cells [115] were obtained from RIKEN BioResource
Center (Saitama, Japan) by permission of Dr. Atsushi Miyawaki (Riken, Japan). Cell
culture medium was purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum
(FBS) was purchased from JRH Biosciences (Lenexa, KS). Antibiotics were purchased
from Life Technologies Japan Ltd. (Tokyo, Japan). BAM (SUNBRIGHT OE-020CS) was
purchased from NOF CORPORATION (Tokyo, Japan). Other reagents were obtained from
Sigma-Aldrich, Wako Pure Chemical Industries Ltd. (Osaka, Japan), or Life Technologies

Japan Ltd. (Tokyo, Japan).

4.2.2 Preparation of BAM-coated dishes
BAM contains a membrane anchoring oleyl group, a hydrophilic poly ethylene
glycol (PEG) domain, and an NHS-reactive ester group [93]. The BAM-coated dishes were
prepared as follows. Briefly, polystyrene tissue culture dishes were coated with 5% BSA in
PBS for 1 h. After washing with PBS, the surfaces were treated with 1 mM BAM in PBS

for 30 min. Then, the BAM-coated dishes were washed and dried.
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4.2.3 Cell cultures

Hela.S-Fucci and NMuMG-Fucci cells were maintained in DMEM containing 10%
FBS and antibiotics (100 units/mL penicillin G and 100 pg/mL streptomycin sulfate). The
culture medium was replaced three times a week. Cells were detached from the culture dish
by treatment with 0.25% trypsin—0.02% EDTA in PBS and then plated on the BAM-coated
dish for 3 h in culture medium. The cells attached to the BAM surface were manipulated by

AFM (Fig.4.2). Actin-depolymerization of the cells was induced by treatment with 2 uM

cytochalasin D for 2 h.

Fig.4.2 Phase-contrast micrograph of Hela.S-Fucci cells on the BAM substrate. The
trypsinized detached cells were anchored to the substrate, which allowed them to maintain

their round shape. The object on the left is the AFM cantilever.
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4.2.4 AFM measurements

Hela.S-Fucci and NMuMG-Fucci cells adhered to the tissue culture dishes or
attached to the BAM-coated dishes in the medium were examined by AFM at room
temperature. The atomic force microscope was combined with fluorescence microscope
(IX71; Olympus, Tokyo, Japan) so that cell cycle phases could be determined by observing
the Fucci fluorescence (Fig.4.1). The probe indented the top of the cells up to 1 nN at 5
um/s. The Young’s modulus of the cell calculated in accordance with the Hertz model
(Hertz, 1881). Unless otherwise indicated, the force—distance curve at the region up to
approximately 300 nm of the cell surface indentation was fitted by JPK data processing

software (JPK instruments AG) as follows:

Fe E2 tanoc82
I-v \/5

where F = force, 6 = depth of indentation, a = half angle to face of pyramidal probe (20°),

v = Poisson’s ratio (0.5), and E = Young’s modulus (Fig.4.3). All experiments performed
using more than 20 cells, and each cell was examined at 25 points on the top of the cell.

The median value adopted for the Young’s modulus of each cell [79].
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Fig.4.3 Typical force—distance curve obtained from the AFM indentation experiments with
adherent interphase Hela.S-Fucci cells. The black points show experimental force curve
lines, and the gray line shows the Hertz model fitting line. The force—distance curve at the

region approximately 300 nm of cell surface indentation was fitted to the Hertz model.

96



4.2.5 F-actin imaging
The cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton
X-100, and then stained with rhodamine-phalloidin for actin filaments. Specimens were
observed by CLSM equipped with 60X oil immersion lens (NA = 1.42) in 0.5 um serial

sections. Superimposition of the serial images processed with ImagelJ software.

