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Abstract

Human induced pluripotent stem cells (hiPSCs) are a promising source of stem cells
for regenerative medicine. To control the quality and stability of hiPSC expansion for practical
applications, understanding how the cell properties are affected by culture environmental
factors during expansion process is critical. The main objective of this thesis is to elucidate the
culture-driven epigenetic memory and its role in modulating the quality of cultured hiPSCs.

In chapter 1, formation of epigenetic memory was firstly investigated in hiPSCs under
general expansion conditions including two-dimensional (2D) monolayer and three-
dimensional (3D) aggregate cultures. Quantitative analysis of global histone methylation by
western blotting revealed that cells in 2D culture upregulated active H3K4me3 mark and
downregulated repressive H3K27me3 mark, whereas the cells in 3D culture significantly
earlier upregulated the H3K4me3 but constantly maintained the H3K27me3. After subculture
into new culture vessels, the cells collected from both 2D and 3D cultures exhibited their ability
to reset and initialize the epigenetic memory to baseline levels detected in the initial culture
period before subculture. Moreover, compared to cells in 2D culture, the cells in 3D culture
demonstrated distinct transcriptional activation of naive pluripotency signatures. Overall, this
chapter described the effect of different culture conditions on epigenetic memory formation
and its initialization after subculture.

In chapter 2, the epigenetic memory of hiPSCs was further examined during prolonged
expansion culture at different cell growth phases. Cells collected from exponential and
stationary growth phases maintained the capability of epigenetic memory initialization after
subculture; however, the cells collected from long-term stationary growth phase that formed
and lasted the epigenetic memory for several days in past culture distinctly showed

consolidation of epigenetic memory after subculture. In addition, the epigenetic memory
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formed at different growth phases in past culture was found associated with the lineage
differentiation preference. Concisely, prolonged expansion of hiPSCs under long-term
stationary phase resulted in the epigenetic memory consolidation after subculture.

Taken together, this thesis demonstrated epigenetic memory formation during
expansion of hiPSCs and the impact of past culture experience on epigenetic memory
initialization and consolidation after subculture. This study paves the way for controlling the
cell quality by considering epigenetic memory mechanism, and the improved understanding of
cellular responses to the culture environments may help enable the process design and

optimization for manufacturing of hiPSCs.



General introduction

1. Human induced pluripotent stem cells as a cell source for regenerative medicine

Pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), are cells that have the ability to undergo unlimited self-renewal
and to differentiate into all somatic cell types (Shi et al., 2016). iPSCs can be generated by
reprogramming somatic cells to a pluripotent state through ectopic expression of a defined set
of transcription factors, which were firstly established by Yamanaka and Takahashi in 2006.
Advances in stem cell research have demonstrated that human iPSCs (hiPSCs) can be directed
in vitro towards many different types of specialized cells, such as hepatocytes, cardiomyocytes,
neurons (Gunhanlar et al., 2018; Kaneko et al., 2016; Yoshida et al., 2018). Moreover, a wide
range of hiPSC generation methods has been to date introduced to create safe, clinical-grade
cells in an individual-/allele-specific manner (Ji et al., 2016). The given advantages of hiPSC
technology highlight the feasibility of using these accessible stem cells for cell-based therapies
and regenerative medicine, which seek to regenerate or repair tissues that have been damaged
by diseases, injuries, or aging.

In the translation of hiPSCs into therapeutic applications, efficient cell production is
essential to provide the cells in clinically relevant numbers with stable quality for further
processing and differentiation (Galvanauskas et al., 2017; Polak & Mantalaris, 2008). Recent
researches and developments in hiPSC production provide various culture platforms for
expanding the cell quantity (Horiguchi & Kino-oka, 2021; Le & Hasegawa, 2019; Valamehr
et al., 2012). Two-dimensional (2D) monolayer culture represents a traditional method, which
has been exploited to culture cells since the early 1900s and modified for growing PSCs by
applying cell-based feeder layers or proteins of the extracellular matrix (ECM) or their

fragments to support the adhesion of PSCs on the culture surfaces and to enable maintenance
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of their self-renewal and proliferation (Chan et al., 2020; Jensen & Teng, 2020). Cultures in
2D monolayers support uniform distributions of nutrients, oxygen, and growth factors to the
cells, which thought to facilitate homogeneous cell expansion and promote batch-to-batch
reproducibility; whereas the scalability of 2D culture is considered as its limitations (Duval et
al., 2017). At present, a scale out of 2D approach has been suggested for large-scale production
of PSCs by exploiting multi-layered flasks in cell factories or cell stacks under automated
operation (Kropp et al., 2017). In addition, three-dimensional (3D) aggregate culture serves as
an alternative format in the PSC production, which relied on the ability of cells to adhere to
each other and form spheroid structure in suspension without sticking to a culture surface (Kato
et al., 2018). This approach provides advantages for scaling up under controlled conditions and
mimicking native stem cell niche; however, the chemical diffusion gradients possibly develop
within the 3D structure, and the sequential cell passaging is still operationally critical to achieve
high-fold cell expansion (Lei & Schaffer, 2013; Mirbagheri et al., 2019). The emergence of
various culture platforms offers options for cell production; however, there is the need for much
optimization of culture conditions, and the comprehensive quality management is required in
parallel to validate and trace the cellular properties upon the expansion (Adil & Schaffer, 2017).

With an aspect of the quality of produced cells, quality attributes must be defined
according to regulatory guidelines for biologics and be thoroughly monitored to assure the
manufacturing process (Rehakova et al., 2020). Quality criteria for hiPSCs typically include
pluripotency, differentiation capacity, cellular viability, genomic instability, tumorigenicity as
well as microbiological sterility (Huang et al., 2019; Seki & Fukuda, 2016). The properties of
undifferentiated hiPSCs are defined as cell state, while the abilities of hiPSCs to differentiate
into other cell types are defined as cell potential (Kim & Kino-oka, 2020). Maintenance of the
cell state and potential in hiPSCs could be characterized using well-established assays, such as

measurement of the transcriptional or protein expression of pluripotent markers in



undifferentiated cells or the expression of lineage-specific markers in hiPSC derivatives

following spontaneous or lineage-specific differentiation induction (Baghbaderani et al., 2016).

Assessment of the functional properties in the cultured hiPSCs is routinely performed to verify

the selection of cell lines for intended applications and to evaluate and trace the cell quality

during and after manufacturing (Liu & Zheng, 2019). Fig. 1 demonstrated that hiPSC quality

can be influenced by variable factors during expansion process including raw material

adaptability, operator’s skill and sense, and culture conditions (Kim & Kino-oka, 2020). In

order to control the culture-induced fluctuation contributing to hiPSC quality, it is thus

foremost to comprehend how each variable culture factor has an impact on the cellular

properties as well as its underlying mechanism.
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2. Epigenetic and transcriptional regulation of state and potential
in pluripotent stem cells

In PSCs, the pluripotency and differentiation specification are orchestrated by the
coordinated regulatory networks of many transcription factors and epigenetic regulators. In the
1950s, Conrad Waddington proposed the concept of an epigenetic landscape to explain the
multistep and multifactorial developmental pathways from pluripotent stem cells to terminally
differentiated cells (Creighton & Waddington, 1958; Wu et al., 2017). In the landscape
framework as shown in Fig. 2A, the developing cell is depicted as a ball rolling down a hillside
marked by uneven ridges and valleys until reaching the bottom. The topography of the
landscape represents developmental path choices during cell differentiation that are
hypothetically shaped by the intrinsic gene regulatory networks (Banerji et al., 2013). The
dynamics of a gene regulatory circuit beneath the landscape can be attributed to the change of
height and slope of the ridges expressed on the landscape, constructing branching points and
navigating cells to different states via binary decisions in sequence (Gilbert, 2000). Valleys on
the landscape in which the ball is retained also describe the states during development where
the potency of cells could be preserved (Chen et al., 2015). Moreover, this theoretical landscape
was used to quantify the possibility of reverse differentiation process under certain
circumstance, explaining the generation of iPSCs by which a specialized cell at the bottom of
landscape can be de-differentiated into a pluripotent state at the summit of landscape
(Takahashi, 2012). A growing number of studies based on mechanistic exploration as well as
mathematical modelling have been conducted to provide experimental evidence recapitulating
the metaphor of Waddington’s epigenetic landscape (Banerji et al., 2013; Li & Wang, 2013).
The molecular insight into the regulation of each cell state on this landscape has been

extensively investigated as it is a key for stem cell research and further applications.
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In the maintenance of pluripotent state of PSCs (Fig. 2B), core pluripotency circuitry
of OCT3/4, NANOG and SOX2 has been shown to co-occupy a considerable portion of their
target genes including their own regulatory regions, simultaneously activating and keeping the
expression of pluripotency-associated genes required for self-renewal while repressing the
expression of differentiation-associated genes required for pluripotency exit and differentiation
commitment (Boyer et al., 2005; Yeo & Ng, 2013). The pluripotent state of PSCs have been
characterized and classified into two different states corresponding to the existence of two
distinct PSC populations during the early in vivo embryonic development (Nichols & Smith,
2009; Takahashi et al., 2018). PSCs derived from the inner cell mass of a pre-implantation
blastocyst have been considered to be in the naive state, whereas PSCs derived from the epiblast
of a post-implantation blastocyst have been considered to be in the primed state (Dundes &
Loh, 2020). Conversion from naive to primed state represents a major step in mammalian
embryogenesis as it sets the state for the self-organization into cells of the three germ layers,
ectoderm, mesoderm and endoderm, that would further develop into distinct organs and tissues
(Dundes & Loh, 2020).

In traditional in vitro cultures, hESCs and hiPSCs were grown and maintained in a
primed state as the molecular characterization indicates a close similarity of their properties to
those in the primed epiblast (Nichols & Smith, 2012). Recently, several studies show that these
two pluripotent states could be interconverted in vitro by supplementing the stem cell culture
medium with specific sets of small molecules and growth factors (Duggal et al., 2015; Gafni
et al., 2013). In addition, 3D culture systems have been found to support the transition and
maintenance of naive pluripotency through modulating intracellular mechanosensitive
pathways (Chang et al., 2021; Lipsitz et al., 2018; McKee et al., 2019). Differences in gene
expression, epigenetic states and metabolic activity present between the different cell states

(Weinberger et al., 2016). As shown in Fig. 2B, transcriptional expression of state-specific



genes has been used to distinguish the two pluripotent states of PSCs, including naive
pluripotency-associated genes: KLF4, KLF5, DPPA5, FGF4, REX1, TFCP2L1; primed-
pluripotency associated genes: ZIC2, SOX11, OTX2, DUSP6, DNMT3B (Lipsitz et al., 2018;
McKee et al.,, 2019; Messmer et al., 2019; Theunissen et al., 2016). Although broad
differentiation potential is shared among the naive and primed PSCs, previous studies
elucidated that induction of naive pluripotency in PSCs might help increase the clonogenicity
of cell expansion and overcome the limited differentiation and maturation capacity of primed
PSCs (Warrier et al., 2017). However, advantages of the different pluripotent states of PSCs in
future applications remain controversial, and the molecular mechanism regulating the state
transition still needs further clarifications (Ortmann et al., 2020; Rohani et al., 2020). Current
knowledge importantly indicated the pluripotency plasticity in PSC population under in vivo
and in vitro environments.

