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Abstract

Human mesenchymal stem cells (hMSCs) are considered to be capable of responding
to environmental changes induced by gravity. In cell expansion process, the maintenance of
differentiation potential is one of the most important consideration for the efficacy of cell-based
therapy. Although reactions to unidirectional gravity culture have been intensively studied in
conventional culture conditions, little is known about the cellular adaptation to isotropic gravity
culture conditions. Thus, this study investigated the effects of isotropic gravity on hMSCs using
a 3D-clinostat (Gravite®), which generates a simultaneous rotation on two axes with constant
angular velocity during the culture. This study focused on changes of neurogenic differentiation
capacity in passaged hMSCs between the cells cultured under unidirectional gravity conditions
and isotropic gravity conditions. Moreover, this study also examined alterations in dynamic cell
behavior, mechanotransduction, and histone methylation in hMSCs under different
gravitational culture conditions in order to understand the mechanism of cellular modification

involved in their differentiation potential changes.

Chapter 1 shows the influence of isotropic gravity on modulated behavior mechanism
and structural components relating to migration and mechanotransduction of hMSCs. Time-
lapse observation revealed that cells cultured under unidirectional gravity conditions had
unidirectional migration, while cells cultured under isotropic gravity conditions had
multidirectional migration with active extension of leading edge and partially contraction of
cell rear. Cells cultured under unidirectional gravity presented the maintenance of their spindle-
shape via fibronectin fibril formation in their bodies as well as stabilization of focal adhesions
with enriched apical actin stress fibers over the nucleus. However, cells cultured under isotropic
gravity conditions had more intense of phosphorylated paxillin in regions of leading and trailing
edges together with the up-regulation of MT1-MMP expression. Moreover, cells in isotropic

gravity conditions showed fibronectin mainly as aggregate structure with less focal adhesions



and few apical actin stress fibers. Lastly, cells cultured under unidirectional gravity conditions
mostly presented a basal-to-apical polarization of mechano-sensitive nuclear lamin A/C, but
cells cultured under isotropic gravity conditions mainly showed the non-polarization of lamin
AJC. Therefore, this chapter demonstrates that isotropic gravity-driven fibronectin assembly
affects nuclear lamina organization through the spatial reorganization of actin cytoskeleton

influencing on the alterations in cell behavior and mechanotransduction.

Chapter 2 presents the effects of isotropic gravity on nucleoskeleton, epigenetics, and
neurogenic differentiation potential of passaged hMSCs. During serial cultivation with hMSC
growth medium, the analysis of lamin organization and histone modifications at promoters of
neurogenic lineage genes indicated that cells passaged under isotropic gravity conditions
sustained the ratio between lamin A/C to lamin B together with preservation of histone
methylation during passage culture. However, the lamin ratio and H3K27me3 enrichment
significantly increased in cells grown under unidirectional gravity conditions against their
increasing passage numbers. In neurogenic induction culture, differentiated cells from the cells
cultured under isotropic gravity conditions expressed higher neurogenic levels than those
cultured under unidirectional gravity conditions. The levels of neurogenic markers in the cells
from isotropic gravity conditions were consistent during an increase in their passage numbers,
while cells from unidirectional gravity conditions exhibited a reduction of the neurogenic levels
against the increased passage numbers. These results demonstrate that isotropic gravity-
coordinated lamin organization leads to the suppression of histone modification associated with

maintenance of neurogenic differentiation potential in passaged hMSCs.

Taken together, this study is the first time to provide an insight into the effects of
isotropic gravity on neurogenic differentiation potential in passaged hMSCs. The pioneered
data of cell behavior, mechanotransduction, and organization of nuclear lamins as well as
histone modification promote the directivity of neurogenic differentiation in hMSCs during cell

expansion that would be the supportive information for applications in cell-based therapy.
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General introduction

Expansion of human mesenchymal stem cells

Human mesenchymal stem cells (hnMSCs) are currently major stem cells for cell-based
therapy that have been utilized in a wide range of clinical applications for approximately 15
years (Wei, X. et al., 2013). Mesenchymal stem cells were discovered by Friedenstein et al.
who found a fibroblastic cell type derived from mouse bone marrow, which could generate
some clonal colonies that were able to construct bone tissue when activation by heterotypical
transplantation (Friedenstein, A.J. et al., 1966). hMSCs are multipotent adult stem cells that
are located in multiple human tissues such as bone marrow, umbilical cord, and fat tissue
(Abdallah, B.M. et al., 2008). Bone marrow—derived hMSCs are referred as bone marrow
stromal cells, or multipotent mesenchymal stromal cells suggested by the International Society
for Cell & Gene Therapy (ISCT) (Dominici, M. et al., 2006). hMSCs have self-renewal ability
and potency to multilineage differentiation into mesoderm-type cells such as osteoblast,
chondrocyte, adipocyte (Bianco, P. et al., 2001), and possibly to other non-mesoderm-type
cells, which are neuron (Dezawa, M. et al., 2004) and hepatocyte (Luk, J.M. et al., 2005).
Furthermore, hMSCs also support hematopoietic stem cells in terms of their growth and

differentiation (hematopoiesis) (Dexter, T.M., 1979).

Due to the innate properties of hMSCs, this cell type has become an attractive source
for various applications in regenerative medicine as they can be isolated from removable human
tissues and can be expanded under appropriate culture conditions in vitro. In addition, hMSCs
has ability to modulate immune responses that makes them feasible for allogeneic
transplantation without risk of immune rejection (Aggarwal, S. et al., 2005). To illustrate, Fig.

1 shows the overview of processes in cell-based therapy by using hMSCs. Starting with the
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human tissue is harvested from patient for isolation of hMSCs, and then the isolated cells are

expanded for increasing populations under appropriate culture conditions to make the sufficient

cell numbers. Finally, the hMSCs are transplanted back to the patient for the treatment by

functions of injected cells (Golpanian, S., et al., 2016). Until now, several researchers have well

documented about the therapeutic potentials by using hMSCs in many clinical trials of cellular

applications such as diabetes mellitus, neurogenic diseases, cardiac diseases, liver diseases,

kidney diseases, bone diseases, and autoimmune diseases (Patel, D.M. et al., 2013).
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Fig. 1 Overview of processes in cell-based therapy and changes in differentiation potential in

passaged hMSCs during cell expansion process.



In this study, the cell expansion process was focused. A bioprocess of mammalian cells
has more than 50 years in experience since the cultures of CHO cells (Wurm, F.M., 2013). The
evolution of the regenerative medicine has raised and hMSCs have been several investigated
for many years. During the cell expansion, rate of proliferation and differentiation potentials in
the passaged hMSCs are two main points that should be considered to maintain the performance
of the cell processing and quality of the cell products. AMSCs have a limited lifespan similar to
other normal somatic cells. After several cell divisions, hMSCs decrease the rate of proliferation
and enter senescence that stop of proliferation. This phenomenon is called “Hayflick limit” as
described by Leonard Hayflick (Hayflick, L., 1965). Current studies have indicated the critical
point that hMSCs exhibit a reduction in differentiation potentials when increasing their
population doublings or passage numbers during in vitro culture under unidirectional gravity
conditions (Bonab, M.M. et al., 2006; Noer, A. etal., 2007; Yang, Y.H.K. et al., 2018). Many
factors have been presented to influence the senescence and decrease in differentiation
potentials such as stress (Fridlyanskaya, I. et al., 2015), changes in nuclear lamina (Raz, V. et
al., 2008), alterations in chromosomal structure (Hanzelmann, S. et al., 2015), and telomere
attrition (Lopez-Otin, C. et al., 2013). These cellular modulations possibly limit their abilities
and qualities in therapeutic applications due to lack of their differentiation potentials. Therefore,
development of culture process is requisite and important for maintenance of cellular
characteristics, which is the highest considering parameters in cell expansion process to achieve

the specificities of cell-based therapy.

Isotropic gravity in cell culture

Changes in the physical environment, such as the gravity level, gravitational direction
and dynamics of the surrounding, influence on cell responses through indirect mechanisms such

as alterations in gravity-dependent convection, buoyancy force, and sedimentation (Todd, P.,
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1989; van Loon, J.J.W.A., 2007). In the literature, reaction diffusion systems have been
extensively referred as fundamental models of spatio-temporal dynamics of various
biochemical reactions, including enzyme Kkinetics and the assembly of complex protein
networks (D Murray, J., 2003). Remarkably, it has been reported that gravity affects these
reaction diffusion systems in both theoretical calculations (Kondepudi, D.K. et al., 1981) and
practical experiments, proving that gravity influences the traveling velocity based on the
convection of target patterns relating to their interactions (Fujieda, S. et al., 2001; Vailati, A.
et al., 2011). Moreover, it has been reported that microgravity disturbed the microtubule
assembly compared with those under unidirectional gravity conditions (Papaseit, C. et al.,
2000). As space-flight experiment is limited, several ground-based facilities for simulating
microgravity environment have been widely developed, such as diamagnetic levitation systems,
rotating wall vessel (RWV), and random positioning machine (RPM) (Herranz, R. etal., 2013).
For cultured cells, a three-dimensional (3D)-clinostat is a recently common culture device used
to provide an isotropic gravity environment for simulating the microgravity culture conditions
by rotations of the culture system in two axes with constant angular velocity.

To understand the physical phenomena in different gravitational environment, Fig. 2
presents the comparison of particle movement induced by the gravity, whereas particles have
higher density than surroundings. Under space environment with zero gravity or microgravity,
the particles have no movement or very tiny motion due to lack or less of gravity driving force,
respectively. However, on the Earth environment, the particles always sense to the gravity,
which unchanged of the gravity level. Although during the operation of this 3D-clinostat, an
average gravity-vector is approximately at 10 G but the 3D-clinostat also creates the circular
translocation of particles due to occurrence of sedimentation motion by change of gravitational
direction during the rotating operation on the Earth (Brungs, S. et al., 2016). Nevertheless, in

case of unidirectional gravity, which is a conventional gravity condition for cell culture on the



Earth, it presents that the particles are sedimented to the bottom side due to the direction of

gravity under 1 G condition.

Under space environment Under Earth environment

Zero gravity Microgravity Isotropic gravity Unidirectional gravity
(Simulated microgravity conditions)  (Conventional conditions)

T

Fig. 2 Comparison the effects of different gravitational environment on the physical phenomena
of particle motion induced by the gravity, whereas particles have higher density than

surroundings.

In this study was focusing on the culture system on the Earth that compared between
unidirectional gravity and isotropic gravity. In case of unidirectional gravity with face-up type
or conventional culture, the cells are grown under static unidirectional gravity conditions and
the cells sense to the compressive gravity force with unchanged of gravitational direction (Fig.
3). Moreover, under unidirectional gravity with upside-down type, the cells sense to the
unidirectional gravity which produces the tension force to the cells. On the other hand, under
isotropic gravity conditions, which can be established by the operation of 3D-clinostat with
constant rotation in in X- and Z-axis (Gravite®, Fig. 3). The cells experience the dynamic
multidirectional gravity, which is isotropic gravity during the rotations. As this phenomenon,

cells sense isotropic tension force during the culture with operation of 3D-clinostat. Although



the advent and improvement of this culture process has allowed the effects of isotropic gravity
to be studied in vitro, the isotropic gravity by 3D-clinostat has been rarely applied to evaluate

the responses from a number of cell types especially in hMSCs.

Unidirectional gravity culture Isotropic gravity culture
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Fig. 3 Culture systems using in this study, which are unidirectional gravity culture (left) with
face-up type and upside-down type, and isotropic gravity culture (right) by operation of a 3D-
clinostat (Gravite®) that generate the isotropic gravity culture conditions by rotations in X- and

Z-axis with constant angular velocity.



Research outline

This study aims to understand the influence of isotropic gravity on neurogenic
differentiation potential in passaged hMSCs during cell expansion process. This study considers
the changes in migration behavior, mechanotransduction, and histone modification within the
cells between those cultured under unidirectional gravity conditions and isotropic gravity
conditions. This thesis is divided into 3 chapters, at the preface section as introduction. This
section describes an overview of the usage of hMSCs in regenerative medicine and illustrates
the changes in cellular properties during cell expansion with increasing passage numbers that
influences the quality of cells for therapeutic applications. Lastly, this section gives information
about the influence of gravity on biological phenomena and principle of isotropic gravity device

for cell culture system in vitro.

Chapter 1 focuses on investigation of cellular mechanisms responsible for modulating
hMSC behaviors under isotropic gravity conditions. Cell behavior is one of the important
indicators that are influenced by several phenomena in the cells such as cell-substrate adhesion,
cell-cell interaction, and dynamic change of cell morphology, which relates to various cell
signalings. This chapter shows mechano-adaptation in hMSCs under altered gravitational
culture conditions by remodeling of cytoskeleton and nucleoskeleton organization as well as
changes in fibronectin assembly and difference in matrix-degrading enzyme activity regarding
the stability of cell-substrate adhesion and migration behavior of hMSCs. The results of this
chapter could be applied for further investigation about influence of mechanotransduction on

differentiation phenotypes in passaged hMSCs shown in next chapter.

Chapter 2 demonstrates an application of isotropic gravity on cell expansion process.
This section focuses on effects of isotropic gravity on nuclear adaptation and neurogenic
differentiation potential in passaged hMSCs. Organization of nuclear lamins involves the

mechanotransduction and chromatin structure in their nucleus. The chromatin compaction
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relates to histone modification, which is a kind of epigenetic memory that is heritable and
affecting their daughter cells. These histone methylations at specific regions regulates their

particular gene expressions influencing differentiation phenotypes of the cells.

Chapter 3 presents the summary of isotropic gravity effects on hMSCs that the results
of this study are capable of proposing an alternative culture process, which possibly maintains
the quality of hMSCs during serial cultivation in terms of differentiation capacity into neural
lineage. Furthermore, the perspective of implementation of isotropic gravity for further cellular

investigations is also be illustrated.

Chapter1 Chapter 2
Investigation of mechanisms responsible Neurogenic differentiation potential in
for modulated behavior of hMSCs passaged hMSCs

Unidirectional gravity / Isotropic gravity Unidirectional gravity / Isotropic gravity

Dynamic cell behavior Nuclear lamins and histone modification
Nuclear
- lamins Histone
- Nucleus modification
Migration Migration

Nuclear lamins
Actin @
Fibronectin

[ Neurogenic differentiation ]

Structural components PassagePassag

Fig. 3 Schematic diagram showing an outline of this study.
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Chapter 1

Investigation of mechanisms responsible for modulated behavior

of hMSCs under isotropic gravity culture

1.1 Introduction

Biological living organisms are able to adapt to changes in surrounding physical
environment (Albrecht-Buehler, G., 1991; Mesland, D.A.M., 1992). Dynamic movement of
cell morphology is greatly affected by the culture boundaries governed by that cells (Lehnert,
D. et al., 2004; Gasiorowski, J.Z. et al., 2013). Alterations in cell behavior influence the
balance of mechanical loadings at the cell membrane, which is the interaction between
intercellular and extracellular components of the cells (Lauffenburger, D.A. et al., 1996; De
Pascalis, C. et al., 2017). The biophysical forces on the cell membrane are the major outputs
from actin cytoskeleton reorganization together with myosin contraction (Hall, A. et al., 2000).
This mechanotransduction occurs between extracellular matrix (ECM) and nucleus via integrin,
focal adhesion proteins, cytoskeleton, and linker of nucleoskeleton and cytoskeleton (LINC)
complex (Wang, N. et al., 2009). These physical cytoplasmic reactions involve the response
of the nucleus in both of nuclear stiffness and several gene transcriptions (Enyedi, B. et al.,
2016) due to changes in nuclear lamina organization (Dahl, K.N. et al., 2008). Until now, the
effects of altered gravitational culture conditions on migration behavior and mechano-
adaptation in the cells, especially in ECM assembly and nucleoskeleton structure are not fully
understood and need to be more comprehensively examined.

Therefore, the aim of this chapter was to investigate the influence of isotropic gravity

on dynamic cell behavior with rearrangement of actin cytoskeleton and fibronectin assembly in
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hMSCs. Moreover, structural organization of nuclear lamina was also evaluated in order to
understand the changes in mechanotransduction in the hMSCs cultured under unidirectional
gravity conditions and isotropic gravity conditions. This chapter presents the fundamental
mechanism of isotropic gravity underlying the biophysical phenomena involving the interaction

between ECM and nuclear lamina via reorganization of actin cytoskeleton.

1.2 Materials and methods

1.2.1 Cells and culture conditions

Bone marrow-derived hMSCs (Lot no. 0000374385; Lonza Walkersville Inc.,
Walkersville, MD, USA) were cultured according to the manufacturer’s instructions. Routine
subcultures of hMSCs were maintained with hMSC growth medium (Lonza) at 37 °C
containing 5% COz in a humidified atmosphere. At 70% confluency, the cells were detached
by treatment with a 0.1% trypsin/0.02% EDTA enzymatic solution (Sigma-Aldrich, St. Louis
MO, USA) and then cultured in a new culture vessel. In this study, cells at their fifth passage
were used the following experiments.

For all experiments in this chapter except staining of F-actin and lamin A/C (Fig. 1-9),
hMSCs were expanded for the specified number of days in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich) at a depth of 4 mm supplemented with 10% fetal bovine
serum (FBS; Life Technologies, Carlsbad, CA, USA) and antibiotics (Life Technologies) in the
T-flask culture vessels (Corning, Tewksbury, MA, USA). The seeding density was 5.0 x 103
cells/em? calculated using the number of viable cells that was estimated by a trypan blue
exclusion test with a hemocytometer via the direct counting of cell suspension.