4.3 Results

4.3.1 Cortical actin imaging of Hela.S-Fucci and NMuMG-Fucci Cells

One of the typical morphological characteristics of adherent mitotic cells is its
spherical shape, yet it is difficult to discriminate mitotic round cells from other cells in
various phases, including dead round-shaped cells. Therefore, this study used the Fucci
system [115] to determine the mitotic phase of adherent cells. Most of these cells showed
clear green/red fluorescent nuclei; however, some round cells showed green fluorescence in
the entire cell body (Fig.4.4). Thus, I identified that cells with round shape and green
fluoresce in whole cell body are in mitotic phase (Fig.4.4). Trypsinized detached cells were
fixed on the BAM substrate (Fig.4.2). The detached cells spontaneously attached to the
BAM substrate and maintained a round shape (Fig.4.2). They anchored tightly to the BAM,
which enabled AFM manipulation of the live round cells. The mitotic and trypsinized
round cells show activation of the ERM proteins [51, 101]. To compare the cortical actin
structure, F-actin of the mitotic and trypsinized round cells was stained. The adherent

Hela.S-Fucci cells did not show any actin stress fibers but had many short microvillus
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protrusions on their surface (Fig.4.5). The mitotic Hela.S-Fucci cells showed many long
microvilli structures on their cell surface and F-actin-rich regions in the cortex (Fig.4.5).
The trypsinized round Hela.S-Fucci cells showed short microvilli structures on their surface
and clear cortical actin filaments (Fig.4.5). In NMuMG-Fucci cells, interphase adherent
cells showed many actin filaments structures, basal stress fibers, and dense protrusions on
their surface (Fig.4.5). The mitotic NMuMG-Fucci cells had long retraction fibers, some
short microvilli structures, and cortical actin structure (Fig.4.5). The trypsinized NMuMG-
Fucci cells showed developed cortical actin and many small blebb-like structures on their
surface (Fig.4.5). Emergence of many long microvilli protrusions and long retraction fibers
in mitotic Hela.S-Fucci and NMuMG-Fucci cells is in agreement with the mitotic cell
image by electron microscopy [111]. Moreover, surface structure of trypsinized round cells
was similar to the reports about surface morphological changes by trypsinization [109]. The
F-actin structures in mitotic and trypsinized round cells tended to be similar, with both cells

showing a clear cortical actin on the cell surface.
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Fig.4.4 Fluorescence images of Fucci system. The Hela.S-Fucci and NMuMG-Fucci cells
were cultured in normal culture dishes. The phase-contrast image (PH), green fluorescence
image (mAG-hGeminin), red fluorescence image (mKO2-hCdtl), and merged image
(Merge) are displayed. Green fluorescent nuclei and red fluorescent nuclei are shown in the

spreading cells. Mitotic cells are round and emit green fluorescence (arrowheads).
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Fig.4.5 CLSM images of F-actin structures in Hela.S-Fucci and NMuMG-Fucci cells
during interphase, mitosis, and trypsinized states. All the indicated cells originally
expressed mAG-hGeminin (S/G2/M phase), and F-actin was labeled with rhodamine-
phalloidin. The mitotic cell is larger than that of trypsinized round cell. Middle part images

clearly indicate the cortical actin structure of the cells. Bar = 20 pm.
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4.3.2 Young’s modulus of mitotic and trypsinized round cells