In concert with the pluripotent transcription factors, epigenetic modifications have been
implicated in regulating the state and potential of PSCs by organizing the chromatin structure
and accessibility, in turn programing global gene transcription and cellular functions (Friman
etal., 2019; Roberts et al., 2021). Epigenetic histone modifications and DNA methylation form
a complex regulatory network that attunes genome function (Barrand & Collas, 2010; Bhanu
et al., 2016). Comparative epigenetic profiling studies in PSCs and their differentiated progeny
have elucidated that simultaneous presence of two epigenetic histone modifications including
histone H3 trimethylation at lysine 4 (H3K4me3) and at lysine 27 (H3K27me3), defined as
bivalent histone mark, represents a key and prevalent epigenetic signature of PSCs that
contributes to the preservation of cell identity while keeping their genome in a flexible state to
allow for broad differentiation (Fig. 3; Azuara et al., 2006; Bernstein et al., 2006; Mikkelsen

etal., 2007).
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Generally, H3K4me3 mark is associated with active or open chromatin, while
H3K27me3 mark is associated with repressive or closed chromatin (Amabile & Meissner,
2009; Rada-Iglesias & Wysocka, 2011). Deposition of these active and repressive epigenetic
histone marks, defined as epigenetic memory formation, regulates transcriptional activation or
repression of diverse pluripotency and development-related genes (Azuara et al., 2006;
Mikkelsen et al., 2007). In particular, it has been identified that the active H3K4me3 mark is
positively correlated with the expression of constitutive housekeeping genes fundamentally
required for cell growth and survival of PSCs, and also found to be relevant to the maintenance
of pluripotent gene activation (Bogliotti et al., 2018). Differences in global abundance of the
repressive H3K27me3 mark that acts on regulation of lineage priming features were linked

with the distinction between naive and primed pluripotent states of PSCs (van Mierlo et al.,
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2019). Furthermore, enrichment with bivalent modifications of H3K4me3 and H3K27me3 at
promoters of differentiation-related genes across the genome takes part in sustaining the PSCs
in an undifferentiated state by retaining the genes in a poised state transcriptionally silent but
ready to be switched on in response to differentiation stimuli (Bertero et al., 2015; Grandy et
al., 2016; Wang et al., 2017). Upon the differentiation progression, the number of promoters
with bivalent histone marks temporally reduced in a correlation with the decreased cell potency
(Aranda et al., 2009). Regulation of epigenetic memory in PSCs is thus key to determine their
gene transcriptional profile and supervise cell fate specification process by which cells would
make a decision to maintain their pluripotent state or undergo differentiation and lineage
commitment (Cheedipudi et al., 2014; Roberts et al., 2021).

The epigenetic memory can be formed, modified and transferred from one cell
generation to another without alterations of DNA sequence (Dean, 2017; Kim et al., 2010).
During generation of hiPSCs, global patterns of mature somatic epigenetic modifications must
be reset to the ESC-like state; however, recent studies unveiled a retention of residual
epigenetic information from their donor cells, namely cell origin-derived epigenetic memory
(Kim et al., 2010). The existence of cell origin-derived epigenetic memory resulted in a
preference for differentiation into their original cell lineage (Bar-Nur et al., 2011). Moreover,
in stem cell cultures, epigenetic memory can also be established through adaptive cellular
mechanism in response to culture environmental cues (McEwen et al., 2013; Scesa et al., 2021,
Weissbein et al., 2017). Epigenetic modifications can be enzymatically reversed after cessation
of exposure to a specific environment, but some modifications of epigenetic memory seem to
persist, indicating irreversible changes in cellular adaptability (Killaars et al., 2019). Therefore,
the culture-derived epigenetic memory may also reflect the cell culture experiences and govern
cellular properties and their application potential. To understand how the culture environmental

factors rearrange the gene and epigenetic regulatory networks of hiPSCs as well as how the
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disturbance of this regulatory system reflects the cell quality, the culture-induced cellular
changes, and fundamental epigenetic mechanisms during expansion of hiPSCs still need to be

clarified.

3. Chapter outline

The quality of PSCs and their further differentiation could be affected by culture-
induced fluctuation (Kanie et al., 2019; Kim et al., 2018; Shibata et al., 2018). Hence,
understanding mechanism how the changes in culture environmental factors can instruct cell
properties would be critical for the quality-controlled production of PSCs.

To date, it becomes clear that cells are responsive to the mechanical stimuli from their
surrounding environments via a process collectively known as mechanotransduction (Fig. 4A).
As an adaptive cellular response to the culture environments, cells modulate their phenotypic
and functional cell behaviors, such as cell conformation, cell-cell and cell-substrate
interactions, and cell migration (Kim & Kino-oka, 2020). Changes of the cell behaviors over
time, defined as cell behavioral dynamic, can trigger biochemical signaling and cytoskeletal
reorganization, in turn altering the intranuclear modification of epigenetic memory and gene
transcriptional expression, and consequently altering the cell properties (Alisafaei et al., 2019;
Le et al., 2016). However, the epigenetic memory regulation in cultured hiPSCs and its role in
dictating the cell properties has been still less studied. The thesis was thus aimed to elucidate
the culture-driven epigenetic memory regulation during expansion process and its role in
modulating the state and potential of hiPSCs. This study has been divided into two following
chapters (Fig. 4B).

Chapter 1 firstly investigates the formation of epigenetic memory during expansion of
hiPSCs in general culture conditions. hiPSCs were grown under 2D monolayer culture and 3D

aggregate culture in stem cell maintenance medium for 120 h and observed for cell behavioral
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changes and cytoskeletal organization. During culture, epigenetic memory formation and
pluripotency regulation were evaluated by quantitative analyses of global histone methylation
and pluripotency-associated gene expression, respectively. Moreover, the ability of cells to
reset and initialize the epigenetic memory that formed in past culture was evaluated by
measuring the histone methylation after subculture into new culture vessels and comparing
with those before subculture. This chapter would describe the epigenetic memory formation of
hiPSCs in 2D and 3D culture conditions and their epigenetic memory initialization after
subculture.

Chapter 2 further clarifies the epigenetic memory initialization and consolidation after
subculturing the hiPSCs from different growth phases and different initial seeding density
cultures. In this chapter, the cells were grown under 2D culture with low and high initial seeding
densities in stem cell maintenance medium and the culture time was prolonged until 216 h. The
cells at different culture time points were subcultured into new culture vessels and evaluated
for the histone methylation to observe the epigenetic memory initialization and consolidation
after subculture. In addition, the cells at different culture time points were also investigated for
the three-lineage differentiation potential to explicate a relationship between the epigenetic
memory in past culture and their subsequent lineage differentiation preference. To summarize,
this chapter would examine the epigenetic memory consolidation after subculture from

prolonged expansion of hiPSCs.
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Chapter 1

Investigation of epigenetic memory formation and initialization

during cultures of human iPS cells

1.1 Introduction

Cells are basically capable of sensing and responding to the properties of local
environment in order to keep their homeostasis (Kshitiz et al., 2016; Shih et al., 2011;
Sreenivasappa et al., 2014). Changes in mechanical cues arising in the cellular
microenvironment, such as intercellular tension, ECM stiffness, geometric constraint, can be
transmitted through mechanosensors at the cell-cell and cell-substrate interfaces, and
transduced into biochemical signals and behavioral responses via a mechanotransduction
process (Kshitiz et al., 2016; Vining & Mooney, 2017). Inside the cells, one of the key
intermediates in mechanotransduction is remodeling of the actomyosin cytoskeletal structure
and contractility by regulating actin polymerization and myosin motor activity (Gupta et al.,
2015). Since the actomyosin cytoskeleton physically links the cell surface to the nucleus via
the linker of nucleoskeleton and cytoskeleton (LINC) complex, alteration of the actomyosin
contraction directly exert forces on the nucleus, affecting dynamics of nuclear morphology and
intranuclear compartments (Alam et al., 2016; Alisafaei et al., 2019; Chanet et al., 2017). In
addition, tensional forces generated by the actomyosin contraction also direct nuclear import
and export of diverse epigenetic factors, consequently triggering epigenetic modifications, such
as histone methylation, as well as reorganizing the chromatin architecture (Alisafaei et al.,
2019; Keeling et al., 2017). Mechanotransduction-induced epigenetic modifications control

flexibility of chromatin states to regulate gene transcriptional activation and repression,
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permitting the cells to adapt to differential mechanical environments (Ankam et al., 2018;
Damodaran et al., 2018).

Prior studies indicated that specific patterns of epigenetic modifications in
the cell's DNA and histones can be passed on to next generation cells due to
existence of epigenetic memory (Levenson & Sweatt, 2005; Saxton & Rine, 2019).
In response to the mechanical cues of cellular environments, the epigenetic
modifications can temporarily or permanently alter stem cell features, such as
proliferation and fate determination (Crowder et al.,, 2016; Hazeltine et al., 2013;
Killaars et al., 2019, 2020). Despite previous studies showing the effect of culture
environments on several properties of cultured cells, less studies explore how they
could influence the epigenetic memory regulation of hPSCs as well as their
undifferentiated state and differentiation potential during the expansion process,
which are considered to be essential for refining critical culture environmental
factors and optimizing proper expansion conditions to control the quality of hiPSCs.