In the case of F-actin and lamin A/C staining (Fig. 1-9), cryopreserved bone marrow-
derived hMSCs (Lot no. 0000654251; Lonza) at second passage cultured with hMSC growth

medium (Lonza) were used for investigation of F-actin and lamin A/C structure.
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1.2.2 Cell culture under isotropic gravity conditions

The Gravite®, a culture device used for generating isotropic gravity environment, was
produced by Space Bio-Laboratories Co., Ltd. (Hiroshima, Japan). Using a simultaneous
rotation with constant angular velocity on two axes, the Gravite® abrogates the cumulative
gravity at the center of the machine, producing a simulated microgravity conditions of 10° G
in 8 min after the operation estimated by an attached acceleration sensor in the Gravite®. This
is achieved by rotation of the culture chamber located at the center of the device that is possible
to disperse the gravity direction uniformly within a spherical boundary. In the culture, on day
0, hMSCs were seeded into a 12.5-cm? T-flask with vented filter cap (Corning). After the
attachment for a day, the medium was removed and completely filled with fresh medium
without any bubbles. Then, the cells were cultured under isotropic gravity environment at the
center of the Gravite® until day 3 without any medium change. For the time-lapse observations,
a phase contrast microscope with a 10x objective lens has been installed into the Gravite®. After
setting position of the culture flask above the objective lens, the machine started rotations and
the images were automatically obtained every 10 min during this machine’s operation
continuously. For control condition, on day 1 after fully filled with fresh medium into the T-
flask without any bubbles, the cells were cultured under unidirectional gravity with face-up

condition under static environment.

1.2.3 Immunofluorescent staining

Immunostaining was carried out as described previously (Kim, M.H. et al., 2010).
Briefly, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS; Wako
Pure Chemical Industries, Tokyo, Japan) for 10 min at room temperature. Then, the cells were
incubated in PBS with 0.5% polyoxyethylene octylphenyl ether for 10 min. After that the

samples were masked the non-specific proteins at 4 °C overnight with Block Ace (Dainippon
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Sumitomo Pharma Co., Ltd., Osaka, Japan) and subsequently incubated with primary
antibodies at 4 °C overnight. This study used primary antibodies against fibronectin (Santa Cruz
Biotechnology, Dallas, TX, USA), total paxillin (Millipore, Billerica, MA, USA),
phosphorylated paxillin (Cell signaling technology Inc., Danvers, MA, USA), lamin A/C (Santa
Cruz), and lamin B (Abcam, Cambridge, UK). All antibodies were adequately diluted in
deionized water containing 10% Block Ace. After primary staining, the samples were washed
twice with Tris-buffered saline (TBS; Dako, Glostrup, Denmark) and immunolabeled with the
designed secondary antibodies (Alexa Flour 488-conjugated anti-rabbit, anti-mouse, or anti-
goat IgG or Alexa Flour 594-conjugated anti-mouse IgG; both from Life Technologies) for 1 h
at room temperature. The samples were stained with 4’,6-diamidino-2-phenylindole (DAPI,
Life Technologies) and fluorescence-rhodamine-phalloidin (Life Technologies) for nuclei and
F-actin, respectively. The fluorescent staining images were taken using a confocal laser

scanning microscope (FV-1000; Olympus, Tokyo, Japan) through 60x or 100x objective lenses.

1.2.4 Quantitative real-time reverse transcription—polymerase chain reaction (QRT-PCR)

RNA isolation and gRT-PCR assays were carried out following an referring report
(Kim, M.H. etal., 2014). Briefly, total RNA was isolated from the cells using an RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to company instruction. Then, the isolated RNA was
reverse transcribed using a PrimeScript® RT reagent kit (Takara Bio Inc., Shiga, Japan). The
gRT-PCR assays were conducted using SYBR® Premix Ex Taq (Takara Bio Inc.) and carried
out on a real-time PCR system (Applied Biosystems 7300, Thermo Fisher Scientific, Waltham,
MA, USA). This study utilized the following specific primers according to other reports shown
as Table 1-1 (Gilles, C. et al., 2001; Ogawa, Y. et al., 2015). Relative mMRNA expression of
the target genes was evaluated by the cycle threshold value (C;) and normalized to that of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the 244t method.
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Table 1-1 Primer sequences used in gene expression analysis in chapter 1

Genes Forward sequence (5’ — 3°) Reverse sequence (5 — 3°)

MT1-MMP CCATTGGGCATCCAGAAGAGAGC GGATACCCAATGCCCATTGGCCA
Fibronectin GGTGACACTTATGAGCGTCCTAAA AACATGTAACCACCAGTCTCATGTG

GAPDH CAACGGATTTGGTCGTATTGG GCCATGGGTGGAATCATATTG

1.2.5 Protein extraction and western blot analysis

Protein extraction and western blot analysis were conducted following a referring report
(Kim, M.H. et al., 2014). Briefly, cells were rinsed with ice-cold PBS twice and then total
protein in the cells was extracted using RIPA lysis buffer (Sigma-Aldrich) and a Halt™ protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific) on ice for 30 min. Protein
concentration was estimated using a BCA protein assay kit (Thermo Fisher Scientific). Equal
amounts of total lysates were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to immun-Blot low fluorescence PVDF
membrane (Bio-rad, Hercules, CA, USA). The membrane was blocked with ECL™ blocking
agent (GE Healthcare, Chicago, IL, USA) for 1 h at room temperature and then incubated with
primary antibodies against total paxillin (Millipore), phosphorylated paxillin (Cell signaling
technology), and GAPDH (Sigma-Aldrich) overnight at 4 °C. Later, the membrane was
incubated with secondary antibodies, DyLight® 800 anti-Rabbit IgG (Thermo Fisher
Scientific), Starbright™ blue 700 anti-mouse 1gG (Bio-Rad), for 1 h at room temperature.
Fluorescent signals were displayed with a ChemiDoc™ MP Imaging system (Bio-Rad). The
optical intensity of protein signals was quantified using an image processing and analytical

software (Image Lab™, Bio-Rad).
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1.2.6 Statistical analysis

All quantitative data were obtained from triplicate samples, which are expressed as the
means + standard deviation (SD). Comparisons between the groups were evaluated by one-way
analysis of variance (ANOVA) and the Tukey’s honest significance test. P-values less than 0.01

were considered statistically significant.

| Time-lapse observation

Unidirectional gravity
Isotropic gravity

Unidirectional gravity
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-»® &- :

Cell seeding Fill medium completely Staining and
without bubbles observation

Fig. 1-1 Schematic diagram showing an experimental plan in chapter 1.

1.3 Results

1.3.1 Changes in behavior of hMSCs

To examine the influence of isotropic gravity on dynamic morphological changes in
hMSCs, the cells were cultured under unidirectional gravity conditions for a day. Then, a
Gravite® was used to generate isotropic gravity conditions in the culture environment, and the
changes in cell behavior were monitored. Notably, the time-lapse observing images show that
the cells presented dynamic protrusions and extensions of cell boundary during the cultures
under both gravitational conditions. Cells cultured under unidirectional gravity conditions
presented the spindle-shaped cells with unidirectional migration through extension of the
leading edge following by contraction of the trailing edge (Fig. 1-2A). On the other hand, cells

cultured under isotropic gravity conditions showed multidirectional migration by active
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extension of leading edge with partial contraction of cell rear (Fig. 1-2A). Furthermore, cells
under isotropic gravity conditions exhibited higher frequency of directional changes of

migration than those under unidirectional gravity culture conditions (Fig. 1-2B).
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Fig. 1-2 Representative snapshot images showing migration behavior of hMSCs under
unidirectional gravity conditions and isotropic gravity conditions (A). Scale bars: 50 pm.
Quantitative analysis of cell migration having directional changes in the movement evaluated
from time-lapse observations (B). The directional change in migration was defined by a cell
movement with change in the direction that was greater than 90 degrees from its initial direction

(n =20).
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1.3.2 Cytoskeletal structure and focal contact formation

To clarify actin cytoskeletal structure, hMSCs cultured under unidirectional gravity
conditions and isotropic gravity conditions were fluorescent stained with F-actin at days 1 and
3 of the cultures. The cells under unidirectional gravity culture conditions on day 1 (Fig. 1-3A)
and day 3 (Fig. 1-3B) had longitudinal actin stress fibers along both of the apical side and basal
side. However, the cells grown under isotropic gravity conditions showed broader cortical actin
fibers in the filopodia and lamellipodia regions and had few stress fibers mainly located at the
basal side but not apical side (Fig. 1-3C). Furthermore, paxillin, a focal contact protein, was
also investigated in cells under both gravitational conditions at the same time points. These
observing results indicate that paxillin spots located at the central and peripheral regions of the
cells cultured under both gravitational conditions, with intensive staining at the end of stress
fibers with the longitudinal direction in a scattered manner. In addition, cells under isotropic
gravity conditions showed more paxillin aggregation, especially at the leading edges of the cells
(Fig. 1-3C). In contrast, cells cultured under unidirectional gravity conditions exhibited the

dispersion of paxillin at both of the cell edges and bodies (Fig. 1-3A, 1-3B).

To examine dynamics of focal contact protein at the migration state, hMSCs on day 3
were evaluated by immunostaining and western blot analysis of total paxillin and
phosphorylated paxillin. Based on immunostaining observations, cells cultured under
unidirectional gravity conditions, phosphorylated paxillin was mainly co-localized with paxillin
in the central and peripheral regions (Fig. 1-4A). However, cells cultured under isotropic gravity
conditions had phosphorylated paxillin with more intensive formation at the cell edges (Fig. 1-
4B1) compared with those grown under unidirectional gravity conditions (Fig. 1-4A1l). In the
case of western blot analysis, although the relative fluorescent levels of total paxillin against
GAPDH were not significantly different between two culture conditions. Nevertheless, average

intensity ratio of phosphorylated paxillin per total paxillin in cells cultured under isotropic
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gravity conditions was significantly higher than those grown under unidirectional gravity
conditions (Fig. 1-4C and Fig. 1-4D), which demonstrates the enhancement of paxillin

phosphorylation at edges of the cells under isotropic gravity conditions.
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Fig. 1-3 Actin cytoskeleton structure and focal adhesion formation in hMSCs. Representative
images showing F-actin (red) and paxillin (green) organization as well as the nuclei (blue) in
cells on day 1 (A) and day 3 (B) under unidirectional gravity conditions and on day 3 in cells
cultured under isotropic gravity conditions (C). Panels A1-C2 present enlargements of the
boxed areas in panels A-C, respectively. Panels Al, B1, and C1 show the apical sides, while
panels A2, B2, and C2 present the basal sides. Panels A3, B3, and C3 indicate the vertical cross-

sectional views between the arrows in panels A—C, respectively. Scale bars: 20 pum.
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Fig. 1-4 Phosphorylation of focal contact protein in hMSCs. Representative images showing
phosphorylated paxillin (green), total paxillin (red), and nuclei (blue) on day 3 in cells cultured
under unidirectional gravity conditions (A) or isotropic gravity conditions (B). Panels Al and
B1 show enlargements of the boxed areas in panels A and B, respectively. Scale bars: 20 um
(A and B) and 10 um (Al and B1). Representative images of western blot analysis of total
paxillin and phosphorylated paxillin levels in hMSCs on day 3 (C). Quantitative analysis of

level ratio of phosphorylated paxillin to the total paxillin in hMSCs on day 3 (D) (n = 3). *p <

0.01.
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1.2.3 Fibronectin assembly and activity of enzymatic matrix degradation

Fibronectin assembly and actin cytoskeletal formation were observed by fluorescent
staining of fibronectin and actin cytoskeleton in the cells grown under both gravitational culture
conditions at day 1 and day 3 as adhesion state and migration stage, respectively. In both culture
types of gravity-treated cells, concentrated fibronectin was detected at the interface between the
cells and culture surface. On day 1, fibronectin with fibril structures were not observed at the
region of cell periphery (Fig. 1-5A1), but few were detected in the longitudinal direction under
cell bodies with stress fibers (Fig. 1-5A2). On day 3, the cells cultured under unidirectional
gravity conditions had fibronectin fibrillogenesis under the cell bodies indicated by an increase
of fibronectin fibrils (Fig. 1-5B2) from those on day 1 (Fig. 1-5A2). On the other hand, cells
cultured under isotropic gravity conditions on day 3 were observed with fewer fibronectin
fibrils under the cell bodies (Fig. 1-5C2), but exhibiting more aggregated structure than those
grown under unidirectional gravity conditions (Fig. 1-5B2). In addition, cells cultured under
isotropic gravity conditions had significantly lower mRNA expression of fibronectin than the

cells grown under unidirectional gravity conditions (Fig. 1-6A).

To investigate activity of enzymatic matrix degradation, the expression of membrane-
type-1 matrix metalloproteinase (MT1-MMP or MMP14), which is a surface enzyme
responsible for fibronectin degradation, was evaluated in cells grown under both gravitational
culture conditions at days 1 and 3 by gRT-PCR assay. As shown in Fig. 1-6B, the relative
MRNA expression of MT1-MMP in cells cultured under unidirectional gravity conditions was
significantly lower on day 3 than their expression on day 1. However, cells cultured under
isotropic gravity conditions presented the significantly higher MT1-MMP expression on day 3
than that detected on day 1. Moreover, MT1-MMP expression in cells on day 3 cultured under
isotropic gravity conditions was approximately 3-fold higher than those grown under

unidirectional gravity culture conditions.
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Fig. 1-5 Fibronectin assembly and cytoskeleton formation in hMSCs. Representative images
showing F-actin (red), fibronectin (green), and nuclei (blue) on day 1 (A) and day 3 (B) in cells
cultured under unidirectional gravity conditions and on day 3 in cells cultured under isotropic
gravity conditions (C). Panels A1-C2 present enlargements of the boxed areas in panels A-C,
respectively. Panels Al, B1, and C1 show the cell peripheries, while panels A2, B2, and C2

present the cell bodies. Scale bars: 20 um (A-C) and 10 pm (A1-C2)
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Fig. 1-6 Quantitative RT-PCR analysis of fibronectin (A) and MT1-MMP (B) expressions in
hMSCs cultured under unidirectional gravity conditions (shaded bars) on day 1 and day 3 as

well as isotropic gravity conditions (open bar) on day 3. (n = 3). *p < 0.01.

1.3.4 Structural organization of nuclear lamina

This study further investigated the structural organization of nuclear lamins (types A/C
and B), which are major components of the nuclear lamina in the nuclei of cells on day 3
cultured under both gravitational conditions. Immunostaining observations show that lamin
A/C and lamin B were detected mostly at the periphery of the nuclei in all culture conditions
(Fig. 1-7, Fig. 1-8). However, cells cultured under isotropic gravity conditions presented more
concentrated lamin B at periphery than those grown under unidirectional gravity conditions.
Cells cultured under unidirectional gravity conditions showed lamin A/C mainly located at the
apical side, indicating a basal-to-apical polarization of lamin A/C (Fig. 1-7Ala). Remarkably,
cell cultured under isotropic gravity had lamin A/C localized on both apical and basal sides
(Fig. 1-7B1a), suggesting that polarization of lamin A/C has less occurrence in the cells cultured

under isotropic gravity conditions.
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lamin A/C (panels A1-B1) and lamin B (panels A2-B2) as well as the merged images (panels
A3 and B3) represent lamin A/C (red), lamin B (green), and nuclei (blue) on day 3 in cells
cultured under unidirectional gravity conditions (Al - A3) or isotropic gravity conditions (B1-

B3). Panels Ala-B3a indicate the vertical cross-sectional views between the arrows in panels

Al - B3, respectively. Scale bars: 5 um.
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Fig. 1-7 Structural organization of nuclear lamins in hMSCs. Representative images shows
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Fig. 1-8 Vertical distribution of nuclear lamins in hMSCs. Representative images show lamin
AJ/C (red) and lamin B (green) in cells on day 3 cultured under unidirectional gravity conditions
(A1-A3) or isotropic gravity conditions (B1-B3). Panels A1/B1, A2/B2, and A3/B3 present the

apical, middle, and basal sides of the nucleus, respectively. Scale bars: 5 um.

To confirm, the relationship between apical actin stress fibers and a basal-to-apical
polarization of lamin A/C, fluorescent staining of F-actin and mechanosensitive nuclear lamin
A/C was conducted in cells cultured under unidirectional gravity and isotropic gravity for 3
days. Cells cultured under unidirectional gravity under face-up condition and upside-down
condition exhibited apical stress fibers over the nucleus together with appearance of a
polarization of lamin A/C. However, cells grown under isotropic gravity conditions mostly
presented less apical stress fibers that mainly along the basal side, with fewer cells having a

polarization of lamin A/C than those grown under unidirectional gravity conditions (Fig. 1-9).
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Fig. 1-9 Cytoskeleton and nucleoskeleton organization in hMSCs on day 3. Fluorescent staining
images show F-actin (red) and lamin A/C (green) in the cells cultured under unidirectional
gravity under face-up condition (A), upside-down condition (B) or isotropic gravity conditions

(C). Panels A1-C2 present the enlargements of the boxed areas [Continued on the next page]
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1.4 Discussion

Alterations in culture environment surrounding the cells are extensively noted to
influence their behavior. However, the mechanism of cellular adaption to the different
gravitational conditions has been largely unknown. Cells have an attachment and spreading to
the culture surface by interacting with the adsorbed surface proteins via integrins that stabilizes
the cell adhesion (Doyle, A.D. et al., 2012). The interactions between integrins and surface
protein controlled by surface adsorption and conformation of ECM proteins such as fibronectin
(Bergkvist, M. et al., 2003). Thereby, variations in mechanical surface properties or structural
organization of ECM affect the generation of cellular tractional forces at the integrins (Ingber,
D.E., 2006). Adhesion between cells and culture substrate are involved in cell migration due to
formation and turnover of focal contact proteins as well as remodeling of cytoskeleton
formation (Gardel, M.L. etal., 2010). Phosphorylation of paxillin conducts formation of active
lamellipodium protrusions (Zaidel-Bar, R. et al., 2007) and is frequently used to indicate the
dynamics of focal contact turnover (Nagano, M. et al., 2012). Several researchers have
documented that degradation of ECM is mediated by various factors including activity of matrix
metallopeptidase (MMP) (Westermarck, J. etal., 1999). Notably, the dynamics and distribution
of focal contacts regulated by MT1-MMP (Bravo-Cordero, J.J. et al., 2016) that the MT1-
MMP plays as an important role in fibrillar fibronectin degradation (Shi, F. et al., 2011).
Moreover, cellular response through the interaction between ECM, focal adhesion,
cytoskeleton, and nucleus is one of the most important consideration for mechanotransduction

systems in the cells (Wang, N. et al., 1993).