This study evaluated the mechanical properties of the cortical region of cells. At
interphase, the Young’s modulus of adhered NMuMG-Fucci cells was higher than that of
Hela.S-Fucci cells (Fig.4.6). The average value of the logarithmic Young’s modulus of
these cells was 7.7 kPa (NMuMG-Fucci cells) and 1.5 kPa (Hela.S-Fucci cells). During
mitosis, the average values of the logarithmic Young’s modulus of these cells decreased to
0.40 kPa (NMuMG-Fucci cells) and 0.60 kPa (Hela.S-Fucci cells) (Fig.4.6). In contrast, the
average values of the logarithmic Young’s modulus of these cells after trypsinization and
attachment to the BAM surface were 1.8 kPa (NMuMG-Fucci cells) and 1.9 kPa (Hela.S-
Fucci cells) (Fig.4.6). These round cells at either condition showed almost the same degree
of stiffness in NMuMG-Fucci and Hela.S-Fucci cells. How-ever, the cortical rigidity of
trypsinized round cells was apparently greater than that of mitotic round cells. These
Young’s modulus values were higher than those of cytochalasin D-treated actin-
depolymerized cells (Fig.4.6). Therefore, these obtained mechanical properties during each
condition reflect the mechanical characteristics of actin networks around the cell surface.
Although most studies have fitted the force—distance curve to the Hertz model at small
indentation region from cell surface (around 300 nm here), the nanoindentation
measurement by AFM can even detect the surface brush structure of cells [117]. The
mitotic cells showed relatively long microvilli protrusions on their surface compared to
trypsinized round cells (Fig.4.5), which might have affected these results. To check this
possibility, I calculated the apparent Young’s modulus of each cell using the region at the

indentation region of maximum 600-1000 pN of force—distance curve. The results
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indicated that the trypsinized cells were indeed stiffer than mitotic cells (Fig.4.7). Thus, the
experiments showed the stiffness of the cell cortex but not the surface protrusions, and most
importantly, the rigidity of cortical actin in the round-shaped cells changed during different

cell conditions.

102



Indentation depth: up fo - 200nm

Hela.S-Fucci NMuMG-Fucci
104 103
[ ]
)
L yoe 104 Hun
" S NSRS SUNRSSNNY [SRS— E—— Y NS S—
= ] -|:l'
% Wy w® .
&
a
a | 2595, |t “oa00
] L & # -
L R
;?_ B e pa e O T S SE—
L ]
::= ..'-,._l-
i " "
ogal e o=
Eean : 3o
102 § 102 He

Fig4.6 Young’s modulus of Hela.S-Fucci and NMuMG-Fucci cells under various
conditions. Young’s moduli of the cell surface during interphase, mitotic phase, trypsinized
round state, and cytochalasin D treatment (CD) are shown. The scale of Young’s modulus
is logarithm. Each condition shows the Young’s modulus of 20 independent cells and each

cell was measured 25 times on the cell top.
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Fig.4.7 Young's modulus of Hela.S-Fucci and NMuMG-Fucci cells recalculated using the

region at the indentation region of maximum 600 to 1000 pN of the experimentally

obtained Force-distance curve. The Young's moduli of the cell surface during interphase,

mitotic phase, trypsinized round state, and cytochalasin D treatment (CD) are shown. The

scale of Young's modulus is logarithmic. Each condition shows the Young's modulus of 20

independent cells and each cell was measured 25 times on the cell top. The pattern for

elastic difference of the trypsinized and mitotic cells did not change.
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4.4 Discussion

This study showed that the cortical rigidities of round-shaped cells in mitosis and in
trypsinized-detached state are different. In the latter state, the cell cortex was stiffer than
that of mitotic round cells (Fig.4.4). The difference in the mechanical properties of the cell
cortex is inconsistent with the results obtained by CLSM imaging of F-actin (Fig.4.5). The
mechanical properties of the actin cytoskeleton showed a possible qualitative actin
construction of the cell surface, which is different from their morphological structures.
Thus, the elucidation of these qualitative features of actin cytoskeleton around the cell
surface will help determine the regulatory mechanism underlying cell dynamics and
morphology. The process of cell rounding in mitotic Drosophila S2R+ cells is mainly
controlled by ERM and moesin proteins [51]. At the onset of mitosis of S2R+ cells,
activated moesin helps in the conversion of protrusive lamellipodial actin structures, which
are predominantly present during interphase, into a uniform cortex in which the actin
filaments lie parallel to the plane of the plasma membrane; this uniform cortex is the
characteristic feature of mitotic cells. In particular, ERM proteins, rather than myosin II,
play a major role in cell rounding and cortical rigidity. Some studies have reported that
stiffness of the cell cortex increases as they enter mitosis [51, 107]. However, in this study,
the cortical rigidity of Hela.S-Fucci and NMuMG-Fucci cells in mitosis was lower than that
of adherent interphase cells (Fig.4.6). In case of NMuMG-Fucci cells, many actin fibers
and dense surface protrusions in adherent interphase cells diminished in mitotic phase
(Fig.4.5), and thus the stiffness decline is small wonder. On the other hand, Hela.S-Fucci