The purpose of this chapter is to investigate the effect of different culture
conditions including conventional 2D monolayer culture and 3D aggregate culture

on the epigenetic memory of hiPSCs during culture and after subculture.
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1.2 Materials and methods
1.2.1 Cell line and maintenance culture

The hiPSC line 1383D2 was provided by the Center for iPS Cell Research and Application
at Kyoto University (Kato et al., 2019). Cells were routinely maintained on laminin-511 E8
fragment (iMatrix-511; Nippi Inc., Japan)-coated polystyrene culture dishes (0.25 pg/cm?) in
stem cell maintenance medium (StemFit AKO2N medium; Ajinomoto, Japan) with a seeding
density of 7.5 x 10° cells/cm?. Cells were incubated at 37°C in a humidified atmosphere of 5%
COo; the medium was changed daily. When hiPSCs reached a confluency level of
approximately 80% on day 4 (2.0 to 3.0 x 10° cells/cm?), they were subcultured by treating
with 5 mM ethylenediaminetetraacetic acid (EDTA)/phosphate-buffered saline (PBS) with 10
UM of a Rho-associated protein kinase (ROCK) inhibitor (Y-27632; Wako Pure Chemical
Industries, Japan) for 10 min at room temperature (RT), and later, a dissociation reagent
(TrypLE Select™; Invitrogen, USA) with 10 pM Y-27632 was added for 7 min at 37°C.
Finally, they were resuspended as single cells, re-seeded and cultured in StemFit AKO2N
medium containing 10 uM Y-27632 for the first 24 h. The culture medium was replaced every

day with fresh medium in the absence of Y-27632.

1.2.2 Experimental cultures

hiPSCs were cultured in two different stem cell expansion conditions: 2D monolayer and
3D aggregate cultures. Outlines of experimental cultures and evaluation procedures were
shown in Fig. 1.1. In 2D monolayer culture, single dissociated cells were seeded at a density
of 2.5 x 10° cells/cm? onto dishes coated with iMatrix-511 (0.25 pg/cm?). In 3D aggregate
culture, single dissociated cells were seeded at a density of 6.0 x 10° cells/well (200
cells/aggregate) into micro-space culture plates (Elplasia; Kuraray Co., Ltd., Japan). In both

conditions, cells were cultured in StemFit AKO2N medium supplemented with 10 uM Y-27632
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for the first 24 h after seeding. The culture medium was changed every day with fresh medium

without Y-27632. The cultures were further grown for 120 h.
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cultures of hiPSCs. (B) Evaluation of epigenetic memory after subculture.
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1.2.3 Evaluation of cell proliferative ability

Evaluation of the cell proliferation under 2D and 3D cultures based on two parameters
including attachment efficiency (a) and apparent specific growth rate (uapp) Was conducted
similar to that described previously (Koaykul et al., 2019; Nath et al., 2017). At 24 and 120 h
after seeding, cells in 2D and 3D cultures were dissociated into single cells using TrypLE™
Select, and the number of viable cells was counted by trypan blue exclusion assay. The a was
calculated as a ratio of the number of viable cells at 24 h (X24) to the number of seeded cells at
0 h. The uapp Was calculated using the following equation: x« = In (X120/X24)/At, where X120 iS

the number of viable cells at 120 h, and At is the differential time of 96 h.

1.2.4 Assay for trilineage differentiation potential

To assess the differentiation potential of hiPSCs, the cells were induced to differentiate
into three germ lineages using Stemdiff™ trilineage differentiation kit (StemCell
Technologies, Canada). Single dissociated cells obtained at the end of 2D and 3D cultures (120
h) were re-seeded onto plates coated with iMatrix-511 (0.25 pug/cm?) at a density of 2.0 x10°
cells/cm? for ectoderm and endoderm differentiation, and 5.0 x 10* cells/cm? for mesoderm
differentiation. According to the manufacturer’s instructions, for ectoderm differentiation, cells
were plated in Stemdiff™ trilineage ectoderm medium with 10 uM Y-27632. For endoderm
and mesoderm differentiation, cells were plated in a maintenance culture medium with 10 uM
Y-27632. At the first 24 h after seeding, the media were replaced with each lineage-specific

differentiation medium in the absence of Y-27632. The media were changed every day.
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1.2.5 Immunofluorescence staining

Immunofluorescence staining was carried out as described previously (Kato et al., 2019).
Cells were washed with PBS and fixed with 4% paraformaldehyde (Wako Pure Chemical
Industries, Japan). For 2D monolayers, cells were fixed and maintained on the culture plates
throughout the staining procedures. For 3D cell aggregates, the fixed aggregates were
embedded in optical cutting temperature solution (Tissue-Tek, Sakura Finetek Japan Co., Ltd.,
Japan) prior to rapid freezing in a liquid nitrogen bath and storage at -80°C. The fixed
specimens were sectioned at 10 um using a cryostat microtome and placed onto glass slides
(Leica CM1850, Germany). For sectioned aggregate samples, all following staining procedures
were performed in a humidified chamber. The prepared samples from 2D and 3D cultures were
then permeabilized with 0.5% Triton X-100 in PBS for 10 min. After blocking with Block Ace
solution (Dainippon Sumitomo Pharma Co. Ltd., Japan) for 90 min at RT, the cells were
incubated overnight at 4°C with the following primary antibodies: anti-NANOG, anti-phospho-
myosin light chain 2, anti-SOX17 (Cell Signaling Technology Inc., USA); anti-brachyury, anti-
OCT3/4 (Santa Cruz Biotechnology, USA); and anti-PAX6 (Sigma-Aldrich, USA). The
stained cells were rinsed with Tris-buffered saline (TBS) and then incubated with fluorescent-
dye conjugated secondary antibodies (Thermo Fisher, USA) for 1 h at RT. After TBS rinses,
the cells were stained with 4',6-diamidino-2-phenylindole (DAPI, Life Technologies, USA)
and rhodamine phalloidin (Thermo Fisher, USA) for 30 min at RT to stain the nuclei and F-
actin, respectively. Stained samples were visualized by a confocal laser-scanning microscope

(FV-1000; Olympus, Japan) with a 60x objective lens.
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1.2.6 Protein extraction and western blot analysis

Protein extraction and western blot analysis were performed as described previously
(Koaykul et al., 2019). Total proteins from cultured cells (3.0 to 5.0 x 108 cells) were extracted
by solubilization in radioimmunoprecipitation assay (RIPA) lysis buffer (Sigma, USA)
containing protease and phosphatase inhibitor cocktail (Thermo Scientific, USA), whereas
nuclear and cytoplasmic proteins were extracted by the Nuclear Extraction Kit (Abcam, USA).
Equal amounts of protein (25 to 40 pg protein from the extracted samples) were separated by
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto
polyvinylidene difluoride (PVVDF) membranes (BioRad, USA). The membranes were blocked
with 5% ECL blocking agent (GE Healthcare, USA) in TBS for 60 min at RT and incubated
overnight at 4°C with the following primary antibodies: anti-p-actin, anti-histone H3, anti-
integrin B1, anti-myosin light chain 2, anti-phosphorylated myosin light chain 2 (Ser19), anti-
tri-methyl-histone H3 (Lys4), anti-tri-methyl-histone H3 (Lys27) (Cell Signaling Technology
Inc., USA); anti-E-cadherin, anti-Racl, anti-RhoA (Santa Cruz Biotechnology, USA). After
rinses with TBS containing 0.1% Tween-20 (TBST), incubation with fluorescent-dye
conjugated secondary antibodies (BioRad, USA) was conducted for 1h at RT, followed by
rinses with TBST. The signals were detected using infrared fluorescence with ChemiDoc MP
imaging system (BioRad, USA). B-actin, total myosin light chain (MLC), and histone H3 were
used as an internal control for sample loading. The signal intensity of target protein bands was
normalized to the intensity of the internal loading control for that sample, and then the
normalized intensity from each lane was divided by the normalized intensity of the sample in

lane 1 in order to compare the relative expression across conditions.
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1.2.7 Quantitative reverse transcription-polymerase chain reaction

RNA extraction and quantitative reverse transcription-polymerase chain reaction (QRT-
PCR) were conducted as described previously (Koaykul et al., 2019). Total RNA was extracted
from the cells (1.0 x 10° cells) using RNeasy mini kit (Qiagen, Germany) and reverse
transcribed to cDNA by PrimeScript RT reagent kit (Takara Bio, Inc., Japan) following the
manufacturer’s protocols. qRT-PCR analysis was performed using SYBR Premix Ex Taq
(Takara Bio, Inc., Japan) on a 7300 real-time PCR system (Applied Biosystems, USA).
Amplification specificity for each real-time RT-PCR analysis was confirmed by melting curve
analysis. Expression of target genes was normalized to the expression of B-actin (ACTB) as an
internal reference gene, and relative expression was then determined by the 2"t method. The

primers used in this study are indicated in Table 1.1.

Table 1.1 List of primers used for qRT-PCR in chapter 1

Genes Forward sequence (5> — 3°) Reverse sequence (5° — 3°)
OCT3/4 CAAAACCCGGAGGAGGAGTC CACATCGGCCTGTGTATATC
NANOG TGATTTGTGGGCCTGAAGAAAA GAGGCATCTCAGCAGAAGACA

SOX2 TGGCGAACCATCTCTGTGGT CCAACGGTGTCAACCTGCAT

FGF4 CGTGGTGAGCATCTTCGGC GTAGGACTCGTAGGCGTTGT

DPPAS ATATCCCGCCGTGGGTGAAAGTTC  ACTCAGCCATGGACTGGAGCATCC

KLF5 GCTCACCTGAGGACTCACAC CTTCATATGCAGGGCCAGGT

DUSP6 TCCCTGAGGCCATTTCTTTCATAGATG GCAGCTGACCCATGAAGTTGAAGT

SOX11 CCAGGACAGAACCACCTGAT CCCCACAAACCACTCAGACT
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Table 1.1 (continued) List of primers used for qRT-PCR in chapter 1

Genes Forward sequence (5> — 3°) Reverse sequence (5° — 3°)
ZIC2 CATGCACGGTCCACACCTC CTCATGGACCTTCATGTGCTT
PAX6 TCTTTGCTTGGGAAATCCG CTGCCCGTTCAACATCCTTAG
OTX2 CAAAGTGAGACCTGCCAAAAAGA TGGACAAGGGATCTGACAGTG
SOX1 ATGCACCGCTACGACATGG CTCATGTAGCCCTGCGAGTTG
MAP2 CGAAGCGCCAATGGATTCC TGAACTATCCTTGCAGACACCT
T GCAAAAGCTTTCCTTGATGC ATGAGGATTTGCAGGTGGAC
CDX2 TTCACTACAGTCGCTACATCACCAT TTGTTGATTTTCCTCTCCTTTGCT
MYH6 CTCAAGCTCATGGCCACTCT GCCTCCTTTGCTTTTACCACT
NKX2.5 ACCCTGAGTCCCCTGGATTT TCACTCATTGCACGCTGCAT
SOX17 GAGCCAAGGGCGAGTCCCGTA CCTTCCACGACTTGCCCAGCAT
FOXA2 GTCCGACTGGAGCAGCTACTA GTACGTGTTCATGCCGTTCATC
GATA4 ACACCCCAATCTCGATATGTTTG GTTGCACAGATAGTGACCCGT
GATAG6 GCGGGCTCTACAGCAAGATG ACAGTTGGCACAGGACAATCC
ACTB AGGCACCAGGGCGTGAT GCCCACATAGGAATCCTTCTGAC