Fig. 1-9 [Continued from previous page] in panels A-C, respectively. Panels A1-C1 showing
the apical sides, while panels A2-C2 present the basal sides. Panels A3-C3 indicate the vertical

cross-sectional views between the arrows in panels A-C, respectively. Scale bars: 20 um.
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Nuclear lamins are widely known to interface membrane-associated proteins to form
nuclear lamina at the inner of nuclear membrane (Vicek, S. et al., 2007). Actin cytoskeleton,
which is linked to the nuclear lamina associated by LINC complex, has recently been reported
to affect the remodeling of chromatin structure and expressions of transcriptions (Graham, D.M.
et al., 2016). The biophysical connection provides a structural fundamental for mechanical
transduction influencing the chromatin compaction via the actin cytoskeleton (Gieni, R.S. et
al., 2008). Current reports also have provided the critical information about the significant
contribution of nuclear lamins to mechanical properties and genome organization in the nucleus
(Lammerding, J. et al., 2004; Swift, J. et al., 2013; Kim, J.K. et al., 2017). For example,
nuclear lamin A/C contributes to nuclear stiffness (Lammerding, J. et al., 2006; Chen, L. et
al., 2018) and is influenced by apical actin formation (Kim, J.K. et al., 2017), which is an
essential aspect of signalings from mechanical loadings between the ECM and nucleus (Kim,
D.H. etal., 2015). Notably, lhalainen et al. (Ihalainen, T.O. et al., 2015) have well documented
that a basal-to-apical polarization of lamin A/C is mediated by compression to the nucleus. This
information presents that differential basal-to-apical polarization of lamin A/C epitopes in the
nuclear lamina are controlled by mechanical forces in response to environmental changes due
to alteration in actin cytoskeletal contraction.

This study investigated changes in cytoskeleton and nuclear lamina in hMSCs cultured
under different gravitational conditions. Fig. 1-10 shows a schematic diagram about the effects
of isotropic gravity on cell-surface interfaces with changes in fibronectin assembly,
construction of focal adhesions, and formation of actin cytoskeleton network. The recent culture
system for simulation of microgravity environment, 3D-clinostat (Gravite®), has enabled the
study of the effects of gravity on cell behavior. In unidirectional gravity culture condition, Cells
had a stretched morphology and unidirectional migration (Fig. 1-2 A) with the maintenance of

their spindle-shape via fibronectin fibril formation in their bodies and stabilization of focal
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adhesions with enriched apical actin stress fibers (Fig. 1-3 and Fig. 1-5). On the other hand,
cells cultured under isotropic gravity conditions had a multidirectional migration with active
extension of leading edge (Fig. 1-2 A) and were partially contracted as well as more degradation
of fibronectin fibrils at the cell rear (Fig. 1-3 and Fig. 1-5). These phenomena were supported
by immunostainings of phosphorylated paxillin and total paxillin, which presented the higher
intensity ratio of the phosphorylated form at cell edges in isotropic gravity conditions (Fig. 1-
4). The results of this study suggest that cells cultured under isotropic gravity have active
extension of their leading edges together with the inhibition of fibronectin fibrillogenesis by
up-regulation of MT1-MMP expression (Fig. 1-6B). This enzymatic activity causes the release
of focal adhesions and suppress maturation of stress fiber formation, which influence on the
migration behavior, similarly to previously findings of hMSCs grown on dendrimer-
immobilized surfaces (Ogawa, Y. et al., 2015). Moreover, another similar phenomenon is also
reported in the study on osteoblastic cells that microgravity environment affected their
fibronectin assembly (Guignandon, A. et al.,, 2014). In addition, the promotion of
phosphorylated paxillin mediated active cell migration together with turnover of focal contacts
have also been documented (Wozniak, M.A. et al., 2004). Accordingly, based on the results of
this study and those of other related studies, isotropic gravity has induced the changes in
fibronectin assembly by up-regulation of MT1-MMP expression, which the fibronectin is
mainly responsible for the construction of focal adhesions and formation of cytoskeleton by
cell-substrate interactions. This activation of focal adhesion could determine cell behavior by
initiation of intracellular signaling cascades such as signaling by Rho family small GTPases
(Boudreau, N.J. etal., 1999). To be acknowledged, this is the first time to investigate the effects
of isotropic gravity on the behavior of hMSCs together with illustration of altered cellular
mechanism involving with modulation in ECM assembly, stabilization of focal adhesions, and

cytoskeleton reorganization that respond to the gravitational environment.
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This chapter also reports the alteration in nuclear lamina-cytoskeleton interaction in
hMSCs mediated by isotropic gravity-driven fibronectin assembly. This study found apical
stress fibers together with a basal-to-apical polarization of lamin A/C in hMSCs cultured under
unidirectional gravity conditions (both of face-up and up-side down conditions) but these apical
actin stress fibers and the polarization was much lower in cells that were cultured under
isotropic gravity conditions (Fig. 1-9). It is plausible that apical actin stress fibers that link to
apical site of the nuclear surface, continuously generate compressive forces on the nucleus.
Inhibition of apical actin stress fiber formation decreases the level of compressive pressure
applied to the nuclear lamins and enforces polarization of lamin A/C meshwork at apical site to
remodel back to less tightly packed state as non-polarization (Kim, D.H. et al., 2015). Owing
to other report (lhalainen, T.O. et al., 2015), it is possible that alternations of surrounding
environments including gravity, might induce changes in the cytoskeleton-nuclear lamina
interactions via the modification of ECM-cytoskeleton organization. These current results
present that isotropic gravity environment induces changes in mechanotransduction in hMSCs
through the loss of lamin A/C polarization due to disruption of the apical stress fiber formation.
Alteration in mechanotransduction in hMSCs observed under isotropic gravity conditions
seemed to be similar to the concept of “force isotropy” documented by Nava et al showing that
the cytoskeletal forces were relevant to the extracellular loadings (Nava, M.M. et al., 2012).
According to their work, isotropic tension in cytoskeleton is mediated by focal adhesions and
traction forces in cytoskeleton with similar magnitude at varying orientation, indicating
roundish nuclear morphology. Therefore, it is likely that isotropic gravity induces isotropic
properties which demonstrates an isotropic force distribution in term of position and momentum
in the cells. For further investigation on the applications of isotropic gravity in cell-based
therapy, the next chapter will present the influence of altered mechanotransduction by isotropic

gravity on epigenetic modification and differentiation potential in passaged hMSCs.
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Fig. 1-10 Schematic illustration showing the processes of fibronectin assembly, focal adhesion

construction, and actin cytoskeleton formation together with structural changes in the nuclear

lamina in hMSCs suggested by the finding in this chapter. When cells cultured under

unidirectional gravity conditions, the cells undergo unidirectional migration with extension at

the cell edge (Al) and show the stable adhesion of the cell body along with fibronectin fibril

formation, focal adhesion assembly, and stress fiber maturation (A2). These characteristics

subsequently influence on a basal-to-apical polarization of lamin A/C. However, cells cultured

under isotropic gravity conditions showed multidirectional migration with active extension of

the cell edge (B1) and have less adhesion stability due to fibronectin aggregation resulting from

the upregulation of MT1-MMP expression (B2). These changes suppressed focal adhesion

assembly and caused formation of immature stress fiber influencing to non-polarization of

lamin A/C due to lack of mechanotransduction in the cells.
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1.5 Summary

This chapter presents the influence of isotropic gravity on mechanism of modulation in
cell behavior with changes in cytoskeletal and nucleoskeletal organization in hMSCs. These
results indicate that the observed changes in migration are largely occurs due to disruption of
the fibronectin assembly. The altered fibronectin structure induced by MMPs are widely known
to play an important role in the reorganization of cell-substrate interactions, the subsequent
remodeling of actin cytoskeleton and changes in nucleoskeleton structure. Taken together, this
study provides significant insight into the functional mechanism of gravity that affects cell

behavior and mechanotransduction in hMSCs.
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Chapter 2

Neurogenic differentiation potential in passaged hMSCs

under isotropic gravity culture

2.1 Introduction

Human mesenchymal stem cells (hMSCs) have self-renewal and differentiation
capacities that are important characteristics to apply in tissue engineering and regenerative
medicine (Ullah, I. et al., 2015). Differentiation potentials of hMSCs into multiple lineages
have promoted the possibility of autologous transplantation of hMSCs as therapy for human
diseases (Bang, O.Y. et al., 2005). Central nervous system (CNS), composed of brain and spinal
cord, is the most important of regulation panel in human body. CNS disorders including
neurodegenerative diseases, traumatic brain injury (TBI), spinal cord injury (SCI), and stroke
present significant therapeutic challenges because an effective treatment is rarely achieved due
to limitation of their regeneration (Kim, S.U. et al., 2009). An utilization of human embryonic
stem cells (hESCs) has been suggested as one of the novel techniques for treatment of
neurological diseases due to their great ability in differentiation (Lee, H. etal., 2007). However,
there has been concerns about the risk of immune rejection (Barker, R.A. et al., 2004), limited
availability of the cells, and ethics (McLaren, A., 2001) that were the major barriers for their
clinical applications. As hMSCs that have multipotency to differentiate into ectodermal lineage
such as neurons and secretion of signaling molecules, many researchers have presented that
hMSCs could be used as autologous transplantation to patients with middle cerebral artery
occlusion, which improved functionality and lessened cerebral atrophy (Bang, O.Y. et al.,

2005). Moreover, many attempts to cure the CNS disorders by using hMSCs have been
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subsequently reported (Cho, S.R. et al., 2009; Joyce, N. etal., 2010; Momin, E.N. et al., 2010)
and some examination presented that cell-based therapy had better functional outcomes than
drug therapy in clinical trials (Lindvall, O. et al., 2010; Lo Furno, D. etal., 2018). As a result,
hMSCs present an impressive potential in cell-based therapy of neurogenic disorders that could
improve the performance and quality of therapeutic applications.

The properties of expanded hMSCs is one of the essential aspects to consider in order
to assess the efficacy of their therapeutic applications for the treatment of human illnesses
(Ikebe, C. etal., 2014). However, during in vitro expansion under unidirectional gravity culture
conditions, hMSCs with higher passage numbers tend to lose their proliferation ability and
capacity of multilineage differentiation (Kretlow, J.D. et al., 2008; Wagner, W. et al., 2008;
Zaim, M. et al.,, 2012), as well as a reduction in neurogenic gene expressions in the
differentiated neural cells (Shall, G. et al., 2018). Moreover, the differentiation of hMSCs into
neurogenic lineage is still challenging point to make the high level of the differentiation
comparing to the other differentiation into mesodermal lineage (Zhang, Q. et al., 2018). Due
to these phenomena, alternative culture system with appropriate culture strategies should be
developed for cell preparation and maintenance, which allow them to preserve their
undifferentiated state or direct the differentiation into the desired fate.

According to the understanding of isotropic gravity effects on cellular adaptation in
hMSCs presented in chapter 1, the physical culture environment is well known to be a critical
signal that leads to cellular growth and differentiation (Guilak, F. et al., 2009). Since the
primary examination in the micro gravitational space environment, a number of specific
instruments have been developed for cell culture system under the microgravity conditions
(Kern, V.D. et al., 2001). The growing investigations on the cellular adaptation to altered
gravity environment has shown changes in perception and transduction of biophysical loadings

via networks of actin filaments, and also the alterations in the activity of enzyme kinetics and

34



self-assembly of protein networks (Bizzarri, M. et al., 2014). Mechanical forces occurring at
intercellular and intracellular regions affect the response of cell nucleus due to transduction of
the mechanical signalings via actin cytoskeleton and lamin nucleoskeleton, which influence the
genome expression and organization (Stephens, A.D. etal., 2017).

Modification in epigenetic marks in chromatin, such as histone methylation, is well
known to play an essential role in the promotion or inhibition of specific transcriptional
pathways without any changes in the DNA sequence (Bonasio, R. et al., 2010). Histone
methylation at promoter region is a critical point of the initiation state for transcription that
controls the expression of promoter-related gene (Li, B. etal., 2007). Therefore, this epigenetic
modification is one of the important factors in the regulation of various cellular processes
cascaded with numerous cellular phenotypes (Jaenisch, R. et al., 2003). Moreover,
microgravity exposure has been reported to affect chromatin re-modeling, which contributes to
alteration in gene expressions (Casey, T. et al., 2015). Nonetheless, mechanism of gravity cues
to epigenetic modification is still unclear. The mechanotransduction from ECM to nucleus via
cytoskeleton and nucleoskeleton may be an essential regulator for remodeling of chromatin
structure by histone methylation in cells.

Recently, a 3D-clinostat is one of the common culture machines that have been used for
simulating the microgravity culture conditions (Herranz, R. et al., 2013) by isotropic gravity
environment, and it has been shown to be an effective process on ground for attenuating effects
of gravity similar to space-flight experiments (Tabony, J. et al., 2007). Furthermore, the
epigenetic mechanism of histone modification, which is inherited from cell expansion under
isotropic gravity conditions, is still remaining elusive (Najrana, T. et al., 2016). In addition,
until now, it still requires better understanding about influence of passage culture during growth
expansion of hMSCs on their differentiation capacity into neurons. Neurofilament heavy (NF-

H) and microtubule-associated protein 2 (MAP2) are neuron-specific proteins in mature
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neurons, which NF-H is a neuroskeleton supporting the transmission of electrical impulse, and
MAP2 does the function as stabilization of microtubule for transporting the neurotransmitters
(Paziana, K. etal., 2015). Therefore, the objective of this chapter was to investigate the effects
of isotropic gravity on neurogenic differentiation potential of passaged hMSCs during growth
expansion culture. Moreover, this chapter also discussed the contribution of epigenetic memory
of histone modifications on neurogenic differentiation capacity of hMSCs during serial
cultivation. The results of this chapter are capable of proposing the alternative culture process,
which could maintain the quality of hMSCs during passage culture for therapeutic applications

with effective neurogenic differentiation.

2.2 Materials and methods

2.2.1 Cells and culture conditions

Human bone marrow-derived mesenchymal stem cells (Lot no. 0000654251; Lonza)
were thawed and cultured accordingly to the manufacturer’s protocol in hMSC growth medium
(Lonza) at 37 °C under 5% CO3 in a humidified atmosphere. At 70% confluency, the cells were
enzymatically detached with a 0.1% trypsin/0.02% EDTA solution (Sigma-Aldrich). Then, the
cells were seeded at a density of 4.0 x 102 cells/cm? in every passage of growth culture and a
viable cell number was estimated by counting of suspended cells with a hemocytometer, by a

trypan blue dye exclusion test.

For isotropic gravity culture, a 3D clinostat, Gravite® (Space Bio-Laboratories Co.,
Ltd.), was used which generates a simultaneous rotation on two axes with constant angular
velocity. At the center of the rotating frames, the Gravite® cancels out the cumulative gravity
and simulates microgravity environment of 10 G in 8 min after the operation estimated by an
installed acceleration sensor. Thus, this is accomplished to scatter the gravitational vector

identically within a spherical boundary during the cultures.
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In every passage of growth culture, on day 0, hMSCs were seeded into a 12.5-cm? T-
flask with a vented filter cap (Corning) and cultured under unidirectional gravity environment
under face-up condition for a day in a manner in which cells are attached on the bottom culture
surface. Then, on day 1, the medium was removed from the flask. Subsequently, the flask was
fully filled with fresh medium without any bubbles. After that, the cells were cultured under
unidirectional gravity conditions with face-up side or isotropic gravity conditions at the center
of the Gravite® until day 5 without any medium change. On day 5 of every passage, the cells
were subcultured into a new culture vessel, and the cells were cultured continuously for 3

passages for 15 days in total time.

2.2.2 Proliferation ability

In every passage of growth culture, adhesion efficiency and specific growth rate of the
passaged hMSCs were evaluated for estimation of proliferation ability. After seeding for 24 h,
the cells attached on the culture surface were monitored via a phase-contrast microscope with
magnification at 4x. The attachment efficiency, a (-), was calculated as follows: a = X24/Xo,
where X24 is the cell density after seeding for 24 h, and Xo is the cell density at the seeding. The
specific growth rate, x (h), in an exponential growth phase in each passage was determined as
follows: u = In(X120/X24)/96, where X120 represents the cell density after seeding for 120 h

estimated by enzymatic cell detachment and a trypan blue dye exclusion test.