cells had many F-actin microvilli protrusions on their cell surface both in interphase and
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mitotic phase. Yet, it is unclear why the surface stiffness decreased in mitotic phase. In
contrast, cortical rigidity of trypsinized round cells was greater than that of mitotic cells
(Fig.4.4). Especially trypsinized Hela.S-Fucci cells were slightly stiffer than that of
interphase cells (Fig.6). CLSM analysis of F-actin structures showed that both mitotic and
trypsinized round cells similarly induced the formation of actin cortex (Fig.4.5). Thus,
although the development and solidity of the cortical actin may appear the same in both
mitotic and trypsinized cells, they generate different mechanical phenotype during mitosis
and detachment.

There are several known differences between physical proper-ties of mitotic and
trypsinized cells. Stewart et al. reported that rounding pressure, generated by an osmotic
pressure, of mitotic cells (including prometaphase and metaphase) is more than 3-fold
higher than that of trypsinized cells [118]. In addition, the surface area and volume of cells
decrease as they round and enter metaphase due to depletion of surface membrane reservoir
through preventing the secretion and recycling the membrane traffic [119, 120]. This
finding indicates that cells probably control their internal osmotic pressure by changing
their volume and surface area. On the other hand, the cell surface of trypsinized cells is the
same as untreated cells [119]. Therefore unlike mitotic cells, the endosomal recycling and
surface membrane reservoir, which is associated with membrane tension [121], would be
normal in trypsinized cells.

Since the surface tension is balanced with osmotic pressure, surface membrane
reservoir, cell radius, and actomyosin cortex, I assumed that trypsinized cell, with normal

membrane reservoir, cell radius, and weak rounding osmotic pressure, highly maintains its
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shape via actomyosin cortex which is an important factor for surface tension in trypsinized
round cell. Moreover, Maloney et al. reported that the surface bleb formation of trypsinized
floating cell decreases with time and that the rigidity of trypsinized cell increases within 60
min [97]. The AFM measurements for trypsinized cells were conducted after 3 h incubation
on BAM surface during which the cells’ actomyosin cortex could have become fully
developed. On the other hand, the mitotic round cells with high osmotic pressure, relatively
small cell radius, and low surface membrane reservoir, may require to minimize the
maintaining round force. Moreover, the combined period of prometaphase and metaphase
during mitosis is around 60 min in many cases. This period may be relatively short for the
cell to fully develop actomyosin cortex structure. The widely varied Young’s modulus in
mitotic cells probably indicates the affect of the alterations of osmotic pressure and actin
cortex (Fig.4.6). In sum, the strength of the actomyosin cortex would be higher in
trypsinized round cells compared to mitotic (prometaphase and metaphase) cells.

Other assumptions for the difference between Young’s modulus of round
trypsinized cell and mitotic cell are conceived as follows. One is the difference of cell
shape. The morphology of trypsinized detached cell is almost spherical; however, the
height to width ratio in metaphase cell is 0.86 which indicates an oval shape [118]. The
bottom-to-side region of the oval mitotic cell contains many retraction fibers which anchor
to actin cortex [122]. Thus, the cortical actin density or strength of the top region of oval-
shaped mitotic cell may be small compared to both the bottom-to-side region of the oval
shape and to the trypsin treated cell with complete spherical shape. The other is that

trypsinized round cell can maintain some F-actin structures on the cell surface. The
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mechanism of redistribution of actin filaments structures to a relatively uniform cortex in
trypsinized round cells remains unclear. For this reason, trypsinized round Hela.S-Fucci
cells with cortical actin and some surface F-actin structures might show more stiffness than
interphase cells (Fig.4.6). However, further investigation of the regulatory mechanism
underlying cell rounding by ERM proteins is required.