1.2.8 Statistical analysis

All experimental data are expressed as the mean + standard deviation (SD). P-values were

calculated using Student’s t test to compare means between two groups. Statistically significant

differences were considered at a P-value of less than 0.05 or 0.01.
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1.3 Results
1.3.1 Morphological and growth phenotypes of hiPSCs in 2D and 3D cultures

To examine the behavioral adaptation and growth process of hiPSCs under 2D and 3D
expansion cultures, single dissociated cells were cultivated as 2D monolayers on iMatrix-511
coated dishes or as 3D aggregates in micro-space cell-culture plates, and later observed by
time-course and time-lapse phase contrast microscopy. After seeding, hiPSCs in 2D culture
adhered and spread on the substrate (Fig. 1.2A). Single cells migrated randomly and came into
contact with other surrounding cells. After forming intercellular connection, the cells
collectively migrate as an epithelial colony. Cell colonies grew and spontaneously fused with
nearby clusters until near confluence at 120 h. In contrast, cells in 3D culture initially settled
into each micro-space by gravity and gathered on the bottom of micro-spaces. In the first 24 h,
cells self-assembled to form 3D aggregates, and the aggregates showed their smooth surface
and regular spherical structure (Fig. 1.2B). The aggregates gradually expanded in size and
became highly compact with rougher surface until 120 h. Attachment efficiency (o) and
apparent specific growth rate (uapp) Were used to measure cell proliferation ability in 2D and
3D cultures. Compared with those in 2D culture, the values of a (Fig. 1.2B) and uapp (Fig.
1.2C) of cells in 3D culture were significantly 1.8- and 2.0-fold lower, respectively, revealing

the influence of culture platforms on growth properties of hiPSCs.
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Figure 1.2 Differences in cell morphology and proliferation of hiPSCs under 2D monolayer
culture and 3D aggregate culture conditions. (A) Observation of cell morphology by phase-
contrast microscopy during 2D and 3D cultures. Scale bars, 200 pm. (B) Attachment efficiency
and (C) apparent specific growth rate. The data are shown as mean + SD (n = 3). * P-value <

0.01, compared between 2D and 3D cultures.
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1.3.2 Regulation of cell behaviors in different culture conditions

To further clarify the behavioral characteristics of hiPSCs in the different culture
conditions, protein expression of two cell adhesion-mediated molecules (E-cadherin and
integrin B1) and two members of the Rho family GTPases (Racl and RhoA) was evaluated by
western blot analysis. Cell adhesion molecules E-cadherin and integrin B1 were expressed
within the first 24 h after seeding; however, changes of the two adhesion protein levels over
culture time were found not statistically significant in each culture condition (Fig. 1.3A).
Compared to that in 3D culture, the expression of integrin 1 was significantly 3.0-fold higher
in 2D culture at 120 h, while there was no difference of E-cadherin levels between 2D and 3D
cultures.

In addition, the quantitative analysis of Racl and RhoA exhibited distinct time-dependent
changes in the expression among the two culture conditions (Fig. 1.3B). In 2D culture, from
24 to 72 h, the expression of Racl was slightly increased, while the expression of RhoA was
maintained. At 120 h, the expression of both Racl and RhoA was found significantly
upregulated. In 3D culture, the expression of Racl was maintained at relatively low levels
throughout the culture period, while the expression of RhoA was found highly upregulated at
72 and 120 h. Comparison of the protein expression between conditions indicated that cells in
3D culture kept the Racl expression at relatively low level, while the cells in 2D culture
dramatically increased the level of Racl from 24 to 120 h, resulting in its significantly 2.4-fold
higher level than that in 3D culture at 120 h. On the contrary, the cells in 3D culture exhibited
an earlier upregulation of RhoA, showing its significantly 2.2-fold higher level than that in 2D
culture at 72 h; however, the expression of RhoA in two culture conditions finally reached a
similar level at the end of culture period (120 h). These results demonstrate the dynamics of

cell behavioral regulation during cell expansion in 2D and 3D cultures.
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Figure 1.3 Dynamic regulation of protein expression associated with cell behaviors during 2D
and 3D cultures of hiPSCs. Western blot images and quantitative analysis of (A) E-cadherin
and integrin B1, and (B) Racl and RhoA. The intensity of each target protein was normalized
to that of B-actin. The data are shown as mean + SD (n = 3). * " P-value < 0.05, compared with

that measured at 24 h (¥), compared between 2D and 3D cultures at the same time points ().

1.3.3 Culture-induced rearrangement of actomyosin cytoskeleton

As the arrangement of actomyosin cytoskeleton is critical for cell mechanics and force
distribution, and has been shown to be strongly cooperated with cell morphological and
behavioral changes (Alisafaei et al., 2019; Keeling et al., 2017), the organization of actomyosin

cytoskeleton in hiPSCs during expansion under 2D and 3D cultures were investigated. Firstly,
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localization of the actomyosin cytoskeleton was observed by immunofluorescence staining of
its two key components including filamentous actin (F-actin) and phosphorylated myosin light
chain (pMLC), an activated part of myosin motor protein (Fig. 1.4).

At the early time point after seeding, hiPSCs in 2D culture displayed long-branched
projections of F-actin elongated from the cell body with large spread areas of the cells (Fig.
1.4A) and flattened cell nuclei detected in XZ cross-sections (Fig. 1.4A2). pMLC was found
highly colocalized with the F-actin especially at the cell periphery (Fig. 1.4A1). From 72 h to
the end of culture period, cell colonies exhibited a polarized organization of the actomyosin
cytoskeleton along the apical-basal axis as shown in XZ cross-sections (Fig. 1.4B-C). Thick
bundles of actin filaments were aligned as a continuous belt underlying apical intercellular
junctions and colocalized with the circumferential myosin enrichment (Fig. 1.4B1-C1).
Compared with that at 72 h, structural alignment of F-actin at 120 h was found more complex,
and the cortical myosin showed its poorly organized distribution across the apical domain of
actomyosin networks (Fig. 1.4B2-C2). Cell nuclei were in close proximity to each other, and
their shape turned to be prolate ellipsoid within densely packed areas of the 2D monolayers.

In 3D culture, initial cell aggregation at 24 h showed formation of cell-cell contacts with
thick branched actin networks partially colocalized with pMLC at the cell cortex (Fig. 1.4D),
while the cells maintained a spheroid shape of cell nuclei within the loosely aggregated
structure. At 72 h, cell expansion and cytoskeletal rearrangement appeared to lead to a more
compact structure of 3D aggregates (Fig. 1.4E). Cells at the periphery of aggregates showed a
spontaneous assembly of actin bundle rings with an abundance of the pMLC (Fig. 1.4E-F).
Inside the aggregates, complex, highly branched networks of actomyosin cytoskeleton in the
absence of polarization continued to grow at the cell-cell boundaries (Fig. 1.4 E1-F1). Cells
became elongated and stretched. The nuclei were also found to deform in the same fashion as

that of the cells until 120 h (Fig. 1.4E2-F2).
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In addition, western blotting of pMLC and total MLC was performed to quantitatively
compare the myosin motor activity in cells under 2D and 3D cultures (Fig. 1.5). The analysis
demonstrated that the ratio of pMLC per total MLC levels was reduced over time in 3D culture,
and the phosphorylation ratios at 72 and 120 h in 3D culture was significantly 2.0- and 2.7-fold
lower than those in 2D culture, respectively.

Overall, the results indicated that hiPSCs are responsive to the different culture conditions
and subsequent behavioral changes along culture time by distinctly reorganizing the structural
orientation of actomyosin cytoskeleton as well as regulating the activation of myosin motor

activity.
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Figure 1.4 Organization of actomyosin cytoskeleton during (A-C) 2D culture and (D-F) 3D
culture of hiPSCs. Fluorescence staining images of phosphorylated myosin light chain (pMLC,;

green) and filamentous actin (F-actin; red) towards cell nuclei (DAPI; blue). Zoom-in images
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of the regions with white border are presented in the bottom panels (Al-F1 and A2-F2). XY
confocal optical sections taken in a plane parallel to the culture substrate. XZ confocal optical

cross-sections taken in a plane perpendicular to the culture substrate. Scale bars, 25 pm.
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Figure 1.5 Regulation of myosin phosphorylation during 2D and 3D cultures of hiPSCs.
Western blot images and quantitative analysis of pMLC. The intensity of pMLC was
normalized to that of total MLC. The data are shown as mean + SD (n = 3). * " P-value < 0.05,
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1.3.4 Epigenetic memory formation and initialization in 2D and 3D cultures

Next, hiPSCs under 2D and 3D cultures were observed for the epigenetic regulation by
measuring the global levels of two key bivalent epigenetic marks, H3K4me3 and H3K27me3,
which are known to reciprocally control pluripotent state and differentiation potency of

pluripotent stem cells (Grandy et al., 2016), by western blotting (Fig. 1.6).
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Figure 1.6 Profiles of global H3K4me3 and H3K27me3 during 2D and 3D cultures of hiPSCs.
Western blot images and quantitative analysis of (A) H3K4me3 and (B) H3K27me3. The
intensity of each target protein was normalized to that of histone H3. The data are shown as
mean + SD (n = 3). * " P-value < 0.05, compared with that measured at 24 h (*), compared

between 2D and 3D cultures at the same time points ().

In 2D culture, the active histone mark H3K4me3 was found to be sustained at relatively
low levels from 24 to 72 h, and its level was significantly increased at 120 h (Fig. 1.6A).

Oppositely, the repressive histone mark H3K27me3 was highly detected at 24 h after seeding,
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while its level was considerably reduced from 24 to 72 h, and maintained until 120 h (Fig.
1.6B). In 3D culture, H3K4me3 level at 24 h was comparable to that in 2D culture; however,
its level was found earlier upregulated from 72 h (Fig. 1.6A). At the end of culture period (120
h), the levels of H3K4me3 in both 3D and 2D cultures were at relatively high and not
significantly different (Fig. 1.6A). Remarkably, H3K27me3 levels were maintained along the
culture time in 3D culture, and the H3K27me3 level in 3D culture at 120 h was found
significantly 1.6-fold higher than that in 2D culture at the same time point (Fig. 1.6B).