2.2.3 Fluorescent staining
Immunostaining was conducted as described previously (Kim, M.H. et al., 2014).
Concisely, the cells were washed twice with PBS and fixed for 10 min with 4%

paraformaldehyde in PBS (Wako Pure Chemical Industries) at room temperature. After that,
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the cells were permeabilized with 0.5 % polyoxyethylene octylphenyl ether dissolved in PBS
for 10 min at room temperature. Then, the samples were masked the non-specific proteins by
incubation overnight at 4 °C with Block Ace (Dainippon Sumitomo Pharma). Subsequently,
the samples were incubated with primary antibodies at 4 °C overnight. This study used primary
antibodies against neurofilament heavy (NF-H; Abcam), and microtubule-associated protein 2
(MAP2; Abcam) that were diluted in deionized water containing 10% Block Ace. After the
incubation with primary antibodies, the samples were washed twice with TBS and then
immunolabeled for 1 h at room temperature with the appropriate secondary antibody, Alexa
Flour 488-conjugated anti-mouse IgG and Alexa Flour 594-conjugated anti-rabbit IgG (Life
Technologies). The nuclei were stained with DAPI (Life Technologies), respectively. The
fluorescent stained samples were observed manually by a confocal laser scanning microscope

(FV-1000; Olympus) through a 20x objective lens.

2.2.4 Protein extraction and western blot analysis

The protein extraction and western blot analysis were performed as described previously
(Kim, M.-H. et al., 2019). Briefly, total protein was extracted from the cells by incubation on
ice with a RIPA lysis buffer (Sigma-Aldrich) containing dithiothreitol (DTT, Abcam), a Halt™
protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) for 30 min. Protein
concentration was estimated using a BCA protein assay kit (Thermo Fisher Scientific). Equal
amounts of the total loading proteins were separated by SDS-PAGE (Wako), and transferred to
immuno-blot low fluorescence PVDF membrane (Bio-rad). The membrane was blocked the
non-specific proteins with ECL™ blocking agent (GE Healthcare) for 1 h at room temperature.
After that, the membrane was immunolabeled with primary antibodies at 4 °C overnight that
were diluted in TBS containing ECL™ blocking agent. This protein analysis used the antibodies

against lamin A/C (Santa Cruz), lamin B (Abcam), GAPDH (Sigma-Aldrich), H3K4me3,
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H3K27me3, H3 (Cell signaling technology), NF-H, and MAP2 (Abcam). Then, fluorescent
staining was conducted by incubation with secondary antibodies, DyLight® 800 anti-Rabbit
IgG (Thermo Fisher Scientific) and Starbright™ blue 700 anti-mouse IgG (Bio-Rad) for 1 h at
room temperature. Fluorescent signals were monitored using a ChemiDoc™ MP Imaging
system (Bio-Rad). Finally, the optical intensity of protein signals was quantified using an image

analysis software (Image Lab™, Bio-Rad).

2.2.5 Quantitative real-time reverse transcription—polymerase chain reaction (QRT-PCR)

RNA isolation and qRT-PCR were conducted as described previously (Ogawa, Y. et al.,
2015). Shortly, total RNA was isolated from the cells using an RNeasy Mini Kit (Qiagen,
Hilden, Germany), according to a manufacturer’s instruction. The RNA was then reverse
transcribed to cDNA using a PrimeScript® RT reagent kit (Takara Bio Inc., Shiga, Japan). The
gRT-PCR assays were performed using SYBR® Premix Ex Taq (Takara Bio Inc.) with specific
primers listed in Table 2-1 for their sequences. The assay was executed on a real-time PCR
system (Applied Biosystems 7300, Thermo Fisher Scientific) and the relative mRNA
expression of the target genes was evaluated by the cycle threshold value (C:) and normalized

to that of GAPDH using the 244 method.
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Table 2-1 Primer sequences used in gene expression analysis in chapter 2

Genes Forward sequence (5’ — 3°) Reverse sequence (5 — 3°)
HDAC1 GGGACCTACGGGATATTGGG GACCGCACTAGGCTGGAACA
HDAC2 TGGGAGGAGGTGGATACACAA AGCTTGAAGTCCGGTCCAAA

EZH2 GCGGAAGCGTGTAAAATCAGA CCTTCGCTGTTTCCAACTCTT
JMJD3 CGAGTGGAACGAGGTGAAGAA CCTGGCAGTGCTTCATCGA

CD73 AGTTCGAGGTGTGGACATCGTG ATCATCTGCGGTGACTATGAATGG

CD90 ATCGCTCTCCTGCTAACAGTC CTCGTACTGGATGGGTGAACT

Oct4 AGCAAAACCCGGAGGAGT CCACATCGGCCTGTGTATATC

Nanog TGATTTGTGGGCCTGAAGAAAA GAGGCATCTCAGCAGAAGACA

NF-H CAGAGCTGGAGGCACTGAAA CTGCTGAATGGCTTCCTGGT

MAP2 CGAAGCGCCAATGGATTCC TGAACTATCCTTGCAGACACCT
GAPDH CAACGGATTTGGTCGTATTGG GCCATGGGTGGAATCATATTG

2.2.6 Chromatin Immunoprecipitation with quantitative polymerase chain reaction
(ChIP-gPCR)
ChIP-gPCR was conducted using a SimpleChIP® Enzymatic Chromatin
Immunoprecipitation Kit (Cell signaling technology), according to the manufacturer’s
procedure. This study used three antibodies against H3K4me3, H3K27me3, and 1gG control
(Cell signaling technology) for immunoprecipitation. Immunoselected DNA was quantified by
RT-PCR method with the specific primers against the promoters of MAP2 and NF-H genes.
The ChIP-gPCR primer sequence is listed in Table 2-2. The qRT-PCR assays were analyzed
with SYBR® Premix Ex Taq (Takara Bio Inc.) on a real-time PCR thermal cyclers (Applied

Biosystems 7300, Thermo Fisher Scientific). Cycle threshold value (C:) in each condition was
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used to calculate for relative fold enrichment of H3K4me3 and H3K27me3 at each specific

promoter to condition of 1gG control.

Table 2-2 Primer sequences used in ChlP analysis

Genes Forward sequence (5’ — 3°) Reverse sequence (5° — 3’)
NF-H CTCCTCCAGCGGCTTCCACTCGT GCGCCTGCAGCTGCTCCTTCTCAC
MAP2 TAAGCGGTGTGTGTGTGTGC ATGATGACAAGCCACTCAGC

2.2.7 Neurogenic differentiation potential

For neurogenic differentiation culture, hMSCs that have been cultured under
unidirectional gravity conditions or isotropic gravity conditions on day 5 of every passage, were
transferred into a new culture vessel coated with fibronectin (PromoCell, Germany) with
seeding density of 5.0 x 10° cells/cm?. The cells were incubated with hMSC growth medium
for a day under unidirectional gravity environment. After that, the medium was replaced with
neurogenic differentiation medium (PromoCell). Then, the cells were cultured under

unidirectional gravity conditions for 7 days with the change of culture medium every 3 days.

2.2.8 Statistical analysis

All quantitative data was obtained from triplicate experiments, represented as the means
+ standard deviation. Comparisons between the conditions were evaluated by one-way analysis
of variance (ANOVA) with the Tukey’s honest significance test. The statistical significance

was considered at the p-values less than 0.05.
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Fig. 2-1 Schematic diagram showing experimental plan in chapter 2. P: passage number.

2.3 Results

2.3.1 Proliferation ability

During the cultivation for three passages, on day 1 and day 5 of each passage, the cells
were monitored by a phase contrast microscope for checking the proliferation and cellular
confluency in the cultures. On day 1 of each passage, there were no significant difference about
morphology of the cells from both gravitational culture conditions (Fig. 2-2A). On day 5 in
each passage, the cells presented the proliferation by an increase of cell number and confluency
in the culture. However, cells cultured under both gravitational culture conditions had no

significant difference about their morphology (Fig. 2-2B).
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Fig. 2-2 Morphology of passaged hMSCs during the cultures under unidirectional gravity and

isotropic gravity on day 1 (A) and day 5 (B) of each passage. Scale bars: 200 um.

Proliferation indices were considered as adhesion efficiency («) and specific growth rate
(«) evaluated during a growth passage culture under unidirectional gravity conditions and
isotropic gravity conditions. The a and u values of passaged hMSCs cultured under both
gravitational conditions were consistent at least up to the three passages. There was no
significant difference in adhesion efficiency and specific growth rate between the passaged cells

cultured under both gravitational culture conditions (Fig. 2-3).
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Fig. 2-3 Proliferation ability of hMSCs during growth passage culture under unidirectional
gravity conditions (shaded bars) and isotropic gravity conditions (open bars) estimated by

attachment efficiency (A) and specific growth rate (B) (n = 3).

2.3.2 Phenotypes of passaged hMSCs

To clarify the change in phenotypes of passaged hMSCs during growth expansion
culture under both gravitational conditions, cells on day 5 of each passage were analyzed for
hMSC-specific markers (CD73, CD90), pluripotent markers (Oct4, Nanog), and neurogenic
markers (NF-H, MAP2). The expressions of CD73 and CD90 exhibited no significant
difference between cells cultured under both gravitational conditions, which were maintained
through serial cultivation (Fig. 2-4A-B). The expressions of Oct4 and Nanog in cells cultured
under isotropic gravity conditions were higher than those grown under unidirectional gravity
conditions and remained at a high level at least up to the three passages (Fig. 2-4A-B). However,

these pluripotent levels in cells grown under unidirectional gravity conditions gradually
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decreased against an increase of their passage numbers. At the third passage, the expressions of
Oct4 and Nanog in the cells cultured under isotropic gravity conditions were 2.3 and 2.1-fold
higher than those grown under unidirectional gravity conditions, respectively. In addition, the
analysis of neurogenic markers during growth expansion culture revealed that cells passaged
under both gravitational culture conditions had no significant difference in their neurogenic

expressions (Fig. 2-4E-F).
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Fig. 2-4 Quantitative RT-PCR analysis of hMSC markers; CD73 (A), CD90 (B), pluripotent
markers; Oct4 (C), Nanog (D), and neurogenic markers; NF-H (E), MAP2 (F) in passaged
hMSCs during growth culture under conventional conditions (shaded bars) and isotropic gravity

conditions (open bars) (n = 3). *p < 0.05, **p < 0.01.
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2.3.3 Levels of nuclear lamina

To investigate the influence of isotropic gravity on nucleoskeletal organization in
passaged hMSCs during growth expansion culture, cells cultured with hMSC growth medium
under altered gravitational conditions were examined for the levels of nucleoskeletal proteins
(lamin A/C and lamin B) by western blot analysis (Fig. 2-5A) and the intensity ratio of lamin
AJ/C to lamin B, which relative to GAPDH was calculated (Fig. 2-5B). At the first passage, the
lamin ratio in cells cultured under isotropic gravity conditions was 1.9-fold lower than those
grown under unidirectional gravity culture conditions. Cells cultured under isotropic gravity
conditions had no significant difference in the lamin ratio with an increase in their passage
numbers. However, the lamin ratio in the cells grown under the unidirectional gravity culture
conditions gradually increased with increasing passage humbers. At the third passage, the ratio
of lamin A/C to lamin B in cells cultured under isotropic gravity conditions was 2.4-fold lower

than those grown under unidirectional gravity conditions.
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Fig. 2-5 Levels of nuclear lamins in passaged hMSCs estimated by western blot analysis.
Representative image of western blot analysis (A). P: passage number, Uni: unidirectional
gravity conditions, Iso: isotropic gravity conditions. Quantitative data showing as a normalized

intensity ratio of lamin A/C to lamin B in western blotting images (B) (n = 3). *p < 0.01.



2.3.4 Histone modification

To investigate the changes of global histone modification in passaged hMSCs, cells
cultured with hMSC growth medium under both gravitational conditions on day 5 of each
passage were examined the expressions of enzymatic genes related to histone acetylation and
methylation. From gene expression analysis, there was no significant difference in the passaged
cells in terms of changes in passage numbers, and altered gravitational culture conditions (Fig.
2-6).
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Fig. 2-6 Quantitative RT-PCR analysis of HDAC1 (A), HDAC2 (B), EZH2 (C), and JMJD3
(D) expressions in the cells cultured under unidirectional gravity conditions or isotropic gravity

conditions during growth expansion culture (n = 3).
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To examine changes in epigenetic chromatin marks, histone H3 trimethylation at lysine
4 (H3K4me3) and histone H3 trimethylation at lysine 27 (H3K27me3) in passaged hMSCs,
cells cultured with hMSC growth medium under both gravitational conditions on day 5 in every
passage were investigated by western blot analysis for analysis of global histone modification
(Fig. 2-7A-B). By calculation of the relative intensity of H3K4me3 and H3K27me3 to H3, there
was no significant difference in the passaged cells in terms of changes in passage numbers, and

altered gravitational culture conditions (Fig. 2-7C-D).
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Fig. 2-7 Global histone modification in passaged hMSCs evaluated by western blot analysis.
Representative image of western blot analysis of H3K4me3, H3K27me3, and H3 (A-B). P:
passage number, Uni: unidirectional gravity conditions, Iso: isotropic gravity conditions.
Quantitative data showing normalized intensities of H3K4me3 (C), and H3K27me3 (D) to H3

in western blotting images (n = 3).
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To clarify the histone modification at specific regions, chromatin immunoprecipitation
(ChIP) analysis of activation-associated H3K4me3 and repression-associated H3K27me3 at
promoters of genes related to neuronal lineage, NF-H and MAP2, was conducted in passaged
hMSCs cultured under both gravitational conditions on day 5 in every growth passage. In the
case of H3K4me3 modification at NF-H and MAP2 promoters (Fig. 2-8A-B), there were no
significant differences in the enrichment of H3K4me3 by variation in their passage numbers or
altered gravitational culture conditions. However, H3K27me3 modification showed that at the
first passage, cells cultured under isotropic gravity conditions exhibited the enrichment of
H3K27me3 at promoters of NF-H and MAP2 that were 2.0 and 1.7-fold lower than those grown
under unidirectional gravity conditions, respectively (Fig. 2-8C-D). Cells passaged under
isotropic gravity conditions sustained the enrichment of H3K27me3 at the neuronal promoters
during passaging. Nevertheless, those grown under unidirectional gravity conditions were
significantly accumulated the enrichment of H3K27me3 with their increasing passage numbers.
At the third passage, the enrichment level of H3K27me3 at promoters of NF-H and MAP2 in
cells cultured under isotropic gravity conditions were 2.8 and 3.1-fold lower than those cultured

under unidirectional gravity conditions, respectively.
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Fig. 2-8 Specific histone modification at neurogenic promoters in passaged hMSCs
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representing as relative fold enrichments of H3K4me3 (A, B) and H3K27me3 (C, D) at
promoters of NF-H (A, C) and MAP2 (B, D) genes estimated by ChlIP-quantitative PCR

analysis (n = 3). *p < 0.01.
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2.3.5 Neurogenic differentiation potential

To evaluate neurogenic differentiation potential in passaged hMSCs cultured under both
gravitational conditions, the cells from each growth culture conditions were transferred into a
new culture vessel and cultured with neurogenic differentiation medium for 7 days. The
expressions of neurogenic markers (NF-H and MAP2) were evaluated by immunostaining,
western blot, and qRT-PCR analyses. Fluorescent observations revealed that a large number of
NF-H- and MAP2-positive cells were found in all cultures of passaged cells from both the
gravitational conditions (Fig. 2-9). Western blot analysis of NF-H and MAP2 showed the
prominent differences in their protein expression levels that were dependent on gravitational
conditions and passage numbers (Fig. 2-10A). At the first passage of growth culture, the relative
ratios of NF-H and MAP2 to GAPDH in the differentiated cells from the cells cultured under
isotropic gravity conditions exhibited 1.3 and 1.4-fold higher than those from unidirectional
gravity conditions, respectively (Fig. 2-10B). The relative levels of NF-H and MAP2 in the
cells from the isotropic gravity conditions were consistent at least up to the three passages of
growth culture. However, cells from unidirectional gravity conditions presented the reduction
in NF-H and MAP2 levels in accordance with their increasing passage numbers; especially, the
NF-H and MAP2 levels showed drastic decrease after the first passage of the growth culture.
Lastly, at the third passage of growth culture, the relative levels of NF-H and MAP2 in cultures
from passaged cells under isotropic gravity conditions showed 1.9 and 2.6-fold higher than

those from unidirectional gravity conditions, respectively.
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Fig. 2-9 Immunostainings of the differentiated cells after cultured in neurogenic differentiation
medium for 7 days. Fluorescent staining images show NF-H (red), MAP2 (green), and nuclei
(blue) in the cells from unidirectional gravity conditions or isotropic gravity conditions (A).