Meanwhile, no defined differences were observed in phalloidin labeled F-actin
cortices of round mitotic and trypsinized cells (Fig.4.3). The CLSM imaging of F-actin
makes a significant contribution to determination of their localization but it can hardly
provide information about the maturation or strength of F-actin structures. The AFM
nanoindentation method, however, tackles this issue and measures the mentioned
parameters.

In this study, I used Fucci system expressing cells. The Fucci system is a
fluorescent indicator for the cell cycle [115]. Thus, it is possible to compare the surface
stiffness of cells at the GO/G1 phase with that of cells at the S/G2 phase. I randomly
measured the surface stiffness of interphase cells, but I could not find cluster of each cell
phase (Fig.4.6). Hence, to examine the delicate difference between cell surface stiffness and
cell cycle stages, especially G1, S, and G2 phases, high-precision tools and discriminatory
methods for S- and G2-phase cells are needed.

In summary, cortical rigidity of round cells varies according to the cell state, and the
analysis of the mechanical properties of the cell cortex by AFM proves to be a useful
method for evaluating the complex actin cytoskeleton network of cell surface. In the future,

to clarify and evaluate the actomyosin cortex of trypsinized cells, I will examine the effects
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of the osmotic pressure and shape on the cortical rigidity of trypsinized cells. Furthermore,
I plan to investigate the mechanical role of actomyosin cortex in various cell types and
states using some actin-perturbing agents and then evaluate the homology and discrepancy
between fluorescence imaging and AFM measurements. I also intend to examine the
mechanics and organization of actin cytoskeleton of spontaneously detached metastatic

cancerous cells by using the adopted method for suspended cell measuring.

4.5 Summary

This chapter describes the results of the analysis of cortical rigidity in two round
cell states: mitotic round cells and detached round cells after trypsinization using atomic
force microscopy. These two states are primary cell events with dynamic morphological
alterations in vitro. The trypsinized detached cells were fixed on the substrate of membrane
anchoring oleyl surface. Fluorescent images taken by confocal laser scanning microscopy
revealed diverse cell surface protrusions and cortical actin development in the round cells
under different conditions. Although the cortical actin of these cells seemed to develop
similarly, cortical rigidity of the trypsinized round cells showed greater stiffness than that
of mitotic round cells. The elasticity measurements by AFM may detect invisible
information about the maturation or strength of F-actin structures and such measurements
may indicate that the strength of the actomyosin cortex would be higher in trypsinized
round cells compared to mitotic cells. The mechanical properties can help provide better
insights into the characteristics of the actin cytoskeleton network in vicinity of cell surface

during dynamic morphological alterations.
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Conclusion and perspective

An alternative approach with particular relevance to biomechanics showed that cells
could be regarded as biomechanical living machines. They sense and respond to applied
forces by dynamically changing their biological activities and states as a consequence of
alterations in their function, intracellular structure and mechanical behavior.

The observations demonstrate a possibility that actin cytoskeleton architecture and
elasticity reflect the physiology and fate of MSCs. Depolymerization of actin filaments of
the cell surface reduce the apparent Young’s modulus of these cells but increase their
thickness suggesting an inverse relation between the two. The actin assembly and
actomyosin contractility modulates the MSCs stiffness and thickness. It was also found that
proliferative activity and replecative senescence of MSCs could be improved and controlled
through regulation of actin cytoskeleton.