Moreover, the modifications of epigenetic memory differently obtained in 2D and 3D
cultures were further examined for the ability of memory initialization after subculture. hiPSCs
in 2D and 3D cultures at 120 h were dissociated into single cells and re-seeded into both 2D
and 3D culture conditions (Fig. 1.7A). Levels of H3K4me3 and H3K27me3 were then
measured in the cells at 24 h after subculture by western blotting (Fig. 1.7B). In the cells from
2D culture, the levels of H3K4me3 and H3K27me3 after subculture into both 2D and 3D
cultures were reset to the same levels as detected before subculture at 24 h (baseline levels),
defined by epigenetic memory initialization (Fig. 1.7C-D). Likewise, the cells collected from
3D culture also showed the initialization of H3K4me3 and H3K27me3 levels at 24 h after
subculture into 2D and 3D cultures (Fig. 1.7E-F)

Taken together, the results unraveled differences in the epigenetic memory formation of
hiPSCs regarding the culture conditions and culture durations. The distinct states of epigenetic

memory in past culture under the defined culture conditions can be initialized after subculture.
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Figure 1.7 Profiles of global H3K4me3 and H3K27me3 after subculture from 2D and 3D

cultures of hiPSCs. (A) Schematic diagram showing the experimental procedures used for

evaluating epigenetic memory before and after subculture. (B) Western blot images of
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H3K4me3 and H3K27me3. Quantitative analysis of H3K4me3 and H3K27me3 before
subculture and at 24 h after subculture from 2D culture to (C) 2D and (D) 3D cultures, and
from 3D culture to (E) 2D and (F) 3D cultures. The intensity of each target protein was
normalized to that of histone H3. The data are shown as mean + SD (n = 3). " P-value < 0.05,
compared the normalized intensity at each time point to that before subculture at 24 h, the

baseline value.

1.3.5 Pluripotent state and differentiation potential of hiPSCs in 2D and 3D cultures

To examine the regulation of pluripotent states in hiPSCs under 2D and 3D culture
conditions, hiPSCs were grew in stem cell maintenance medium for 120 h and then the
expression of pluripotency-associated markers was evaluated by qRT-PCR and
immunofluorescence staining.

At 120 h after cell expansion, the mMRNA expression of a core pluripotency-associated
gene OCT3/4 in 3D culture was found significantly 1.5-fold higher than that in 2D culture,
while the expression of SOX2 in 2D culture was significantly 1.5-fold higher than that in 3D
culture (Fig. 1.8A). The expression of NANOG in 2D and 3D cultures were at comparable
levels. Results of immunofluorescence staining indicated that OCT3/4 and NANOG were
detected among the cell population in both culture conditions (Fig. 1.8B).

Additionally, the analysis of pluripotency was extended to evaluate the plasticity of
pluripotent states in hiPSCs by measuring the mRNA expression of naive pluripotency-
associated genes (FGF4, DPPA5 and KLF5) and primed pluripotency-associated genes
(DUSP6, SOX11 and ZIC?2). Strikingly, the results showed that cells under 2D and 3D cultures
obtained distinct transcriptional states of pluripotency (Fig. 1.8A). In comparison to that in 2D

culture, the expression of FGF4, DPPAS, and KLF5 was significantly 4.0-, 1.7- and 1.5-fold
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higher in 3D culture, respectively. In contrast, the expression of DUSP6, SOX11 and ZIC2 was
significantly 10.0-, 1.2- and 1.3-fold higher in 2D culture, respectively.

To further investigate the differentiation potential of hiPSCs obtained from 2D and 3D
culture conditions, the cultured cells at 120 h were dissociated into single cells and subjected
to three-lineage differentiation assay (ectoderm, mesoderm, and endoderm). The differentiation
was evaluated by measuring the mRNA expression of lineage-specific genes and
immunofluorescence staining of lineage-specific markers. Almost all the mesoderm and
endoderm genes showed similar expression levels between lineage-induced cells from 2D and
3D cultures (Fig. 1.9A) in agreement with the immunofluorescence staining data displaying
the expression patterns of brachyury (mesoderm) and SOX17 (endoderm) (Fig. 1.9B).
However, after ectoderm induction, cells from 2D culture showed significantly 4.2- and 1.8-
fold higher mRNA expression of PAX6 and MAP2 than that from 3D culture (Fig. 1.9A), in
addition, differences in PAX6 expression among differentiated cell population were observed
between cells from different culture conditions (Fig. 1.9B).

In conclusion, the pluripotent state of hiPSCs under 2D and 3D culture conditions was
attuned through regulating the transcriptional expression of naive and primed pluripotency-
associated genes. After three-lineage differentiation induction, the ectoderm gene expression
was moderated in the cells from 3D culture, while the mesoderm and endoderm gene

expression were similarly maintained in the cells from different culture conditions.
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Figure 1.8 Characterization of pluripotency of hiPSCs in 2D and 3D cultures. (A) Relative
MRNA expression of core, naive, and primed pluripotency-associated genes in hiPSCs. (B)
Fluorescence staining images of OCT3/4 and NANOG towards cell nuclei (DAPI) in hiPSCs
cultured for 120 h. Scale bars, 200 um. The mRNA expression of each target gene was
normalized to that of B-actin. The data are shown as mean + SD (n = 3). * P-value < 0.05, **

P-value < 0.01, compared between 2D and 3D cultures.
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Figure 1.9 Characterization of differentiation potential of hiPSCs obtained from 2D and 3D
cultures. (A) Relative mRNA expression of lineage-specific genes in hiPSCs differentiated into
ectoderm, mesoderm, and endoderm (Diff), compared with their undifferentiated state
(Undiff). (B) Fluorescence staining images of differentiation markers, including PAXS,
brachyury, and SOX17, towards cell nuclei (DAPI) in hiPSCs differentiated into ectoderm,
mesoderm, and endoderm. Scale bars, 200 pm. The mRNA expression of each target gene was
normalized to that of B-actin. The data are shown as mean = SD (n = 3). * P-value < 0.05, **

P-value < 0.01, compared between 2D and 3D cultures.
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1.4 Discussion

Epigenetic memory regulation represents a mechanism of cellular adaptation in
response to the culture environmental perturbations (Jain et al., 2013; Kim et al., 2018). The
impact of culture conditions on the modulation of cell behaviors, epigenetic memory, and cell
quality in hiPSCs was explained as follows:
1.4.1 Regulation of cell behaviors and cytoskeletal contractility in hiPSCs under 2D and
3D culture conditions

hiPSCs responded to different physiological and mechanical properties of cellular
environments by distinctly regulating their adhesive and migratory behaviors. The differences
in temporal and spatial regulation of cell-cell and cell-substrate adhesion among cells in 2D
and 3D environments result in distinctive force distribution and magnitude of physical
constraints acting on the cells. In 2D culture, dynamic coordination between cell-substrate and
cell-cell interaction reinforces the synchronous and collective cell migration (Aranjuez et al.,
2016). During cell migration, activation of Rho GTPase members induced by force
transduction in the cell populations is necessary to direct membrane protrusion and cell
movement (Das et al., 2015; Mishra et al., 2019). The upregulation of both Racl and RhoA
observed in 2D culture might indicate the balance of Rac/Rho GTPase antagonism controlling
myosin-based cytoskeletal contraction in the migrating cell collectives. Moreover, results here
revealed that 2D colonies of hiPSCs kept an intact assembly of actomyosin cortex with apical-
basal polarization along cell-cell contacts (Fig. 1.4B-C), consistent with the maintenance of
myosin motor protein activation over time in 2D culture quantitated by western blotting (Fig.
1.5). Regulation of actomyosin-based relaxation and contraction is likely responsible for the
dynamic and synergistic behavioral profiles of cells in 2D monolayers.

In contrast to 2D culture, physical limits in confined 3D environments moderate

capability of the cells to produce cell protrusions, thereby restricting cell migratory behavior
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(Guetta-Terrier et al., 2015; Van Helvert et al., 2018; Wolf et al., 2013). Cell motility and
structural dynamics in 3D culture are mainly driven by passive transduction of compressive
and contractile forces from the surrounding matrix and intercellular interaction in alliance with
deformation of each individual cell (Khatau et al., 2012; Lange & Fabry, 2013; Yamada &
Sixt, 2019). The results showed that hiPSCs in 3D culture sustained cadherin-based cell-cell
adhesion, whereas reduced the integrin-based cell-substrate adhesion, compared to that in 2D
culture (Fig. 1.3A). Additionally, RhoA was highly activated, while Racl was detected at
relatively low levels during 3D culture. In 3D cell structures, actomyosin contraction is
essential to aid cell-cell interactions and also create outside-in force transduction, enhancing
spheroid integrity and compactness (Dolega et al., 2017; Sodek et al., 2009). Visualization of
actomyosin cytoskeleton in 3D culture of hiPSCs (Fig. 1.4E-F) demonstrated that formation
and accumulation of actomyosin bundles at the periphery of cell aggregates were associated
with their structural development and compaction during culture, moreover, these underlined
a spatial regulation of actomyosin-generated contraction by which the mechanical forces were
transmitted from the outer towards the inner parts of cell aggregates. Compared with 2D
culture, the reduction of myosin activation during the late phase of 3D culture (Fig. 1.5) was
in line with the moderation and partial colocalization of F-actin and myosin detected inside cell
aggregates (Fig. 1.4E-F). In comparison with the behavioral regulation in 2D monolayer
culture, the structural integrity and tensional homeostasis in 3D cell aggregates might be
supported by the maintenance of intercellular adhesion and the reorganization and relaxation

of actomyosin cytoskeleton in a spatiotemporal manner.

1.4.2 Culture-driven epigenetic memory formation and its initialization after subculture
Epigenetic memory modification can be driven by modulation of cytoskeletal

contractility, in turn regulating the properties of cultured cells (Alisafaei et al., 2019). The
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actomyosin cytoskeleton-generated intracellular tension can modify organization of
nucleocytoskeleton and nuclear translocation of epigenetic regulatory proteins, concertedly
reorganizing the epigenetic and chromatin states as well as gene transcriptional profiles (Jain
et al., 2013; Sao et al., 2019). Histone methylation H3K4me3 and H3K27me3 are recognized
as two key epigenetic signatures directly determining stem cell pluripotency and cell fate
decisions (Grandy et al., 2016; Harvey et al., 2019). Specific epigenetic modifications and
transcriptional switches of pluripotency-associated genes have been found relevant to the
plasticity of pluripotent states in cultured hPSCs (Leitch et al., 2013; Theunissen et al., 2016;
Tosolini et al., 2018).