Scale bars: 100 pm.
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Fig. 2-10 Neurogenic differentiation potential of passaged hMSCs evaluated by western blot
analysis of the differentiated cells after cultured in neurogenic differentiation medium cultured
under unidirectional gravity conditions for 7 days. Representative image of western blot
analysis for of NF-H, MAP2, and GAPDH (A), P: passage number, Uni: unidirectional gravity
conditions, Iso: isotropic gravity conditions. Quantitative data showing normalized intensities
of NF-H (B) and MAP2 (C) relatively to GAPDH in western blotting images (n = 3). *p < 0.05,

**p < 0.01.
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In addition, this study also examined the expressions of two neurogenic-related genes,
NF-H and MAP2, in the cells during differentiation culture using gRT-PCR method. The
relative gene expression levels of NF-H and MAP2 in cells from isotropic gravity conditions
were higher than those from unidirectional gravity conditions, at the same differentiation
culture time (Fig. 2-11). On day 7 of differentiation culture of cells from the first passage, cells
from isotropic gravity conditions expressed the levels of NF-H and MAP2 that were 1.5 and
1.8-fold higher than those from unidirectional gravity conditions, respectively. By increasing
the passage numbers in growth culture, cells from isotropic gravity conditions showed constant
expression of the neural-related genes. However, cells from unidirectional gravity conditions
decreased their expressions with higher passage numbers in growth culture. At the third
passage, the expression levels of NF-H and MAP2 in cells from isotropic gravity conditions
were 2.7 and 2.5-fold higher than those from unidirectional gravity culture conditions,

respectively.
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Fig. 2-11 Quantitative RT-PCR analysis of NF-H and MAP2 expressions in the cells from unidirectional gravity conditions or isotropic gravity

conditions during neurogenic differentiation culture under unidirectional gravity conditions (n = 3). *p < 0.05, **p < 0.01.
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2.4 Discussion

Gravity arising in the culture environment has a profound influence on proliferation and
differentiation potency of passaged hMSCs in expansion culture and the cellular mechanisms
need to be elucidated in order to control these cellular functions. Stem cell nucleus responds to
physical cues from their surrounding environment, which potentially induce the diverse
biological activities. Nuclear lamins are mechanosensitive proteins that are well known to
regulate mechanical properties by the interaction between fibrillar networks at the inner nucleus
and actin cytoskeleton (Dahl, K.N. et al., 2008). Recent development of an isotropic gravity
culture device for simulation of microgravity has motivated several studies aiming to elucidate
cellular adaptation to the altered gravitational culture environment. The results in chapter 2
indicated that cells cultured under unidirectional gravity conditions exhibited a stretched
morphology and undergo unidirectional migration, while cells cultured under isotropic gravity
conditions presented multidirectional migration with high frequency of directional changes in
their movement. Moreover, cells cultured under unidirectional gravity conditions maintained
their spindle-shape via fibronectin fibril formation in cell bodies and stabilization of focal
adhesion with enrichment of actin stress fibers. However, cells cultured under isotropic gravity
conditions showed an active extension with more intense level of phosphorylated paxillin at
cell edge. Moreover, cells cultured under isotropic gravity conditions also showed the inhibition
of fibronectin fibrillogenesis by up-regulation of MT1-MMP resulting in the aggregate
fibronectin structure in the cell bodies. Because of these phenomena, isotropic gravity
influences on cell behavior and mechanotransduction in hMSCs with changes in ECM assembly
and spatial reorganization of actin cytoskeleton (Koaykul, C. et al., 2019).

Furthermore, this chapter was continuously seeking for the application of
mechanotransduction change by evaluation of the neurogenic differentiation potential in

passaged hMSCs under altered gravitational culture conditions. Fig. 2-12 shows a schematic
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illustration of hypothetical mechanism based on the observed results in this study, which also
addresses two major questions. The first question is how do change in cytoskeletal formations
influence the epigenetic modification under isotropic gravity conditions? Second, how can
these mechanisms maintain neural differentiation potency in passaged hMSC cultured under

isotropic gravity conditions during a serial cultivation?
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Fig. 2-12 Schematic illustration showing working hypothesis of changes in neurogenic
differentiation potential in passaged hMSCs cultured under unidirectional gravity conditions
and isotropic gravity conditions due to alterations in mechanotransduction, organization of

nuclear lamins, and specific histone modification.
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2.4.1 lIsotropic gravity-induced remodeling of cytoskeleton and nucleoskeleton that
contributes to suppression of epigenetic modification in hMSCs

Alterations in cell-substrate adhesion and cytoskeletal formation in response to
environmental change are linked to epigenetic modification (Lelievre, S.A., 2009). It has been
suggested that the structural pathway linking between ECM and nucleus, also defined as the
“mechanotransduction pathway”, is an essential biophysical transduction pathway for
translating the biophysical signalings into the activity within the nucleus (Tamiello, C. et al.,
2016). The study in chapter 1 found the cellular adaptation with differential structure of
cytoskeleton and nucleoskeleton in hMSCs when cultured under altered gravitational culture
conditions. The actin cytoskeleton forms a dome-like actin cap on top of nucleus, which has
been shown to regulate nuclear morphology and nuclear shape-determining functions (Khatau,
S.B. etal., 2010). Several researchers have well documented that assembly of lamin A/C and
lamin B is modified by mechanical signalings was affecting the nucleus (Swift, J. et al., 2014;
Osmanagic-Myers, S. et al., 2015). This study presents the changes in mechanotransduction
by altered gravitational culture conditions that influenced nucleoskeleton adaptation. Cells
grown under unidirectional gravity culture conditions had apical stress fibers over the nucleus
together with appearance of lamin A/C polarization (Fig. 1-9) and higher level ratio of lamin
AJ/C to lamin B against an increase in their passage numbers. However, cells cultured under
isotropic gravity conditions exhibited fewer apical stress fibers over the nucleus that repressed
the lamin A/C polarization and sustained the ratio of lamin A/C to lamin B during the growth
passage culture (Fig. 2-5).

Changes in organization of nuclear lamina in terms of both structure and type-levels
affect nuclear lamina-chromatin attachments influencing on genome organization (Zheng, X.
et al., 2018). Moreover, epigenetic modifications also affect the alterations in gene expressions

and subsequent to cellular phenotypes (Norouzitallab, P. et al., 2019). It has been reported that
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epigenetic switching was associated with histone methylation and demethylation at specific
promoters of differentiation regions, which dictates the hMSC lineage determination and affects
the characteristic and level of differentiated cells (Hemming, S. et al., 2014). Moreover, it is
also well documented that chromatin structure was associated with histone methylation of
H3K4me3 and H3K27me3 at specific sites, which involves gene activation and repression of
the transcriptions from those gene regions (Shilatifard, A., 2006). These histone marks can be
remained and transmitted to daughter cells throughout DNA replication and mitotic cell division
(Wang, F. etal., 2013).

Transcriptions of neurogenic differentiation-related genes such as NF-H and MAP2 are
triggered by neurotrophic factors presenting in the neurogenic differentiation medium (da Silva
Meirelles, L. etal., 2008). In this chapter, by culture under neurogenic differentiation medium,
cells passaged under isotropic gravity conditions presented significantly higher levels of NF-H
and MAP2 proteins in the neurogenic-differentiated cells than those passaged under
unidirectional gravity conditions (Fig. 2-10). In addition, the analysis of repressive
modifications, H3K27me3, at promoters of NF-H and MAP2 indicated that cells from isotropic
gravity conditions exhibited lower levels of this methylation enrichment than those cultured
under unidirectional gravity conditions (Fig. 2-8). The discovery in this chapter on isotropic
gravity-induced changes in nucleoskeleton organization affecting the epigenetic modification
that might be a potential mechanistic basis for the alterations in the gene expression of various

cell phenotypes.

2.4.2 lIsotropic gravity-induced epigenetic memory conducts as a key role in the
maintenance of neurogenic differentiation potential in passaged hMSCs
This chapter shows the examination of hMSC properties during passage culture under

unidirectional gravity conditions and isotropic gravity conditions (Fig. 2-4). Cells grown under
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both gravitational culture conditions maintained the expression of CD73 and CD90, which are
the key markers of hMSCs (Dominici, M. et al., 2006), and also had no significant expressions
of neurogenic markers, NF-H and MAP2, in the cells during serial cultivation. Interestingly,
cells passaged under isotropic gravity conditions consistently maintained their expression level
of pluripotent markers, Oct4 and Nanog, which were significantly higher than those grown
under unidirectional gravity conditions. It has been reported that Oct4 and Nanog were
associated with the multipotency of hMSCs towards the mesoderm lineage through the
regulation of Dnmtl promoter (Tsai, C.C. et al., 2012). Moreover, the up-regulated Oct4 and
Nanog have also presented the enhancement of neurogenic expressions in hMSCs (Zhang, S. et
al., 2015). Therefore, these results support the capability of isotropic gravity culture that is able
to preserve the undifferentiated state of hMSCs during serial cultivation.

Histone modification associated with epigenetic memory also impacts the stem cell
differentiation (Feinberg, A.P. et al., 2016). Following the discussion above, mechano-
adaptation of the stem cell nucleus reacts with biophysical loading in association with the actin
cytoskeleton. The stem cell nucleus responds to mechanical signalings by reorganizing their
nucleoskeleton and chromatin architecture, and the mechanical loading also instills a
mechanical memorization in nuclei through modification in chromatin condensation (Heo, S.J.
etal., 2015).

Exposure of physical input to the nucleus during long cultivation time, the force induces
cellular modulation in the nucleus by synthesis of additional or new elements, which potentially
controls subsequent mechanical signalings that are interpreted by the cells. Cellular
memorization indicates a specific subdivision of mechanotransductive reactions. It is induced
by mechanical dosage that is greater than some thresholds, and results in persistence of
mechano-adaptive response, which further influences the expressions of cellular phenotypes

(Heo, S.J. et al., 2018). Another study presents that hMSCs isolated from different sources,
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such as adipose tissue and bone marrow, have altered epigenetic memory that contributes to
changes in differentiation capacities into specific fates (Xu, L. et al., 2017). Thus, the culture
condition during the cell expansion is the buildup of the remodeling of mechanical adaptation,
which is stored as epigenetic memory in the cells.

This chapter presents the epigenetic mechanisms in passaged hMSCs, which maintained
their phenotypes while growing under isotropic gravity conditions. Cells cultured under
isotropic gravity conditions presented the maintenance of neurogenic differentiation potential
during passage culture (Figs. 2-9, 2-10, 2-11). However, cells grown under unidirectional
gravity conditions showed a reduction in the neurogenic differentiation potency due to
accumulation of H3K27me3 at neurogenic promoter sites (Fig. 2-8). The mechano-sensitive
systems, molecules, and signaling pathways are involved in the response and adaptation to
isotropic gravity. Association between ECM-integrin-cytoskeleton is a key framework for
mechanotransduction in the cells (Sims, J.R. et al., 1992; Ingber, D.E., 2006; Elosegui-Artola,
A. et al., 2016). Isotropic gravity culture sustains the neurogenic differentiation capacity in
passaged hMSCs by suppression of specific histone modification at the neurogenic promoters
together with regulating organization of the cytoskeleton and nucleoskeleton during the serial
cultivation. Thus, design of the culture system, which is capable of regulating the epigenetic
modification in hMSCs, is a critical challenge for controlling the quality of cellular
differentiation involving the epigenetic mechanism in their memory storage. Further elucidation
of these mechano-adaption and mechanisms of memory storage is still required to completely
explicate the relationship between the mechanical signalings and stem cell differentiation,
which consequently promotes the directivity of commitment to desired phenotype specific to

the targeted-applications.
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2.5 Summary

This chapter examined the effects of isotropic gravity on neurogenic differentiation
potential of passaged hMSCs during expansion culture. Isotropic gravity plays as an essential
role in the changes in cytoskeletal and nucleoskeletal organization and the subsequent
modification of epigenetic marks at specific regions, which influence their expressions of
differentiation phenotypes. Furthermore, this study also discovered the role of isotropic gravity-
induced epigenetic mechanisms in the maintenance of neurogenic differentiation potency,
which has heritable effects on the regulation of gene expressions in that cells. Taken together,
this chapter provided an insight into the fundamental epigenetic mechanism relating to
directivity of neurogenic differentiation by exposure of isotropic gravity during hMSC
expansion in addition to being a practical guide for device design, operation, and applications

of the culture system in vitro.
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Chapter 3

General Conclusion

3.1 Research summary

This study is the first investigation of dynamics hMSC behavior under isotropic gravity
culture conditions and also presents the critical issues about cellular adaptation caused by
altered gravitational culture environment. Figure 3-1 presents a schematic diagram showing the
research summary of this study. In case the of cell behavior, cells cultured under unidirectional
gravity conditions had stretched morphology and unidirectional migration with maintenance of
their spindle-shape via fibronectin fibril formation in their bodies as well as focal adhesion
stabilization with enrichment of apical actin stress fibers. However, cells cultured under
isotropic gravity conditions showed multidirectional migration with active extension of leading
edge due to paxillin phosphorylation. This cell migration was partially contracted with degraded
fibronectin fibrils caused by inhibition of fibronectin fibrillogenesis though the up-regulation
of MT1-MMP, which in turn causes the release of adhesions and immature stress fiber
formation. As a result of these phenomena, it influences the mechanotransduction in the cells
as cells cultured under unidirectional gravity conditions had apical stress fibers over the nucleus
together with appearance of lamin A/C polarization subject to the compressive force by stress
fiber tension. Nevertheless, cells cultured under isotropic gravity had few apical stress fibers

with mostly non-polarization of lamin A/C in their nucleus.
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Fig. 3-1 A schematic diagram presenting the research summary of this study.

Next, this study was focusing on stem cells nucleus and differentiation potential in

passaged hMSCs due to changes in mechanotransduction induced by altered gravitational

culture conditions. This mechanical signaling has increased the lamin ratio between lamin A/C

to lamin B in the cells cultured under unidirectional gravity conditions against an increase in

their passage numbers. However, cells cultured under isotropic gravity conditions sustained the

ratio between lamin A/C to lamin B in the cells, even with increasing passage numbers. Changes

in nucleoskeleton organization have affected the chromatin-lamina attachments as well as

genome organization. Cells grown under unidirectional gravity conditions had accumulation of

H3K27me3 enrichment at neurogenic promoter sites, but cells under isotropic gravity
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conditions had a repression of this specific methylation during the serial cultivation. As a result
of these phenomena, cells grown under unidirectional gravity conditions showed a reduction in
neurogenic levels against an increase in their passage numbers during growth culture.
Nevertheless, cells cultured under isotropic gravity conditions retained their neurogenic
differentiation potential during passage culture, which expressed significantly higher levels of
NF-H and MAP2 proteins than those passaged under unidirectional gravity conditions.
Therefore, isotropic gravity culture is a process that is capable of maintaining the neurogenic
differentiation capacity in passaged hMSCs by suppression of specific epigenetic modification
at the neurogenic promoters together with controlling organization of cytoskeleton and nuclear
lamina during the passage culture. Thus, design of culture system, which could regulate the
histone modification in hMSCs, is a great challenge for controlling the quality of differentiation

ability through the epigenetic memory.

In conclusion, this present study shows the effect of during isotropic gravity culture
conditions on hMSCs by the investigation of mechanisms responsible for modulating hMSC
migration behaviors, which involves changes in cytoskeleton and nucleoskeleton via the
alterations in fibronectin assembly and activity of MMPs. Moreover, the during isotropic
gravity culture conditions also affect the mechanotransduction in the cells by altered
cytoskeleton formation influencing on inhibition of mechanosensitive lamin A/C polarization
and changes in composition of nuclear lamins in the nucleus. The modification of nuclear
lamins induced epigenetic modification in passaged hMSCs by histone methylation at specific
sites that is associated with the maintenance of neurogenic differentiation potential. Taken
together, this study is the first time that successfully provides the critical insight into the
influence of isotropic gravity on cell behavior, mechanotransduction, and epigenetics in hMSCs

during expansion culture, which promote the directivity of neurogenic differentiation in
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hMSCs. This pioneered information would be supportive to the utilization of isotropic gravity

to develop the expansion culture system for the applications of cell-based therapy.

3.2 Future perspective

In this study presents the effects of isotropic gravity on neurogenic differentiation
potential in hMSCs. This study also shows the investigation of cellular mechanism that
influences on the capacity of differentiation by alterations in cytoskeleton formation, lamin
organization, and histone modification illustrated in Fig.3-2A. To understand in detail of
isotropic gravity effects on the cells relating to application in cell-based therapy, Fig.3-2B
presents the flow chart of cellular mechanism that responses to isotropic gravity force.
However, it is still many unknown information that should be clarified in the further studies.
The following proposals are presenting the author’s perspective on future investigations of
isotropic gravity effects on the hMSCs in order to be fully understanding about the mechanism

of isotropic gravity to the cells in details for supporting the applications of cell-based therapy.

Starting with investigation of cellular sensing components that response to isotropic
gravity force. From author’s opinion, they have three major parts that should be evaluated
during rotating operation by a 3D-clinostat, which are deformation of cell membrane,
characteristic of cell-matrix adhesion, and distribution-reaction of cellular components inside
the cells. In case of cell membrane, the deformation of this phospholipid bilayers may be
occurred in nanoscale. A stimulated-emission-depletion (STED) nanoscopy, which is super-
resolution microscopy, is an optional tool for this investigation that has been proved to live-cell
tracking for the dynamic of cell membrane in nanoscale (Sahl, S.J. etal., 2010). Therefore, this
observation system should be installed into the 3D-clinostat system. Then, the cells can be live-

fluorescent labeled for cell membrane or cholesterol molecules in the membrane. After that,

68



during the cell culture by rotations of 3D-clinostat, the effects of isotropic gravity on
deformation of cell membrane can be clarified. This investigation would be served an important

phenomenon in the cell influenced by isotropic gravity force.
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Fig. 3-2 A schematic diagram presenting the basic principle of isotropic gravity effects on
differentiation potential in cells by changes in cytoskeleton formation, lamin organization, and
specific histone modification that were discovered in this study (A), dash lines show the
inhibition of that component formation. A flow chart of cellular responding mechanism to

isotropic gravity force since cellular sensing components to differentiation phenotypes for

applications in cell-based therapy (B).
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In addition, Piezo channels have been reported that are mechanosensitive ion channels
on the cell membrane, which regulates transportation of several ion molecules involving with
many cascade biological roles including epigenetic modification and differentiation potentials
(Coste, B. et al., 2012). The super-resolution microscopy installed into a 3D-clinostat system
can be used for tracking the fluorescent-label ions. Author hypothesized that isotropic gravity
effects on the composition of the Piezo complex and the activity of these channels, which makes
the different transportation rate of some specific ion in the particular area of the cells. This
insight information would be great supports to understand the mechanism to other biological

phenomena in the cells under isotropic gravity culture conditions.