It was shown by examining the actin cytoskeleton organization and mechanical
properties of several kinds of cell that actin microstructures and elastic features could be
used for effective cell characterization. Distinct mechanical responsiveness of the cells
indicates different regulatory mechanism for the actin cytoskeleton among cell types. As
appears to be the case here, elastic character of adherent and suspended cells is a function
their actin cytoskeleton which remodels according to adhesion state of the cells. Apical
actin structures including contractile actin stress fibers seem to be responsible for surface
mechanics of each cell type. In particular, actin cap and cortical actin are probably the
major structural players of elasticity in all cell types and states. The mechanical properties

of the cells were proved to be very local yet they could be used to discriminate the normal
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and cancer cells. Regardless of adhesion state or cell type, actin cytoskeleton was
confirmed to be the main regulator of biomechanical properties.

Cortical stiffness and actin cytoskeleton of the naturally round mitotic cells and
artificially-induced round detached cells were investigated. The experimental data may
define a clear distinction between elastic behaviors of mitotic and detached cells. Elastic
pattern for mitotic and detached states of both normal and cancer cells was alike. The
rigidity of cell cortex was shown to be regulated by cortical actin but not by long and short
actin protrusions of the cell surface. Elastic difference of apparently identical round cells
exhibits the advantage of physical properties for predication of physiological states.

Ample evidence was provided here in support of AFM potentials in cell-based
researches especially in combination with other techniques. Living cells were studied under
different physiological conditions by AFM which inflicts relatively low damage to the
examined cells. Broad distribution of elastic values of the cells shows high sensitivity of
this nanotechnology gadget in detection of underlying actin networks which have diverse
spatial and structural organizations. AFM also determined the mechanical properties of a
number cell types providing with high resolution. It could further estimate the contribution
of cell surface brush to cortex stiffness at a pico-Newton scale. AFM showed a prominent
capability in discrimination of morphologically identical cells based on their elastic
phenotype. Making use of BAM coating for immobilization of suspended cells created a
novel opportunity for measuring and analyzing the biomechanical features of adherent and
suspended cells which in turn expands the conventional application of AFM in science and

technology.
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Consistent with earlier studies, it was shown that cells possess specific mechanical
signatures of their own with cancer cells remarkably squishier than normal ones. Such a
finding emphasizes the importance of mechanical properties in proper diagnosis of diseases.
It is assumed that reorganization of actin cytoskeleton has led to cell morphology changes
from highly elongated normal cells to polygonal cancer cells. In particular, loss of apical
stress fibers in cancer cells could be held accountable for their considerable softness.

Pharmacological induction of cytoskeletal and mechanical alterations ended up
increasing cell proliferation and senescence. In addition, flat and round-shaped cells
displayed different elastic response to the applied loading force of AFM cantilever. These
observations suggest that cells likely transduce physicochemical stimuli into a multitude of
mechanical, chemical, structural and morphological responses probably through specific
changes in gene expression and protein synthesis to adjust numerous vital functions.

The presented results in this study establish a rigorous framework for a prospective
approach (Fig. 5.1). Briefly, cells from either body fluids, tissue sections of patients or from
laboratory cell cultures could be analyzed with AFM nanoindentation technique to extract
their biomechanical profile in adherent and suspended states. The mechanical properties
will be then correlated with other biological features such as cell potentials, physiology,
state, fate and structure from which the corresponding information could be inferred.
Synergistic effect of biomechanical data fusion with biochemical and morphological
properties obtained from conventional methods of spectroscopy, biochemistry and imaging
could certainly lead to a wide range of applications particularly in the fields of biomedicine

and biotechnology.
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Collectively, this thesis provides a biomechanical overview for better understanding
of the mechanical and actin cytoskeletal features of diverse cell types in the adhesion states.
It also clarifies the putative functional involvement of actin cytoskeleton in regulation of
cell physiology. It further introduces a new method for extending the application of AFM
technique for cell-based studies in various fields. The presented findings may have
significant implications for relevant research projects and render new insights into
regulatory mechanisms which are critical to many pathological conditions and
physiological processes. Nevertheless, the exact structural rearrangements and molecular
events leading to distinct elastic properties of adherent and suspended cells are still

unknown and remain a distant goal for foreseeable future.
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