In this chapter, hiPSCs in 2D and 3D cultures exhibited distinct epigenetic memory
formation described by the upregulation of H3K4me3 with downregulation of H3K27me3 in
2D culture, and the earlier upregulation of H3K4me3 level with persistence of relatively high
H3K27me3 level in 3D culture (Fig. 1.6). Compared with cells in 2D culture, the cells in 3D
culture with different epigenetic memory status showed the higher expression of naive
pluripotency-associated genes, while sustained the expression of core pluripotent genes (Fig.
1.8). In agreement with the relationship between epigenetic memory formation and
pluripotency regulation in this current study, prior investigation demonstrated that elevation of
global H3K27me3 in hESCs under a naive culture condition has been linked with a cellular
mechanism preventing transition into a lineage-priming state (De Clerck et al., 2019; van
Mierlo et al., 2019). The epigenetic memory formed during culture under defined expansion
conditions in this chapter has been hypothesized to be convertible, supporting capability of the
memory initialization after subculture into new culture environments as shown in Fig. 1.7. In
consistent with the obtained results, previous studies revealed that epigenetic memory modified
in a specific culture condition could be reversible or irreversible depended on time of exposure

to the culture environment (Killaars et al., 2019; Li et al., 2016). Taken together, this chapter
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annotates the culture-driven epigenetic memory formation during expansion of hiPSCs under
2D monolayer and 3D aggregate cultures, and shows that the cells cultured in these defined
conditions could reset the acquired memory from past culture and initialize it after subculture
(Fig. 1.10). These are critical to further understand how the hiPSC properties could be regulated

and maintained during the culture process.
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Figure 1.10 Schematic diagram showing epigenetic memory formation during cell expansion

and epigenetic memory initialization after subculture in 2D and 3D cultures of hiPSCs.
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1.5 Chapter summary

This chapter demonstrates the effect of different culture conditions on the epigenetic
memory regulation in hiPSCs. Quantitative analysis of global histone methylation revealed that
cells in 2D culture upregulated active H3K4me3 mark and downregulated repressive
H3K27me3 mark, whereas the cells in 3D culture significantly earlier upregulated the
H3K4me3 but constantly maintained the H3K27me3. After subculture into new culture vessels,
the cells collected from both 2D and 3D cultures revealed their ability to reset and initialize the
epigenetic memory to baseline levels detected in the initial culture period before subculture.
Moreover, compared to cells in 2D culture, the cells in 3D culture demonstrated distinct
transcriptional activation of naive pluripotency signatures. Overall, the obtained findings in
this chapter indicate the epigenetic memory formation during expansion of hiPSCs and its

initialization after subculture.
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Chapter 2

Investigation of epigenetic memory consolidation

in prolonged cultures of human iPS cells

2.1 Introduction

Expansion process poses a great challenge for regenerative therapeutic application of
hiPSCs. It is critical to ensure proper maintenance of pluripotency and differentiation
propensity in the expanded and passaged cells (Cruvinel et al., 2020; Horiguchi & Kino-oka,
2021). The cellular functions are crucially affected by culture environments through adaptive
mechanotransduction and epigenetic mechanisms (Hazeltine et al., 2013; Ireland & Simmons,
2015). Changes in the cellular environments and mechanotransduction could dictate
cytoskeletal contractility and mechanical nuclear properties, such as nucleoskeletal structure,
in turn rearranging intranuclear chromatin organization and accessibility as well as altering
gene transcriptional profiles (Boyer et al., 2006; Keller et al., 2018; Meissner, 2010).

The chromatin of PSCs has a dynamic epigenetic plasticity that allows activation or
repression of developmental genes, consequently retaining self-renewal or permitting lineage
commitment (Atlasi & Stunnenberg, 2017; Spivakov & Fisher, 2007). Acquisition of the active
H3K4me3 mark have been shown to be associated with gene expression involved in
housekeeping cellular functions, such as cell division and protein transport, and specific
pluripotency-related functions in PSCs (Bogliotti et al., 2018; Grandy et al., 2016). Activation
of hallmark pluripotency transcription factors including OCT3/4, SOX2 and NANOG genes
safeguards an undifferentiated state as these pluripotent regulators simultaneously occupy the
promoters of differentiation genes, in turn restricting their transcription (Boyer et al., 2005;

Hammachi et al., 2012). In concert with the regulation of transcription factors, deposition of

44



bivalent histone marks characterized by presence of both active H3K4me3 and repressive
H3K27me3 marks at gene promoters is responsible for keeping the differentiation genes in a
poised state, preventing precocious expression but allowing the genes to be primed for future
activation (Grandy et al., 2016; Liu et al., 2016). Along the progression of stem cell growth
and division, epigenetic memory governs the inheritance of epigenetic patterns from parent
cells to daughter cells (Levenson & Sweatt, 2005; Saxton & Rine, 2019). Alteration of the
epigenetic signatures induced by past culture experiences might dysregulate the memory
mechanism, fluctuating the cell quality following expansion process (Killaars et al., 2019).
Recent studies evidenced that stem cells can imprint information with regards to past culture
environments as a reversible or irreversible memory, and that can instruct future environmental
sensitization and fate decisions of the cultured cells (Killaars et al., 2019; Lee et al., 2014; Li
et al., 2016; Yang et al., 2014). Hence, a unique regulatory pattern of epigenetic modification
and inheritance might be at the heart of stabilizing the cellular properties in cultures of PSCs.
Although these previous studies have revealed the importance of epigenetic regulation in
preserving the cell identity and its heritability during culture, the influence of past culture
experiences regarding different growth phases and time spent in culture on the epigenetic
memory after subculture and the subsequent cell properties has not yet been elucidated.

This chapter aimed to clarify whether the epigenetic memory formation with respect to
different growth phases and time spent in past culture could be consolidated after subculture,
and how the epigenetic memory formed in past culture affects the subsequent lineage

differentiation of hiPSCs.
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2.2 Materials and methods
2.2.1 Cell line and maintenance culture

The hiPSC line 1383D2 provided by the Center for iPS Cell Research and Application at
Kyoto University was routinely maintained on iMatrix-511 (Nippi Inc., Japan)-coated
polystyrene culture dishes (0.25 pg/cm?) in stem cell maintenance medium (StemFit AKO2N
medium; Ajinomoto, Japan) with a seeding density of 7.5 x 10 cells/cm?. Cells were incubated
at 37°C and 5% CO: in a humidified atmosphere. The medium was changed daily. Cells were
subcultured after reaching a confluency of about 80% (2.0 to 3.0 x 10° cells/cm?) every four
days. To subculture, cells were treated with 5 mM EDTA/PBS containing 10 uM Y-27632
(Wako Pure Chemical Industries, Japan) for 10 min at RT, and subsequently, a cell dissociation
enzyme TrypLE Select™ (Invitrogen, USA) containing 10 pM Y-27632 for 7 min at 37°C.
Cells were harvested and dissociated into single cells by gentle pipetting. Finally, cells were
re-seeded into StemFit AKO2N medium containing 10 uM Y-27632. At 24 h post seeding, the

culture medium was replaced with fresh medium without Y-27632.

2.2.2 Experimental cultures

hiPSCs were cultured in two different expansion conditions: low seeding density and high
seeding density cultures. Outlines of experimental cultures and evaluation procedures were
shown in Fig. 2.1. Briefly, single dissociated cells obtained from the maintenance culture were
seeded at a density of 2.0 x 102 cells/cm? (low seeding density) or 4.0 x 10* cells/cm? (high
seeding density) onto dishes coated with iMatrix-511 (0.25 pg/cm?). Within the first 24 h after
seeding, cells were cultured in StemFit AKO2N medium supplemented with 10 uM Y-27632.
The culture medium was changed every day with fresh medium in the absence of Y-27632.

The cultures were further grown for 216 h. To evaluate growth ability, hiPSCs at defined time
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points were dissociated into single cells using TrypLE™ Select, and the number of live cells

was counted by trypan blue exclusion assay.
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Figure 2.1 Schematic diagram showing the experimental outline in chapter 2.

2.2.3 Assay for trilineage differentiation potential

hiPSCs were differentiated into three germ lineages using Stemdiff™ trilineage
differentiation kit (StemCell Technologies, Canada). Firstly, single dissociated cells collected
from the expansion cultures at each defined time point were re-seeded onto plates coated with
iMatrix-511 (0.25 pg/cm?) at a density of 2.0 x10° cells/cm? for ectoderm and endoderm
differentiation, and 5.0 x 10* cells/cm? for mesoderm differentiation. Following the
manufacturer’s protocol, for ectoderm differentiation, cells were plated in Stemdiff™
trilineage ectoderm medium with 10 uM Y-27632. For endoderm and mesoderm

differentiation, cells were plated in a maintenance culture medium with 10 uM Y-27632. At
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the first 24 h after seeding, the media were replaced with each lineage-specific differentiation

medium in the absence of Y-27632. The media were changed every day.

2.2.4 Immunofluorescence staining

Cells were fixed on culture plates with 4% paraformaldehyde (Wako Pure Chemical
Industries, Japan) for 10 min at RT, and permeabilized with 0.5% Triton X-100 in PBS for 10
min at RT. Subsequently, cells were blocked with Block Ace solution (Dainippon Sumitomo
Pharma Co. Ltd., Japan) for 90 min at RT, and then incubated overnight at 4°C with the
following primary antibodies: anti-brachyury, anti-lamin A/C (Santa Cruz Biotechnology,
USA); anti-lamin B1 (Abcam, USA); anti-PAX6 (Sigma-Aldrich, USA); and anti-SOX17 (Cell
Signaling Technology Inc., USA). The treated cells were subjected to washes with TBS and
further incubation with fluorescent-dye conjugated secondary antibodies (Thermo Fisher,
USA) for 1 h at RT. The cells were then washed with TBS, and stained with 4',6-diamidino-2-
phenylindole (DAPI, Life Technologies, USA) and rhodamine phalloidin (Thermo Fisher,
USA) for 30 min at RT to stain the nuclei and F-actin, respectively. Images were acquired using

a confocal laser-scanning microscope (FV-1000; Olympus, Japan) with a 60x objective lens.