To investigate the influence of isotropic gravity force on characteristic of cell-matrix
adhesion, nanopillar platform should be constructed for being as a culture surface and a
confocal laser scanning microscope should be installed into a 3D-clinostat for live cell
observation during the rotating operation. These two systems allow to measure cellular tracking
force occurring at the culture surface (Shiu, J.-Y. et al., 2018). The live-fluorescent staining
dyes for integrins, focal contact proteins, and ECM proteins can be used into this investigation
in order to understand the characteristic cell-matrix adhesion in several parts of the cells

responding to isotropic gravity force.

To understand the another trigger inside the cells that senses to the isotropic gravity,
author hypothesized that the gravity influences on G-actin distribution and rate of F-actin
polymerization, which in this study found the different of actin stress fiber formation in the
cells cultured under altered gravitational conditions. Therefore, to clarify these phenomena, the
fluorescence correlation spectroscopy is one of optional tools that can be used in this
investigation during operation of 3D-clinostat. This confocal setup allows to track the
fluorescent-labeled molecules such as GFP-actin and possible to measure their diffusion on

short time at specific area during the culture (Engelke, H. et al., 2010). This idea of developing
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culture system would reveal the physical mechanism in molecular level that can support the
understanding of gravitational effects on the sensing components and their responding in the

cells.

Moreover, in this study presented that cells cultured under isotropic gravity have
formation of basal stress fibers but have less stress fibers at apical site over the nucleus
comparing with cells cultured under unidirectional gravity. Therefore, this phenomenon should
also be more clarified. Actin depolymerizing factor (ADF)/cofilin is a family of actin-binding
proteins which disassembles actin filaments (Wiggan, O.N. et al., 2017). The gradient of
ADF/coffilin has been found in the cells for regulating actin organization as well as cellular
movement (Wioland, H. et al., 2019). Author hypothesized that isotropic gravity force
influences on the distribution and localization of ADF/cofilin that effects on depolymerization
of actin stress fiber at apical site. Therefore, in order to prove this event, the confocal laser
scanning microscope needs to be installed into a 3D-clinostat system. Then, the cells should be
fluorescent-stained for ADF/cofilin and F-actin. After that this investigation can be evaluated

during the culture under isotropic gravity conditions.

As different of actin structure formation in the cells between the cultures under altered
gravitational conditions, which the actin structure relates to migration behavior of the cells.
Briefly, RhoA associate with stress fiber formation, Racl involves with lamellipodia
construction and Cdc42 relates with filopodia protrusion. These three members of the Rho
family of small GTPases, regulate a signal transduction pathway linking to that organization of
the actin cytoskeleton and associated integrin adhesion complexes (Hall, A., 2005). Therefore,
the active form of these Rho family of small GTPases should be investigated in order to clarify
the effects on isotropic gravity on the activation of these signalings that can be useful for further

implementation in other studies.
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In case of mechanotransduction via actin cytoskeleton to nucleus, this study shows the
different apical actin stress fibers formation in the cells cultured under altered gravitational
conditions. Then, author refers to other publications to claim that apical actin stress fibers is a
critical factor to make a compressive force to the nucleus. However, it would be great to prove
the phenomenon of mechanotransduction into the nucleus in the cells culture under isotropic
gravity conditions. Nesprin and LINC complex are essential components that connect between
actin to nucleus membrane and nuclear lamina (Wang, N. et al., 2009). Therefore, the
investigation of these connecting components together with F-actin in term of localization
would be great supports of the phenomena relating to mechanical transduction from actin to
nucleus. Moreover, to prove the effect of this mechanotransduction to the nucleus, some sensing
events in the nucleus should be measured such as nuclear horizontal spreading ratio, nuclear
roughness, and nuclear volume. Thus, this information would strengthen the information about

the effects of isotropic gravity on the mechanotransduction between actin and nucleus.

In case of cell behavior, this study found the different in migration pattern of the cells
between the cultures under unidirectional gravity and isotropic gravity. Author hypothesized
that the change of migration behavior relates to the mechanotransduction to the nucleus
presenting as alteration in lamin A/C polarization. To prove these phenomena, nanopillar
platform and a confocal laser scanning microscope should be utilized in this study. During the
rotating operation by a 3D-clinostat, the live fluorescent-labeled actin, focal contact proteins,
and nucleus as well as deformation of the nanopillar module can present the level of tension
force in the actin filament that influences to the nuclear deformation during cell migration. This
information would greatly support the influence of migration behavior of the cells under both
gravitational culture conditions on the mechanotransduction from ECM to the nucleus via actin

cytoskeleton organization.
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Moreover, the results of this study purposed that isotropic gravity affects the
mechanotransduction in hMSCs. Recently, Hippo pathway-YAP/TAZ signaling has been
reported that it relates to the mechanical signalings. The inactive phosphorylated YAP/TAZ
located in cytoplasm can be transformed to active form of YAP/TAZ and translocate into the
nucleus via the nuclear pore complex (Elosegui-Artola, A. etal., 2017). Localization of active
Y AP/TAZ are another indicator of mechanical memorization in the cells (Heo, S.J. et al., 2013).
The activation of YAP/TAZ has been widely reported to involve with several differentiation
potentials (Swift, J. et al., 2015). Moreover, nuclear pore composition has been reported that
relates to the mechanical loadings (Donnaloja, F. et al., 2019) and regulates differentiation
process in the cells (D'Angelo, Maximiliano A. et al., 2012). Hence, it would be worth to
investigate these mechanosensitive signalings in the cells cultured under isotropic gravity
conditions in term of YAP/TAZ activation and composition of the nuclear pore complex. These
further information regarding the influence of isotropic gravity on YAP/TAZ signaling would
be remarkable data for other scientists to implement the isotropic gravity culture on their

targeted-applications.

As this study presents the difference of lamin A/C polarization in the cells cultured
altered gravitational conditions. However, the information of relationship between nuclear
lamins and histone modification in term of localization especially at apical and basal sites of
the nucleus is still lack of understanding. Moreover, this study shows the histone modification
only in case of H3K4me3 and H3K27me3. Therefore, acetylation and methylation at other
lysine residues such as H3K9ac, H3K12ac, H3K16ac, H3K9me3, and H3K36me3 should also
be clarified. Moreover, in the further study as investigation of histone modification by
observation method should be performed in order to know the information about the influence
of lamin A/C polarization on the distribution and localization of several histone modifications

in the nucleus.
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In addition, the mechanism of nuclear lamin organization to histone modification at
specific site is still not fully understanding yet. The chromatin immunoprecipitation assays with
sequencing (ChlP-seq), which is a recent powerful tool for defining DNA-protein
transcriptomes and DNA adenine methyltransferase identification (DamlID), which is a
molecular biology tool used to map the binding sites of DNA proteins in nuclear lamina (Peric-
Hupkes, D. et al., 2010). These two processes can be applied for this investigation that can
allow to understand the whole interaction of nuclear lamin and chromatin region relating to
histone modification at specific site. Moreover, changes in DNA methylation in the specific
chromatin region is also another interesting point of epigenetic modification. The DNA
methylation is a methylation process occurring on the DNA, this methylation inhibits the
transcription of that gene regions and the DNA methylation is also another kind of epigenetic
memory in the cells (Bird, A., 2002; Kim, K. et al., 2010). Therefore, it would be worth
investigated by DNA methylation sequencing to obtain the data of DNA methylation in whole
region. Therefore, this further information achieved by these recent technologies would be great
supports for the critical data of isotropic gravity effects on whole epigenetic modification in the

cells.

As the ability of hMSCs is able to differentiate into osteogenic, adipogenic, and
chondrogenic fates. However, this study presents only the mechanism relating to differentiation
potential into neurogenic fate. Therefore, the isotropic gravity effects on changes in histone
acetylation and methylation at specific regions and DNA methylation at particular sites relating
to other lineages of differentiation should be more clarified. Moreover, the differentiation
potentials in passaged hMSCs into those lineages are also attractive information. Quantitative
data of differentiation products produced by differentiated cells, which are widely used to
quantify the differentiation potential found in the most international publications, should be

evaluated. For example, in case of osteogenic fate, the calcium deposition is a product of bone
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cells. This calcium mineralization can be measured by Alizarin Red S staining quantification
assay. In case of adipogenic fate, lipid is a main product of the fat cells. These lipid droplets
can be measured by Oil Red O staining quantification assay. About chondrogenic fate,
glycosaminoglycan (GAG) and type Il collagen are two main components produced by
chondrocytes, which can be measured by Dimethylmethylene Blue assay and western blot
analysis, respectively (Tsai, C.C. et al., 2012). These further data would be great supports for
development of cell expansion process for wider range of therapeutic applications by using

hMSCs.

In order to support the utilization of isotropic gravity in the applications of cell-based
therapy, the additional experiments in the in vivo system are required. The in vivo system should
be demonstrated the animal model involving with a target of the therapy. Then, the cells which
cultured under isotropic gravity conditions should be used to clarified the characteristic and
performance of therapy in vivo. The successful of this study would greatly support the important

information relating to the applications of cell-based therapy.

Lastly, exosome technology is recently focused by many researchers caused by unique
compositions within the exosome vesicle such as genetic materials (MRNA, mi-RNA),
signaling molecules, and specific enzymes. Generally, exosome is produced and secreted from
donor cells and then affects the particular functions in the receiving cells. Currently,
applications of exosome have been widely studied in several clinical trials as “cell-free
therapy”, and exosome could become a new powerful material with more efficiency in
therapeutics applications than recent pharmaceutical treatments in some diseases. Many
researchers have been reported that culture environment and mechanical signalings in the cells
influence on the properties and secretion of the exosome (Kusuma, G.D. et al., 2017). As this
study demonstrates that isotropic gravity influenced the dynamic hMSC behaviors and the

mechanotransduction in the cells. Therefore, the author would like to propose the further study
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in the influence of isotropic gravity on the properties and characteristics of secreted exosome.
The co-culture system with other cell types as well as specific chemical induction are also worth
considering parameters that need also be investigated. It is thought that these data will provide
the cutting-edge information that could be applied for the production of exosome in biomedical

industry, which can further improve the performance of regenerative medicine as well.
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Abbreviations

pm Micrometer

3D Three dimensional

ANOVA Analysis of variance

BCA Bicinchoninic acid

ChiP Chromatin immunoprecipitation

ChlP-seq Chromatin immunoprecipitation assays with sequencing
CHO Chinese hamster ovary

CNS Central nervous system

CO2 Carbon dioxide

DamID DNA adenine methyltransferase identification
DAPI 4’ 6-diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

DNA Deoxyribonucleic acid

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

F-actin Filamentous actin

FBS Fetal bovine serum

G Gravity

GAG Glycosaminoglycan

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
h Hour(s)

H3 Histone H3

H3K4me3 Histone H3 trimethylation at lysine 4
H3K27me3 Histone H3 trimethylation at lysine 27
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hESCs Human embryonic stem cells

hMSCs Human mesenchymal stem cells

IgG Immunoglobulin G

ISCT The international Society for Cell and Gene Therapy

Iso Isotropic gravity conditions

LINC Linker of nucleoskeleton and cytoskeleton

MAP2 Microtubule-associated protein 2

miRNA Micro ribonucleic acid

MMPs Matrix metalloproteinases

MRNA Messenger ribonucleic acid

MT1-MMP Membrane-type 1 matrix metalloproteinase

NF-H Neurofilament heavy

P Passage number

PBS Phosphate buffered saline

PVDF Polyvinylidene fluoride

gRT-PCR Quantitative real-time reverse transcription—polymerase chain
reaction

RIPA Radioimmunoprecipitation

RNA Ribonucleic acid

RPM Random positioning machine

RT-PCR Real-time reverse transcription—polymerase chain reaction

RWV Rotating wall vessel

SCI Spinal cord injury

SD Standard deviation

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

79



Si-RNA Small interfering RNA

TAZ Transcriptional coactivator with PDZ-binding motif
TBI Traumatic brain injury

TBS Tris-buffered saline

Uni Unidirectional gravity conditions

YAP Yes-associated protein

80



References

Abdallah, B.M. and Kassem, M., (2008), "Human Mesenchymal Stem Cells: From Basic

Biology to Clinical Applications", Gene Therapy, Vol. 15, No. 2, pp. 109-116.

Aggarwal, S. and Pittenger, M.F., (2005), "Human Mesenchymal Stem Cells Modulate

Allogeneic Immune Cell Responses”, Blood, Vol. 105, No. 4, pp. 1815-1822.

Albrecht-Buehler, G., (1991), "Possible Mechanisms of Indirect Gravity Sensing by Cells",

ASGSB Bull, Vol. 4, No. 2, pp. 25-34.

Bang, O.Y., Lee, J.S., Lee, P.H. and Lee, G., (2005), "Autologous Mesenchymal Stem Cell

Transplantation in Stroke Patients"”, Annals of Neurology, Vol. 57, No. 6, pp. 874-882.

Barker, R.A. and Widner, H., (2004), "Immune Problems in Central Nervous System Cell

Therapy”, NeuroRx, Vol. 1, No. 4, pp. 472-481.

Bergkvist, M., Carlsson, J. and Oscarsson, S., (2003), "Surface-Dependent Conformations of
Human Plasma Fibronectin Adsorbed to Silica, Mica, and Hydrophobic Surfaces, Studied
with Use of Atomic Force Microscopy”, Journal of Biomedical Materials Research -

Part A, Vol. 64, No. 2, pp. 349-356.

Bianco, P., Riminucci, M., Gronthos, S. and Robey, P.G., (2001), "Bone Marrow Stromal Stem
Cells: Nature, Biology, and Potential Applications”, Stem Cells, Vol. 19, No. 3, pp. 180-

92.

Bird, A., (2002), "DNA Methylation Patterns and Epigenetic Memory", Genes and

Development, Vol. 16, No. 1, pp. 6-21.

81



Bizzarri, M., Cucina, A., Palombo, A. and Grazia Masiello, M., (2014), "Gravity Sensing by
Cells: Mechanisms and Theoretical Grounds", Rendiconti Lincei, Vol. 25, No. SUPPL.

1, pp. s29-s38.

Bonab, M.M., Alimoghaddam, K., Talebian, F., Ghaffari, S.H., Ghavamzadeh, A. and Nikbin,
B., (2006), "Aging of Mesenchymal Stem Cell in Vitro", BMC Cell Biology, Vol. 7, No.

14.

Bonasio, R., Tu, S. and Reinberg, D., (2010), "Molecular Signals of Epigenetic States",

Science, Vol. 330, No. 6004, pp. 612-616.

Boudreau, N.J. and Jones, P.L., (1999), "Extracellular Matrix and Integrin Signalling: The

Shape of Things to Come", Biochemical Journal, Vol. 339, No. 3, pp. 481-488.

Bravo-Cordero, J.J., Cordani, M., Soriano, S.F., Diez, B., Mufioz-Agudo, C., Casanova-
Acebes, M., Boullosa, C., Guadamillas, M.C., Ezkurdia, I., Gonzalez-Pisano, D., del
Pozo, M.A. and Montoya, M.C., (2016), "A Novel High-Content Analysis Tool Reveals
Rab8-Driven Cytoskeletal Reorganization through Rho Gtpases, Calpain and MT1-

MMP", Journal of Cell Science, Vol. 129, No. 8, pp. 1734-1749.

Brungs, S., Egli, M., Wuest, S.L., M. Christianen, P.C., W. A. van Loon, J.J., Ngo Anh, T.J.
and Hemmersbach, R., (2016), "Facilities for Simulation of Microgravity in the Esa
Ground-Based Facility Programme”, Microgravity Science and Technology, Vol. 28,

No. 3, pp. 191-203.

Casey, T., Patel, O.V. and Plaut, K., (2015), "Transcriptomes Reveal Alterations in Gravity
Impact Circadian Clocks and Activate Mechanotransduction Pathways with Adaptation

through Epigenetic Change", Physiological Genomics, Vol. 47, No. 4, pp. 113-128.

82



Chen, L., Jiang, F., Qiao, Y., Li, H., Wei, Z., Huang, T., Lan, J., Xia, Y. and Li, J., (2018),
"Nucleoskeletal Stiffness Regulates Stem Cell Migration and Differentiation through

Lamin A/C", J Cell Physiol, Vol. 233, No. 7, pp. 5112-5118.

Cho, S.R., Kim, Y.R., Kang, H.S., Yim, S.H., Park, C.l., Min, Y.H., Lee, B.H., Shin, J.C. and
Lim, J.B., (2009), "Functional Recovery after the Transplantation of Neurally
Differentiated Mesenchymal Stem Cells Derived from Bone Barrow in a Rat Model of

Spinal Cord Injury”, Cell Transplantation, Vol. 18, No. 12, pp. 1359-1368.

D Murray, J., (2003), Mathematical Biology li: Spatial Models and Biomedical Application,

Springer-Verlag New York.

D'Angelo, Maximiliano A., Gomez-Cavazos, J.S., Mei, A., Lackner, Daniel H. and Hetzer,
Martin W., (2012), "A Change in Nuclear Pore Complex Composition Regulates Cell

Differentiation”, Developmental Cell, Vol. 22, No. 2, pp. 446-458.

da Silva Meirelles, L., Caplan, A.l. and Nardi, N.B., (2008), "In Search of the in Vivo Identity

of Mesenchymal Stem Cells", Stem Cells, Vol. 26, No. 9, pp. 2287-99.

Dahl, K.N., Ribeiro, A.J.S. and Lammerding, J., (2008), "Nuclear Shape, Mechanics, and

Mechanotransduction”, Circulation Research, Vol. 102, No. 11, pp. 1307-1318.

De Pascalis, C. and Etienne-Manneville, S., (2017), "Single and Collective Cell Migration: The

Mechanics of Adhesions”, Molecular Biology of the Cell, Vol. 28, No. 14, pp. 1833-

1846.