2.2.5 Protein extraction and western blot analysis

Total cell lysates were prepared using RIPA lysis buffer supplemented with protease and
phosphatase inhibitor cocktail (Thermo Scientific, USA). Fractions of nuclear and cytoplasmic
proteins were prepared using the Nuclear Extraction Kit (Abcam, USA). Protein concentration
was quantified by Bradford assays. Protein lysate (25 or 75 ug protein) was separated by SDS-
PAGE and transferred to PVDF membranes (BioRad, USA). The membranes were then
blocked with 5% ECL blocking agent (GE Healthcare, USA) in TBS for 60 min at RT and

incubated overnight at 4°C with the following primary antibodies: anti-p-actin, anti-histone
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H3, anti-integrin 1, anti-tri-methyl-histone H3 (Lys4), anti-tri-methyl-histone H3 (Lys27)
(Cell Signaling Technology Inc., USA); anti-E-cadherin, anti-lamin A/C (Santa Cruz
Biotechnology, USA); and anti-lamin B1 (Abcam, USA). Blots were incubated with
fluorescent-dye conjugated secondary antibodies (BioRad, USA) for 1 h at RT, and visualized
using infrared fluorescence with ChemiDoc MP imaging system (BioRad, USA). B-actin and
histone H3 were used as an internal control for sample loading. The signal intensity of target
protein bands was normalized to the intensity of the internal loading control for that sample,
and then the normalized intensity from each lane was divided by the normalized intensity of

the sample in lane 1 in order to compare the relative expression across conditions.

2.2.6 Quantitative reverse transcription-polymerase chain reaction

Total RNA was isolated from cultured cells (1.0 x 108 cells) using RNeasy mini kit
(Qiagen, Germany) following manufacturer’s instruction. CONA was synthesized from total
RNA using PrimeScript RT reagent kit (Takara Bio, Inc., Japan). qRT-PCR analysis was
carried out using SYBR Premix Ex Taq (Takara Bio, Inc., Japan) on a 7300 real-time PCR
system (Applied Biosystems, USA). Expression values of mMRNA were normalized to those of
the internal reference gene ACTB, and relative expression values were then calculated by the

2"22C method. The primers used in this chapter are indicated in Table 2.1.
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Table 2.1 List of primers used for qRT-PCR in chapter 2

Genes Forward sequence (5’ — 3°) Reverse sequence (5° — 3°)
OCT3/4 CAAAACCCGGAGGAGGAGTC CACATCGGCCTGTGTATATC
NANOG TGATTTGTGGGCCTGAAGAAAA GAGGCATCTCAGCAGAAGACA

SOX2 TGGCGAACCATCTCTGTGGT CCAACGGTGTCAACCTGCAT

PAX6 TCTTTGCTTGGGAAATCCG CTGCCCGTTCAACATCCTTAG

MAP2 CGAAGCGCCAATGGATTCC TGAACTATCCTTGCAGACACCT

SOX1 ATGCACCGCTACGACATGG CTCATGTAGCCCTGCGAGTTG
SOX17 GAGCCAAGGGCGAGTCCCGTA CCTTCCACGACTTGCCCAGCAT
FOXA2 GTCCGACTGGAGCAGCTACTA GTACGTGTTCATGCCGTTCATC
GATA4 ACACCCCAATCTCGATATGTTTG GTTGCACAGATAGTGACCCGT

T GCAAAAGCTTTCCTTGATGC ATGAGGATTTGCAGGTGGAC

CDX2 TTCACTACAGTCGCTACATCACCAT TTGTTGATTTTCCTCTCCTTTGCT
NKX2.5 ACCCTGAGTCCCCTGGATTT TCACTCATTGCACGCTGCAT

ACTB AGGCACCAGGGCGTGAT GCCCACATAGGAATCCTTCTGAC

2.2.7 Statistical analysis

All experimental data are expressed as the mean * standard deviation (SD). Differences

between two groups and multiple groups were assessed using Student’s t test and one-way

analysis of variance followed by Dunnett’s or Tukey’s multiple comparisons test, respectively.

A P-value of less than 0.05 or 0.01 was used to indicate statistically significant differences.
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2.3 Results
2.3.1 Cell behavioral and nucleoskeletal charataceristics of hiPSCs with different initial
seeding densities

In this chapter, cell behavioral changes in the 2D monolayer cultures of hiPSCs with
different initial seeding densities were examined. hiPSCs were seeded at two different seeding
densities of 2.0 x 102 cells/cm? (low seeding density) and 4.0 x 10* cells/cm? (high seeding
density), and later cultured for 216 h. Compared with cells in low seeding density culture, the
hiPSCs in high seeding density culture migrated and earlier interacted and formed cell-cell
contact, concomitantly promoting earlier events of colony formation and growth phase
transition (Fig. 2.2A). Cell densities in low seeding density culture exponentially increased in
a time-dependent fashion until 120 h, and subsequently reached a plateau corresponding with
the cell confluency, while cell densities in high seeding density culture entered the stationary
phase within the first 72 h after seeding (Fig. 2.2A and 2.4B). Contact inhibition was reflected
by mostly constant rates of cell growth and decrease in cell mobility. The cells in high seeding
density culture were maintained in a prolonged stationary phase from 72 h to 216 h (long-term
stationary) with spatial presence of overlapping cell structures.

In addition, expression levels of cell-cell adhesion protein (E-cadherin) and cell-
substrate adhesion protein (integrin $1) were measured in the cells at different time points along
the culture period to shed light on the dynamics of cell behavioral regulation in different culture
conditions and growth phases (Fig. 2.2B). In low seeding density culture, the levels of E-
cadherin gradually increased during transition from the exponential to stationary phase (72 h
to 216 h), while the levels of integrin B1 significantly decreased at 168 h after cells reaching
the stationary growth phase. In high seeding density culture, the high levels of E-cadherin were
sustained across the culture time without significant changes, whereas the levels of integrin 1

were drastically reduced upon cell confluence (168 h to 216 h) in a similar trend with those in
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Figure 2.2 Growth-dependent modulation of cell behaviors in hiPSCs. (A) Morphological
observation by phase-contrast microscopy in low and high seeding density cultures. Scale bars,
200 um. (B) Western blot images and quantitative analysis of E-cadherin and integrin B1 in
low seeding density and high seeding density cultures. The intensity of each target protein was
normalized to that of B-actin. Data are shown as the mean + SD (n = 3). ™3 P-value < 0.05,

compared the normalized intensity at each time point to that at 24 h.
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low seeding density culture. Comparing the expression of integrin B1from 24 h to 216 h, its
levels in low and high seeding density cultures were significantly decreased by 1.7-fold and
3.3-fold, respectively. These observations described patterns of cell behavioral changes in a
function of growth phase transition in hiPSCs with different seeding densities. Changes in E-
cadherin and integrin B1 levels along the cultures could indicate the dynamics of cell adhesion
and its contribution to the alteration of cell migratory characteristics particularly during the
prolonged cultures.

To further ascertain a functional link between cell behavioral modulation and
mechanical nuclear properties, structural organization and protein levels of intranuclear lamins
(lamin A/C and lamin B1), which are major nucleoskeletal components perceiving and relaying
cytoskeleton-driven mechanical signals into the nucleus and chromatin (Sapra et al., 2020;
Stephens et al., 2017; Tenga & Medalia, 2020), were investigated by immunostaining (Fig.
2.3) and western blotting (Fig. 2.4). Lamin B were detected at nuclear rims of all cultured cells
among different growth phases. Staining of nuclear lamins revealed growth-dependent changes
in nuclear shapes and alignments (Fig. 2.3). In both low and high seeding density cultures, cells
mainly showed wrinkled nuclear structure in the exponential and early stationary phases at 72
to 120 h in low seeding density culture and at 24 to 96 h in high seeding density culture, while
they later showed stretched nuclear structure in the long-term stationary phase at 216 h in low
seeding density culture and at 120 to 216 h in high seeding density culture.

Presence of perinuclear localization of lamin A/C was detected temporally after initial
cell seeding at 24 to 96 h in low seeding density culture and at 24 to 72 h in high seeding density
culture (Fig. 2.3). Structural disruption of lamin A/C was observed after colony formation
during exponential growth phase and became more apparent after reaching stationary phase in

both culture conditions. In confluent cell population, lamin A/C in almost all cells was
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diminished but remained in some cells within overlapping structures during long-term
stationary phase (216 h) in high seeding density culture.

In consistent with immunostaining images, protein expression of lamin Bl was
constantly maintained, while the expression of lamin A/C was decreased upon cell growth
progression (Fig. 2.4). By the quantitative analysis, the ratios of lamin A/C to lamin B were
found significantly decreased in both low and high seeding density cultures. At 216 h the lamin
A/C/lamin B1 ratios in low and high seeding density cultures were reduced by 2.9-fold and
3.7-fold, respectively, compared to those at 24 h. Taken together, cell growth progression in
both culture conditions elevated cell-cell interactions and nuclear mechanical changes,

inducing lamin A/C disruption.
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Figure 2.4 Expression of nucleoskeletal proteins during expansion of hiPSCs in low and high
seeding density cultures. Western blot images and quantitative analysis of lamin A/C and lamin
B1 in low and high seeding density cultures. Data are shown as the mean + SD (n = 3). " P-

value < 0.05, compared the normalized ratio at each time point to that at 24 h.

2.3.2 Epigenetic memory formation during growth phase transition in correlation with
the activation of core pluripotent gene expression

To explore the epigenetic memory formation in cultures of hiPSCs with different initial
seeding densities and growth phases, the global levels of active H3K4me3 and repressive
H3K27me3 histone modifications were evaluated at different time points along the culture
period by western blotting (Fig. 2.5A). In accordance with the increased cell densities during
exponential growth phase, the levels of H3K4me3 were found significantly upregulated, while

its levels became constant after cell growth reached the stationary phase in both culture
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conditions (Fig. 2.5B). In contrast, levels of H3K27me3 were significantly lessened upon cell
growth at 120 h and 72 h in low and high seeding density cultures, respectively, and slightly
retrieved during stationary phase (Fig. 2.5B).

Next, a relationship between the global epigenetic modifications and transcriptional
expression associated with the pluripotency regulation was clarified (Fig. 2.5C). The ratios of
active H3K4me3 to repressive H3K27me3 levels were calculated and plotted against relative
expression of core pluripotent genes including OCT3/4, SOX2 and NANOG. In low and high
seeding density cultures, the H3K4me3/H3K27me3 ratios increased along the transition from
exponential to stationary phases, and the maximum ratios were detected at 120 h and 72 h,
respectively. The relative expression of OCT3/4, SOX2 and NANOG was found positively
associated with the increased trends of H3K4me3/H3K27me3 ratios in both culture conditions.
Compared among different time points, the relative expression of OCT3/4, SOX2 and NANOG
in low and high seeding density cultures reached equilibrium at 168 h and 120 h, respectively,
and the expression at those time points were found upregulated by 2.2-2.5-fold and 1.5-1.6-
fold, compared to those at 24 h, respectively. Overall, the growth-dependent epigenetic
memory formation was correlated with the transcriptional activation of core pluripotent genes,
and these cooperative epigenetic and transcriptional regulation might play a vital role in

activating and retaining the pluripotency during cultures of hiPSCs.