Dexter, T.M., (1979), "Haemopoiesis in Long-Term Bone Marrow Cultures. A Review", Acta

Haematologica, Vol. 62, No. 5-6, pp. 299-305.

Dezawa, M., Kanno, H., Hoshino, M., Cho, H., Matsumoto, N., Itokazu, Y., Tajima, N.,

Yamada, H., Sawada, H., Ishikawa, H., Mimura, T., Kitada, M., Suzuki, Y. and Ide, C.,

83



(2004), "Specific Induction of Neuronal Cells from Bone Marrow Stromal Cells and
Application for Autologous Transplantation”, The Journal of clinical investigation,

Vol. 113, No. 12, pp. 1701-1710.

Dominici, M., Le Blanc, K., Mueller, 1., Slaper-Cortenbach, 1., Marini, F., Krause, D., Deans,
R., Keating, A., Prockop, D. and Horwitz, E., (2006), "Minimal Criteria for Defining
Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy

Position Statement”, Cytotherapy, Vol. 8, No. 4, pp. 315-7.

Donnaloja, F., Jacchetti, E., Soncini, M. and Raimondi, M.T., (2019), "Mechanosensing at the
Nuclear Envelope by Nuclear Pore Complex Stretch Activation and Its Effect in

Physiology and Pathology", Frontiers in Physiology, Vol. 10, No., pp. 896-896.

Doyle, A.D., Kutys, M.L., Conti, M.A., Matsumoto, K., Adelstein, R.S. and Yamada, K.M.,
(2012), "Micro-Environmental Control of Cell Migration - Myosin lia Is Required for
Efficient Migration in Fibrillar Environments through Control of Cell Adhesion

Dynamics", Journal of Cell Science, Vol. 125, No. 9, pp. 2244-2256.

Elosegui-Artola, A., Andreu, I., Beedle, A.E.M., Lezamiz, A., Uroz, M., Kosmalska, A.J., Oria,
R., Kechagia, J.Z., Rico-Lastres, P., Le Roux, A.L., Shanahan, C.M., Trepat, X., Navajas,
D., Garcia-Manyes, S. and Roca-Cusachs, P., (2017), "Force Triggers Yap Nuclear Entry

by Regulating Transport across Nuclear Pores", Cell, Vol. 171, No. 6, pp. 1397-1410.e14.

Elosegui-Artola, A., Oria, R., Chen, Y., Kosmalska, A., Pérez-Gonzalez, C., Castro, N., Zhu,
C., Trepat, X. and Roca-Cusachs, P., (2016), "Mechanical Regulation of a Molecular
Clutch Defines Force Transmission and Transduction in Response to Matrix Rigidity",

Nature Cell Biology, Vol. 18, No. 5, pp. 540-548.

Engelke, H., Heinrich, D., and Radler, J.O., (2010), “Probing GFP-actin diffusion in living cells

using fluorescence correlation spectroscopy”, Physical Biology, Vol. 7, No. 046014,

84



Enyedi, B., Jelcic, M. and Niethammer, P., (2016), "The Cell Nucleus Serves as a
Mechanotransducer of Tissue Damage-Induced Inflammation”, Cell, Vol. 165, No. 5, pp.

1160-1170.

Feinberg, A.P., Koldobskiy, M.A. and Gondor, A., (2016), "Epigenetic Modulators, Modifiers
and Mediators in Cancer Aetiology and Progression”, Nature Reviews Genetics, Vol.

17, No. 5, p. 284-299.

Fridlyanskaya, I., Alekseenko, L. and Nikolsky, N., (2015), "Senescence as a General Cellular
Response to Stress: A Mini-Review", Experimental Gerontology, Vol. 72, No. 2015,

pp. 124-128.

Friedenstein, A.J., Piatetzky, S., 1l and Petrakova, K.V., (1966), "Osteogenesis in Transplants
of Bone Marrow Cells", Journal of embryology and experimental morphology, Vol.

16, No. 3, pp. 381-390.

Fujieda, S., Mori, Y., Nakazawa, A. and Mogami, Y., (2001), "Effect of Gravity Field on the
Nonequilibrium/Nonlinear Chemical Oscillation Reactions”, Advances in Space

Research, Vol. 28, No. 4, pp. 537-543.

Gardel, M.L., Schneider, I.C., Aratyn-Schaus, Y. and Waterman, C.M., (2010), "Mechanical
Integration of Actin and Adhesion Dynamics in Cell Migration”, Annual Review of Cell

and Developmental Biology, Vol. 26, pp. 315-333.

Gasiorowski, J.Z., Murphy, C.J. and Nealey, P.F., (2013), "Biophysical Cues and Cell
Behavior: The Big Impact of Little Things", Annual Review of Biomedical

Engineering, Vol. 15, pp. 155-176.

85



Gieni, R.S. and Hendzel, M.J., (2008), "Mechanotransduction from the Ecm to the Genome:
Are the Pieces Now in Place?”, Journal of Cellular Biochemistry, Vol. 104, No. 6, pp.

1964-1987.

Gilles, C., Polette, M., Coraux, C., Tournier, J.M., Meneguzzi, G., Munaut, C., Volders, L.,
Rousselle, P., Birembaut, P. and Foidart, J.M., (2001), "Contribution of Mt1-Mmp and of
Human Laminin-5 I'2 Chain Degradation to Mammary Epithelial Cell Migration",

Journal of Cell Science, Vol. 114, No. 16, pp. 2967-2976.

Golpanian, S., Wolf, A., Hatzistergos, K.E. and Hare, J.M., (2016), "Rebuilding the Damaged
Heart: Mesenchymal Stem Cells, Cell-Based Therapy, and Engineered Heart Tissue",

Physiological Reviews, Vol. 96, No. 3, pp. 1127-68.

Graham, D.M. and Burridge, K., (2016), "Mechanotransduction and Nuclear Function”,

Current Opinion in Cell Biology, Vol. 40, pp. 98-105.

Guignandon, A., Faure, C., Neutelings, T., Rattner, A., Mineur, P., Linossier, M.T., Laroche,
N., Lambert, C., Deroanne, C., Nusgens, B., Demets, R., Colige, A. and Vico, L., (2014),
"Racl Gtpase Silencing Counteracts Microgravity-Induced Effects on Osteoblastic

Cells", FASEB Journal, Vol. 28, No. 9, pp. 4077-4087.

Guilak, F., Cohen, D.M., Estes, B.T., Gimble, J.M., Liedtke, W. and Chen, C.S., (2009),
"Control of Stem Cell Fate by Physical Interactions with the Extracellular Matrix", Cell

Stem Cell, Vol. 5, No. 1, pp. 17-26.

Hall, A. and Nobes, C.D., (2000), "Rho Gtpases: Molecular Switches That Control the
Organization and Dynamics of the Actin Cytoskeleton", Philosophical Transactions of

the Royal Society B: Biological Sciences, Vol. 355, No. 1399, pp. 965-970.

86



Hall, A., (2005), "Rho Gtpases and the Control of Cell Behaviour”, Biochemical Society

Transactions, Vol. 33, No. 5, pp. 891-895.

Hénzelmann, S., Beier, F., Gusmao, E.G., Koch, C.M., Hummel, S., Charapitsa, I., Joussen, S.,
Benes, V., Brummendorf, T.H., Reid, G., Costa, I.G. and Wagner, W., (2015),
"Replicative Senescence Is Associated with Nuclear Reorganization and with Dna
Methylation at Specific Transcription Factor Binding Sites”, Clinical Epigenetics, Vol.

7, No. 1, pp. 1-19.

Hayflick, L., (1965), "The Limited in Vitro Lifetime of Human Diploid Cell Strains",

Experimental Cell Research, Vol. 37, No. 3, pp. 614-636.

Hemming, S., Cakouros, D., Isenmann, S., Cooper, L., Menicanin, D., Zannettino, A. and
Gronthos, S., (2014), "Ezh2 and Kdm6a Act as an Epigenetic Switch to Regulate
Mesenchymal Stem Cell Lineage Specification”, Stem Cells, Vol. 32, No. 3, pp. 802-

815.

Heo, S.J., Cosgrove, B.D., Dai, E.N. and Mauck, R.L., (2018), "Mechano-Adaptation of the

Stem Cell Nucleus", Nucleus, Vol. 9, No. 1, pp. 9-19.

Heo, S.J., Thorpe, S.D., Driscoll, T.P., Duncan, R.L., Lee, D.A. and Mauck, R.L., (2015),
"Biophysical Regulation of Chromatin Architecture Instills a Mechanical Memory in

Mesenchymal Stem Cells", Scientific Reports, Vol. 5, No. 16895.

Herranz, R., Anken, R., Boonstra, J., Braun, M., Christianen, P.C.M., De Geest, M., Hauslage,
J., Hilbig, R., Hill, R.J.A., Lebert, M., Javier Medina, F., Vagt, N., Ullrich, O., Van Loon,
JJW.A. and Hemmersbach, R., (2013), "Ground-Based Facilities for Simulation of
Microgravity: Organism-Specific Recommendations for Their Use, and Recommended

Terminology", Astrobiology, Vol. 13, No. 1, pp. 1-17.

87



Ihalainen, T.O., Aires, L., Herzog, F.A., Schwartlander, R., Moeller, J. and Vogel, V., (2015),
"Differential Basal-to-Apical Accessibility of Lamin A/C Epitopes in the Nuclear Lamina
Regulated by Changes in Cytoskeletal Tension”, Nature Materials, Vol. 14, No. 12, pp.

1252-1261.

Ikebe, C. and Suzuki, K., (2014), "Mesenchymal Stem Cells for Regenerative Therapy:
Optimization of Cell Preparation Protocols”, BioMed Research International, Vol.

2014, No. 951512.

Ingber, D.E., (2006), "Cellular Mechanotransduction: Putting All the Pieces Together Again",

FASEB Journal, Vol. 20, No. 7, pp. 811-827.

Jaenisch, R. and Bird, A., (2003), "Epigenetic Regulation of Gene Expression: How the
Genome Integrates Intrinsic and Environmental Signals”, Nature Genetics, Vol. 33, pp.

245-254.

Joyce, N., Annett, G., Wirthlin, L., Olson, S., Bauer, G. and Nolta, J.A., (2010), "Mesenchymal
Stem Cells for the Treatment of Neurodegenerative Disease”, Regenerative Medicine,

Vol. 5, No. 6, pp. 933-946.

Kusuma, G.D., Carthew, J., Lim, R. and Frith, J.E., (2017), "Effect of the Microenvironment
on Mesenchymal Stem Cell Paracrine Signaling: Opportunities to Engineer the

Therapeutic Effect”, Stem Cells and Development, Vol. 26, No. 9, pp. 617-631.

Kern, V.D., Bhattacharya, S., Bowman, R.N., Donovan, F.M., Elland, C., Fahlen, T.F., Girten,
B., Kirven-Brooks, M., Lagel, K., Meeker, G.B. and Santos, O., (2001), "Life Sciences
Flight Hardware Are Development for the International Space Station”, Advances in

Space Research, Vol. 27, No. 5, pp. 1023-1030.

88



Khatau, S.B., Kim, D.H., Hale, C.M., Bloom, R.J. and Wirtz, D., (2010), "The Perinuclear Actin

Cap in Health and Disease™, Nucleus, Vol. 1, No. 4, pp. 337-342.

Kim, D.H. and Wirtz, D., (2015), "Cytoskeletal Tension Induces the Polarized Architecture of

the Nucleus"”, Biomaterials, Vol. 48, No. 2015, pp. 161-172.

Kim, J.K., Louhghalam, A., Lee, G., Schafer, B.W., Wirtz, D. and Kim, D.H., (2017), "Nuclear
Lamin A/C Harnesses the Perinuclear Apical Actin Cables to Protect Nuclear
Morphology", Nature Communications, Vol. 8, No. 2123.

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., Kim, J., Aryee, M.J., Ji, H., Ehrlich,

L.L.R., Yabuuchi, A., Takeuchi, A., Cunniff, K.C., Hongguang, H., McKinney-Freeman,
S., Naveiras, O., Yoon, T.J., Irizarry, R.A., Jung, N., Seita, J., Hanna, J., Murakami, P.,
Jaenisch, R., Weissleder, R., Orkin, S.H., Weissman, I.L., Feinberg, A.P. and Daley,
G.Q., (2010), "Epigenetic Memory in Induced Pluripotent Stem Cells", Nature, Vol. 467,

No. 7313, pp. 285-290.

Kim, M.-H., Takeuchi, K. and Kino-oka, M., (2019), "Role of Cell-Secreted Extracellular
Matrix Formation in Aggregate Formation and Stability of Human Induced Pluripotent
Stem Cells in Suspension Culture”, Journal of Bioscience and Bioengineering, Vol.

127, No. 3, pp. 372-380.

Kim, M.H. and Kino-oka, M., (2014), "Switching between Self-Renewal and Lineage
Commitment of Human Induced Pluripotent Stem Cells Via Cell-Substrate and Cell-Cell
Interactions on a Dendrimer-Immobilized Surface”, Biomaterials, Vol. 35, No. 22, pp.

5670-5678.

Kim, M.H., Kino-oka, M., Maruyama, N., Saito, A., Sawa, Y. and Taya, M., (2010),

"Cardiomyogenic Induction of Human Mesenchymal Stem Cells by Altered Rho Family

89



Gtpase Expression on Dendrimer-Immobilized Surface with D-Glucose Display”,

Biomaterials, Vol. 31, No. 30, pp. 7666-7677.

Kim, S.U. and de Vellis, J., (2009), "Stem Cell-Based Cell Therapy in Neurological Diseases:

A Review", Journal of Neuroscience Research, Vol. 87, No. 10, pp. 2183-2200.

Koaykul, C., Kim, M.-H., Kawahara, Y., Yuge, L. and Kino-oka, M., (2019), "Alterations in
Nuclear Lamina and the Cytoskeleton of Bone Marrow-Derived Human Mesenchymal
Stem Cells Cultured under Simulated Microgravity Conditions”, Stem Cells and

Development, Vol. 28, No. 17, pp. 1167-1176.

Kondepudi, D.K. and Prigogine, 1., (1981), "Sensitivity of Nonequilibrium Systems", Physica

A: Statistical Mechanics and its Applications, Vol. 107, No. 1, pp. 1-24.

Kretlow, J.D., Jin, Y.Q., Liu, W., Zhang, W.J., Hong, T.H., Zhou, G., Baggett, L.S., Mikos,
A.G. and Cao, Y., (2008), "Donor Age and Cell Passage Affects Differentiation Potential

of Murine Bone Marrow-Derived Stem Cells", BMC Cell Biology, Vol. 9, No. 60.

Lammerding, J., Fong, L.G., Ji, J.Y., Reue, K., Stewart, C.L., Young, S.G. and Lee, R.T.,
(2006), "Lamins A and C but Not Lamin B1 Regulate Nuclear Mechanics", The Journal

of Biological Chemistry, Vol. 281, No. 35, pp. 25768-25780.

Lammerding, J., Schulze, P.C., Takahashi, T., Kozlov, S., Sullivan, T., Kamm, R.D., Stewart,
C.L.and Lee, R.T., (2004), "Lamin A/C Deficiency Causes Defective Nuclear Mechanics
and Mechanotransduction”, Journal of Clinical Investigation, VVol. 113, No. 3, pp. 370-

378.

Lauffenburger, D.A. and Horwitz, A.F., (1996), "Cell Migration: A Physically Integrated

Molecular Process", Cell, VVol. 84, No. 3, pp. 359-369.

90



Lee, H., Al Shamy, G., Elkabetz, Y., Schofield, C.M., Harrsion, N.L., Panagiotakos, G., Socci,
N.D., Tabar, V. and Studera, L., (2007), "Directed Differentiation and Transplantation of
Human Embryonic Stem Cell-Derived Motoneurons”, Stem Cells, Vol. 25, No. 8, pp.

1931-1939.

Lehnert, D., Wehrle-Haller, B., David, C., Weiland, U., Ballestrem, C., Imhof, B.A. and
Bastmeyer, M., (2004), "Cell Behaviour on Micropatterned Substrata: Limits of
Extracellular Matrix Geometry for Spreading and Adhesion”, Journal of Cell Science,

Vol. 117, No. 1, pp. 41-52.

Leliéevre, S.A., (2009), "Contributions of Extracellular Matrix Signaling and Tissue
Architecture to Nuclear Mechanisms and Spatial Organization of Gene Expression

Control", Biochimica et Biophysica Acta, Vol. 1790, No. 9, pp. 925-935.

Li, B., Carey, M. and Workman, J.L., (2007), "The Role of Chromatin During Transcription",

Cell, Vol. 128, No. 4, pp. 707-7109.

Lindvall, O. and Kokaia, Z., (2010), "Stem Cells in Human Neurodegenerative Disorders--Time
for Clinical Translation?", The Journal of clinical investigation, Vol. 120, No. 1, pp.

29-40.

Lo Furno, D., Mannino, G. and Giuffrida, R., (2018), "Functional Role of Mesenchymal Stem
Cells in the Treatment of Chronic Neurodegenerative Diseases”, Journal of Cellular

Physiology, Vol. 233, No. 5, pp. 3982-3999.

Lopez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M. and Kroemer, G., (2013), "The

Hallmarks of Aging", Cell, Vol. 153, No. 6, p. 1194-1217.

Luk, J.M., Wang, P.P., Lee, C.K., Wang, J.H. and Fan, S.T., (2005), "Hepatic Potential of Bone

Marrow Stromal Cells: Development of in Vitro Co-Culture and Intra-Portal

91



Transplantation Models", Journal of Immunological Methods, Vol. 305, No. 1, pp. 39-

47.

McLaren, A., (2001), "Ethical and Social Considerations of Stem Cell Research”, Nature, Vol.

414, No. 6859, pp. 129-131.

Mesland, D.A.M., (1992), "Mechanisms of Gravity Effects on Cells: Are There Gravity-
Sensitive Windows?", In Advances in Space Biology and Medicine, Elsevier B.V., pp

211-228.

Momin, E.N., Mohyeldin, A., Zaidi, H.A., Vela, G. and Quifiones-Hinojosa, A., (2010),
"Mesenchymal Stem Cells: New Approaches for the Treatment of Neurological

Diseases", Current Stem Cell Research and Therapy, Vol. 5, No. 4, pp. 326-344.

Nagano, M., Hoshino, D., Koshikawa, N., Akizawa, T. and Seiki, M., (2012), "Turnover of
Focal Adhesions and Cancer Cell Migration", International Journal of Cell Biology,

Vol. 2012, No. 310616.

Najrana, T. and Sanchez-Esteban, J., (2016), "Mechanotransduction as an Adaptation to

Gravity", Frontiers in Pediatrics, Vol. 4, No. 140.

Nava, M.M., Raimondi, M.T. and Pietrabissa, R., (2012), "Controlling Self-Renewal and
Differentiation of Stem Cells Via Mechanical Cues", Journal of Biomedical and

Biotechnology, Vol. 2012, No. 797410.

Noer, A., Boquest, A.C. and Collas, P., (2007), "Dynamics of Adipogenic Promoter DNA
Methylation During Clonal Culture of Human Adipose Stem Cells to Senescence”, BMC

Cell Biology, Vol. 8, No. 18

92



Norouzitallab, P., Baruah, K., Vanrompay, D. and Bossier, P., (2019), "Can Epigenetics
Translate Environmental Cues into Phenotypes?”, Science of the Total Environment,

Vol. 647, pp. 1281-1293.

Ogawa, Y., Kim, M.H. and Kino-oka, M., (2015), "Changes in Human Mesenchymal Stem Cell
Behaviors on Dendrimer-Immobilized Surfaces Due to Mediation of Fibronectin
Adsorption and Assembly", Journal of Bioscience and Bioengineering, Vol. 120, No.

6, pp. 709-714.

Osmanagic-Myers, S., Dechat, T. and Foisner, R., (2015), "Lamins at the Crossroads of

Mechanosignaling”, Genes and Development, Vol. 29, No. 3, pp. 225-237.

Papaseit, C., Pochon, N. and Tabony, J., (2000), "Microtubule Self-Organization Is Gravity-
Dependent”, Proceedings of the National Academy of Sciences, Vol. 97, No. 15, pp.

8364-8368.

Patel, D.M., Shah, J. and Srivastava, A.S., (2013), "Therapeutic Potential of Mesenchymal Stem

Cells in Regenerative Medicine", Stem Cells International, Vol. 2013, No. 496218.

Paziana, K. and Korley, F.K., (2015), "Emerging Themes from the Literature on Circulating

Biomarkers of Traumatic Brain Injury”, Future Neurology, Vol. 10, No. 3, pp. 281-291.

Peric-Hupkes, D., Meuleman, W., Pagie, L., Bruggeman, S.W., Solovei, I., Brugman, W., Graf,
S., Flicek, P., Kerkhoven, R.M., van Lohuizen, M., Reinders, M., Wessels, L. and van
Steensel, B., (2010), "Molecular Maps of the Reorganization of Genome-Nuclear Lamina

Interactions During Differentiation™, Molecular Cell, Vol. 38, No. 4, pp. 603-13.

Raz, V., Vermolen, B.J., Garini, Y., Onderwater, J.J.M., Mommaas-Kienhuis, M.A., Koster,
AJ., Young, I.T., Tanke, H. and Dirks, R.W., (2008), "The Nuclear Lamina Promotes

Telomere Aggregation and Centromere Peripheral Localization During Senescence of

93



Human Mesenchymal Stem Cells", Journal of Cell Science, Vol. 121, No. 24, pp. 4018-

4028.

Rustad, K.C., Wong, V.W., Sorkin, M., Glotzbach, J.P., Major, M.R., Rajadas, J., Longaker,
M.T. and Gurtner, G.C., (2012), "Enhancement of Mesenchymal Stem Cell Angiogenic
Capacity and Stemness by a Biomimetic Hydrogel Scaffold”, Biomaterials, VVol. 33, No.

1| pp- 80'90.

Sahl, S.J., Leutenegger, M., Hilbert, M., Hell, S.W. and Eggeling, C., (2010), "Fast Molecular
Tracking Maps Nanoscale Dynamics of Plasma Membrane Lipids", Proceedings of the

National Academy of Sciences, Vol. 107, No. 15, p. 6829.

Shall, G., Menosky, M., Decker, S., Nethala, P., Welchko, R., Leveque, X., Lu, M., Sandstrom,
M., Hochgeschwender, U., Rossignol, J. and Dunbar, G., (2018), "Effects of Passage
Number and Differentiation Protocol on the Generation of Dopaminergic Neurons from
Rat Bone Marrow-Derived Mesenchymal Stem Cells”, International journal of

molecular sciences, Vol. 19, No. 720.

Shi, F. and Sottile, J., (2011), "Mt1l-Mmp Regulates the Turnover and Endocytosis of
Extracellular Matrix Fibronectin®, Journal of Cell Science, Vol. 124, No. 23, pp. 4039-

4050.

Shilatifard, A., (2006), Chromatin Modifications by Methylation and Ubiquitination:
Implications in the Regulation of Gene Expression. Annual Review of Biochemistry,

Vol. 75, pp. 243-2609.

Shiu, J.-Y., Aires, L., Lin, Z. and Vogel, V., (2018), "Nanopillar Force Measurements Reveal
Actin-Cap-Mediated Yap Mechanotransduction”, Nature Cell Biology, Vol. 20, No. 3,

pp. 262-271.

94



Sims, J.R., Karp, S. and Ingber, D.E., (1992), "Altering the Cellular Mechanical Force Balance
Results in Integrated Changes in Cell, Cytoskeletal and Nuclear Shape", Journal of Cell

Science, Vol. 103, No. 4, pp. 1215-1222.

Stephens, A.D., Banigan, E.J., Adam, S.A., Goldman, R.D. and Marko, J.F., (2017),
"Chromatin and Lamin A Determine Two Different Mechanical Response Regimes of

the Cell Nucleus”, Molecular Biology of the Cell, Vol. 28, No. 14, pp. 1984-1996.

Swift, J. and Discher, D.E., (2014), "The Nuclear Lamina Is Mechano-Responsive to ECM

Elasticity in Mature Tissue", Journal of Cell Science, Vol. 127, No. 14, pp. 3005-3015.

Swift, J., lvanovska, I.L., Buxboim, A., Harada, T., Dingal, P.C.D.P., Pinter, J., Pajerowski,
J.D., Spinler, K.R., Shin, JW., Tewari, M., Rehfeldt, F., Speicher, D.W. and Discher,
D.E., (2013), "Nuclear Lamin-A Scales with Tissue Stiffness and Enhances Matrix-

Directed Differentiation"”, Science, VVol. 341, No. 6149.

Tamiello, C., Buskermolen, A.B.C., Baaijens, F.P.T., Broers, J.L.V. and Bouten, C.V.C.,
(2016), "Heading in the Right Direction: Understanding Cellular Orientation Responses
to Complex Biophysical Environments”, Cellular and Molecular Bioengineering, Vol.

91 pp- 12'37.

Todd, P., (1989), "Gravity-Dependent Phenomena at the Scale of the Single Cell", ASGSB

bulletin, Vol. 2, pp. 95-113.

Tsai, C.C., Su, P.F., Huang, Y.F., Yew, T.L. and Hung, S.C., (2012), "Oct4 and Nanog Directly
Regulate Dnmtl to Maintain Self-Renewal and Undifferentiated State in Mesenchymal

Stem Cells"”, Molecular Cell, Vol. 47, No. 2, pp. 169-182.

Ullah, 1., Subbarao, R.B. and Rho, G.J., (2015), "Human Mesenchymal Stem Cells - Current

Trends and Future Prospective”, Bioscience Reports, Vol. 35, No. e00191.

95



Vailati, A., Cerbino, R., Mazzoni, S., Takacs, C.J., Cannell, D.S. and Giglio, M., (2011),

"Fractal Fronts of Diffusion in Microgravity”, Nature Communications, Vol. 2, No. 290.

van Loon, J.JW.A., (2007), "The Gravity Environment in Space Experiments”, In Biology in
Space and Life on Earth: Effects of Spaceflight on Biological Systems, Wiley-VCH

Verlag GmbH & Co. KGaA, pp 17-32.

Vlcek, S. and Foisner, R., (2007), "Lamins and Lamin-Associated Proteins in Aging and

Disease”, Current Opinion in Cell Biology, Vol. 19, No. 3, pp. 298-304.

Wagner, W., Horn, P., Castoldi, M., Diehlmann, A., Bork, S., Saffrich, R., Benes, V., Blake, J.,
Pfister, S., Eckstein, V. and Ho, A.D., (2008), "Replicative Senescence of Mesenchymal

Stem Cells: A Continuous and Organized Process", PLoS ONE, Vol. 3, No. 5.

Wang, F. and Higgins, J.M.G., (2013), "Histone Modifications and Mitosis: Countermarks,

Landmarks, and Bookmarks", Trends in Cell Biology, Vol. 23, No. 4, pp. 175-184.

Wang, N., Butler, J.P. and Ingber, D.E., (1993), "Mechanotransduction across the Cell Surface

and through the Cytoskeleton”, Science, Vol. 260, No. 5111, pp. 1124-1127.

Wang, N., Tytell, J.D. and Ingber, D.E., (2009), "Mechanotransduction at a Distance:
Mechanically Coupling the Extracellular Matrix with the Nucleus"”, Nature Reviews

Molecular Cell Biology, Vol. 10, No. 1, pp. 75-82.

Wei, X., Yang, X., Han, Z.P., Qu, F.F., Shao, L. and Shi, Y.F., (2013), "Mesenchymal Stem
Cells: A New Trend for Cell Therapy", Acta Pharmacologica Sinica, Vol. 34, No. 6, pp.

747-754.

Westermarck, J. and Kahari, V.M., (1999), "Regulation of Matrix Metalloproteinase

Expression in Tumor Invasion”, FASEB Journal, Vol. 13, No. 8, pp. 781-792.

96



Wiggan, O.N., Schroder, B., Krapf, D., Bamburg, J.R. and DelLuca, J.G., (2017), "Cofilin
Regulates Nuclear Architecture through a Myosin-li Dependent Mechanotransduction

Module", Scientific Reports, Vol. 7, No. 1, p. 40953.

Wioland, H., Jegou, A. and Romet-Lemonne, G., (2019), "Torsional Stress Generated by
Adf/Cofilin on Cross-Linked Actin Filaments Boosts Their Severing”, Proceedings of

the National Academy of Sciences, Vol. 116, No. 7, p. 2595.

Wozniak, M.A., Modzelewska, K., Kwong, L. and Keely, P.J., (2004), "Focal Adhesion
Regulation of Cell Behavior”, Biochimica et Biophysica Acta - Molecular Cell

Research, Vol. 1692, No. 2-3, pp. 103-1109.

Wurm, F.M., (2013), "Cho Quasispecies-lImplications for Manufacturing Processes"”,

Processes, Vol. 1, No. 3, pp. 296-311.

Xu, L., Liu, Y., Sun, Y., Wang, B., Xiong, Y., Lin, W., Wei, Q., Wang, H., He, W., Wang, B.
and Li, G., (2017), "Tissue Source Determines the Differentiation Potentials of
Mesenchymal Stem Cells: A Comparative Study of Human Mesenchymal Stem Cells
from Bone Marrow and Adipose Tissue", Stem Cell Research and Therapy, Vol. 8, No.

1, p. 275.

Yang, Y.H.K., Ogando, C.R., Wang See, C., Chang, T.Y. and Barabino, G.A., (2018), "Changes
in Phenotype and Differentiation Potential of Human Mesenchymal Stem Cells Aging in

Vitro", Stem Cell Research and Therapy, Vol. 9, No. 275.

Zaidel-Bar, R., Milo, R., Kam, Z. and Geiger, B., (2007), "A Paxillin Tyrosine Phosphorylation
Switch Regulates the Assembly and Form of Cell-Matrix Adhesions”, Journal of Cell

Science, Vol. 120, No. 1, pp. 137-148.

97



Zaim, M., Karaman, S., Cetin, G. and Isik, S., (2012), "Donor Age and Long-Term Culture
Affect Differentiation and Proliferation of Human Bone Marrow Mesenchymal Stem

Cells", Annals of Hematology, Vol. 91, No. 8, pp. 1175-1186.

Zhang, S., Liu, P., Chen, L., Wang, Y., Wang, Z. and Zhang, B., (2015), "The Effects of
Spheroid Formation of Adipose-Derived Stem Cells in a Microgravity Bioreactor on

Stemness Properties and Therapeutic Potential”, Biomaterials, Vol. 41, No., pp. 15-25.

Zhang, Q., Xiang, W., Yi, D.-Y., Xue, B.-Z., Wen, W.-W., Abdelmaksoud, A., Xiong, N.-X.,
Jiang, X.-B., Zhao, H.-Y. and Fu, P., (2018), "Current Status and Potential Challenges of
Mesenchymal Stem Cell-Based Therapy for Malignant Gliomas", Stem cell research &

therapy, Vol. 9, No. 1, pp. 228-228.

Zheng, X., Hu, J., Yue, S., Kristiani, L., Kim, M., Sauria, M., Taylor, J., Kim, Y. and Zheng,
Y., (2018), "Lamins Organize the Global Three-Dimensional Genome from the Nuclear

Periphery", Molecular Cell, Vol. 71, No. 5, pp. 802-815.

98



List of publications

% Koaykul C., Kim M.H., Kawahara Y., Yuge L., and Kino-oka M., (2019), “Alterations

in Nuclear Lamina and the Cytoskeleton of Bone Marrow-derived Human
Mesenchymal Stem Cells Cultured Under Simulated Microgravity Conditions”, Stem
Cells and Developments, Vol. 28, No. 17, pp. 1167-1176. (doi:10.1089/scd.2018.
0229).

Koaykul C., Kim M.H., Kawahara Y., Yuge L., and Kino-oka M., (2019), “Maintenance
of Neurogenic Differentiation Potential in Passaged Bone Marrow-derived Human
Mesenchymal Stem Cells Under Simulated Microgravity Conditions”. Stem Cells and

Developments, Vol. 28, No. 23, pp. 1552-1561. (doi:10.1089/ scd.2019.0146).

99



Acknowledgements

First and foremost, | would like to express my sincerest gratitude to my supervisor,
Professor Masahiro Kino-oka, for providing me the greatest opportunity to study as a Master’s
and Doctor’s student in his laboratory at Osaka University. Since I met him for the first time in
Bangkok 2012 until now, he has always provided kind supports, expert guidance, and given
valuable advices together with his strict and meticulous care to me that | have learned and
extremely developed my skills, including sense of research and life motivation.

I would like to express my deepest appreciation to my excellent director, Associate
Professor Mee-Hae Kim, for her warm encouragement, thoughtful comments, and fruitful
suggestions with very kind patience to me. It was greatly crucial and precious experiences to
me for enhancing my special workmanship that is a great inspiration for my future.

I would like to express my honest gratefulness to Professor Louis Yuge (Division of
Bio-Environmental Adaptation Sciences, Graduate School of Biomedical and Health Sciences,
Hiroshima University), Dr. Yumi Kawahara (Space Bio-Laboratories Co., Ltd.), Mr. Shinzou
Sato, Mr. Ken-ichi Nishisako, Mr. Toshinori Tawa, and Mr. Yoshitaka Kanetada (Miyuki
Ironworks Co., Ltd., Hiroshima, Japan) for hospitable great supports and helpful advices that
made me to become capable of doing research on simulated microgravity culture.

I would like to express my sincere gratefulness to Professor Kazuhito Fujiyama and
Professor Hajime Watanabe for their precious time, kind instructions, and constructive criticism
to help me to completing my doctoral dissertation perfectly.

I would like to express my heartfelt thankfulness to students, staffs and secretaries of
BPSE Laboratory especially Ms. Mitsuko Wakamatsu and Ms. Tomoko Nishimura for their
kind hospitality and co-operation that brought the happiness to me during my stay at the

laboratory and also my daily life in Japan.

100



I would like to acknowledge the Biotechnology Global Human Resource Development
Program, Graduate School of Engineering, Osaka University and Japanese government for
financial support though the Monbukagakusho (MEXT) scholarship during my study in Japan
for 5 years since 2014.

| would like to express my appreciation the Department of Mechanical Engineering and
Biological Engineering Program in Faculty of Engineering, and many professors as well as
staffs at King Mongkut’s University of Technology Thonburi (KMUTT) located in Thailand,
especially, Associate Professor Dr. Anak Khantachawana and Associate Professor Dr.
Kwanchanok Viravaidya-Pasuwat for their continuous supports and for giving confidence to
me which were great motivation for my study life in Japan.

| would like to thank the organizer of Osaka Marathon as well as pavement around Expo
70 Commemorative Park that made me know the advantages of running and the meaning of
marathon, which | have applied for improving my ability, vision, and conscious mind in my
education and lifestyle.

I would like to express my massive appreciation to kind Thai society in Japan, especially
Ms. Parichut Thummarati, and also other members of Thai Students' Association in Japan under
the Royal Patronage (TSAJ) that fulfilled the great lifestyle with excellent worthwhile memory.

Last but not least, 1 would like to enormously thank my family for their deep
understanding and endless supports with truly love, which are very important for me to generate

the essential driving force to complete this doctoral degree.

Chaiyong Koaykul

October 2019

101