57



A Low seeding density High seeding density Low seeding density High seeding density

24h 72h 120h168h 216 h 24h 72h 120h168h 216 h 24h 72h 120h168h216h 24h 72h 120h 168h 216 h
H3K4me3 H3K27me3
(17 kDa) (17 kDa)

(17 kDa) (17 kDa)
Histone H3 Histone H3

O Cell density O Cell density
B ] H3K4me3 ] H3K4me3
02 Low seeding density = H3K27me,3? o= 02 High seeding density = H3K27me§, 0
k) T o430 E 122 S 130 £ {12 £
2 101} ey 5 < 2 401 t R X <
3 o T Iz 3 M s 3T + -
=) /65/ 120 2 o8 ¢ & § 20 > 108 2
= 100 i £ < 100f G £
-~ c 2 ~ )/ c 2l
= g 5 > q g 5
3 £ T 3 = E
T 4 o
5 10~ 103 0'41“:.’ S 1041 103 0.4@
2 'S 5 ° T T
o] £ E o £ E
© o2 00 Z -002 © 402 002 Joo2
0 24 72 120 168 216 0 24 72 120 168 216
Culture time (h) Culture time (h)
C —6—ocT3M —S—ocT3i
—H=—sox2 —H—sox2
_— Low seeding density £— NANOG . — High seeding density £~ NANOG .
P [ T T . T T T ] < ‘C-O/ [ T T T T T ] <X
GEJ 5.0 . 3.0 5 g 5.0 3.0 5
r~ # * g I~ g
N 40 2 125 8 S 40 ¢ * 125 8
«© P § < ™ * S
T 30¢ AL [ {20 @ T 30¢ . 120 0@
(32} ﬁ‘ < o * <
5] /Z/ Z @ § § Z
g 20¢} 115 & g 20¢ T 115
< E < § E
2 101 11.0 = 2 10 ¢ = 11.0 >
(o] E o E
= 0.0 . . L L . 0.5 D‘]:) g 0.0 . . . . . 0.5 &
o 0 24 72 120 168 216 o 0 24 72 120 168 216

Culture time (h) Culture time (h)

Figure 2.5 Formation of epigenetic memory correlated with cell growth and pluripotent gene
expression. (A) Western blot images of H3K4me3 and H3K27me3 during cultures. (B) Growth
profiles of hiPSCs (left axis) and quantitative western blot analysis of H3K4me3 and
H3K27me3 (right axis) in low and high seeding density cultures, plotted against culture time.
The intensity of each target protein was normalized to that of histone H3. Data are shown as
the mean + SD (n = 3). ™ % P-value < 0.01, compared the cell density (*), or normalized
intensity of H3K4me3 () or H3K27me3 (8) at each time point to that at 24 h). (C) Ratio of
H3K4me3 to H3K27me3 calculated from normalized western blot data (left axis) and relative

MRNA expression of core pluripotency-associated genes (right axis), plotted against culture
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time. Data are shown as the mean + SD (n = 3). %% P-value < 0.01, compared the ratio of
H3K4me3 to H3K27me3 (*), or relative mRNA expression of OCT3/4 (), SOX2 (%) or NANOG

(*) at each time point to that at 24 h.

2.3.3 Epigenetic memory initialization and consolidation after subculture from different
growth phases

In order to examine the memory initialization and consolidation of hiPSCs from past to
subsequent cultures and its possible consequence in the conversion from short-term to long-
term memories, epigenetic memory (Fig. 2.6A and 2.7A) in the hiPSCs after subculture from
different growth phases and different initial seeding densities were investigated. Furthermore,
changes in cell behavioral regulation after subculture were observed to determine whether the
epigenetic memory formation in past culture could be lasted in the aspect of functional
alteration (Fig. 2.8A).

The levels of histone methylation and cell behavioral protein expression before
subculture at 24 h were considered as an initial baseline reference of original memory in the
early phase of culture, while the levels at subculturing time were considered as a past culture
memory before subculture, representing recent cell status. The detection levels at 24 h after
subculture would be compared with the baseline reference (at 24 h before subculture) and the
past culture memory (at subculturing time) to evaluate the memory initialization and
consolidation of hiPSCs, which would indicate whether the cells could reset the past culture
memory and adapt to new environment or accumulate the memory.

At 24 h after subculture, trends of H3K4me3 (Fig. 2.6B-C) and H3K27me3 levels (Fig.
2.7B-C) in the cells from different growth phases in both culture conditions were found reduced
and increased, respectively. The levels of H3K4me3 and H3K27me3 in the cells from

exponential to stationary phase in low seeding density culture (72 h to 168 h; Fig. 2.6B and
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2.7B) and high seeding density culture (72 h; Fig. 2.6C and 2.7C) could be firmly returned to
the baseline levels at 24 h before subculture, indicating the maintenance of epigenetic memory
initialization after subculture from early growth phases. However, the levels of H3K4me3 in
the cells from stationary phase at 120 h and 168 h in high seeding density culture were
fluctuated and increased above the baseline levels (Fig. 2.6C), indicating the consolidation of
epigenetic memory after subculture. In the cells from long-term stationary phase at 216 h in
high seeding density culture, the levels of H3K4me3 were found decreased from the baseline
level (Fig. 2.6C), indicating the modification of epigenetic memory in the culture prolonged in
a long-term stationary phase.

Next, the expression of cell behavior-related proteins after subculture was examined.
In the cells from different growth phases in both low and high seeding density cultures, levels
of E-cadherin were mostly reset to the baseline levels at 24 h after subculture, while the levels
of integrin B1 showed significant differences in the recovery trends (Fig. 2.8B-C). The levels
of integrin B1 in the cells from exponential to stationary phase in low seeding density cultures
(72 h to 168 h) could be returned to the baseline level at 24 h before subculture (Fig. 2.8B). In
the cells from long-term stationary phase in low seeding density cultures (216 h), the level of
integrin B1 slightly decreased from the baseline level. Apparently, the levels of integrin B1 in
the cells from long-term stationary phases in high seeding density cultures (120 h to 216 h)
were significantly declined below the baseline level (Fig. 2.8C).

Taken together, the past culture experience in dependence of growth phase transition
and time spent in culture determines the epigenetic memory initialization and consolidation in
hiPSCs after subculture and simultaneously change the plasticity of cell behavioral adaptation

after subculture.
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Figure 2.6 Epigenetic memory of H3K4me3 after subculture at different growth phases. (A)
Schematic diagram showing the experimental procedures used for evaluating epigenetic
memory before and after subculture. Western blot images and quantitative analysis of
H3K4me3 in (B) low seeding density and (C) high seeding density cultures at different time
points before subculture and at 24 h after subculture. The intensity of each target protein was
normalized to that of histone H3, and each normalized value was compared with that measured
in cells at 24 h before subculture, as the baseline value. Data are shown as the mean + SD (n =
3). “ P-value < 0.05, ™ P-value < 0.01, compared the normalized intensity at each time point to

that before subculture at 24 h.
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Figure 2.7 Epigenetic memory of H3K27me3 after subculture at different growth phases. (A)
Schematic diagram showing the experimental procedures used for evaluating epigenetic
memory before and after subculture. Western blot images and quantitative analysis of
H3K27me3 in (B) low seeding density and (C) high seeding density cultures at different time
points before subculture and at 24 h after subculture. The intensity of each target protein was
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Figure 2.8 Cell behavioral regulation after subculture at different growth phases. (A)
Schematic diagram showing the experimental procedures used for evaluating behavioral
memory before and after subculture. Western blot images and quantitative analysis of E-
cadherin and integrin B1 in (B) low seeding density and (C) high seeding density cultures at
different time points before subculture and at 24 h after subculture. The intensity of each target
protein was normalized to that of -actin, and each normalized value was compared with that
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+ SD (n = 3). ” P-value < 0.05, ™ P-value < 0.01, compared the normalized intensity at each

time point to that before subculture at 24 h, the baseline value.
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2.3.4 Association between epigenetic memory formation in past culture and lineage
differentiation potential

To elucidate the association between culture-induced epigenetic memory formation and
the transcriptional pluripotency regulation in the undifferentiated state as well as the lineage
differentiation preference, hiPSCs at the end of different growth phases (exponential,
stationary, and long-term stationary phases) in low and high seeding density cultures were
collected for measuring the mRNA expression of core pluripotent genes, and also differentiated
into three-germ lineages including ectodermal, mesodermal, and endodermal lineages (Fig.
2.9A). The mRNA expression of lineage-specific differentiation genes was measured in the
cells after differentiation. The normalized H3K4me3/H3K27me3 ratios measured at each
different time point in low and high seeding density cultures were classified into three
categories by quartile analysis (low, first quartile; intermediate, interquartile range; and high,
fourth quartile), and plotted against the relative expression of pluripotent genes in
undifferentiated cells (Fig. 2.9B) or the relative expression of lineage differentiation genes in
differentiated cells (Fig. 2.9C). Upon the increased H3K4me3/H3K27me3 ratios, the
expression of pluripotent genes OCT3/4, NANOG, and SOX2 was coordinately upregulated
(Fig. 2.9B). Following the ectodermal differentiation induction, the expression of ectodermal
genes PAX6, MAP2, and SOX1 was significantly higher in the cells with a low
H3K4me3/H3K27me3 ratio (Fig. 2.9C). On the contrary, the expression of endodermal genes
FOXA2 and GATA4 was found significantly increased in the cells with intermediate
H3K4me3/H3K27me3 ratios, while the expression of mesodermal genes Brachyury and CDX2
was significantly increased in the cells with high H3K4me3/H3K27me3 ratios (Fig. 2.9C).
Overall, the ectodermal lineage preference was negatively correlated with the
H3K4me3/H3K27me3 ratios, whereas the mesendodermal lineage preference was positively

correlated with the H3K4me3/H3K27me3 ratios. Differentiation potential was also evaluated
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by the immunostaining of representative differentiation markers PAX6, SOX17 and Brachyury
in the cells after lineage induction (Fig. 2.9D). The distribution of PAX6-positive cells clearly
distinguished the high ectodermal differentiation potential in the cells from low seeding density
culture at 72 h with a distinct low H3K4me3/H3K27me3 ratio. In the cells differentiated into
mesodermal and endodermal lineages, Brachyury and SOX17 could be detected among the
population of differentiated cells. In contrast to other past culture conditions, the cells from low
seeding density culture at 72 h showed a significant cell detachment during endodermal
induction. These obtained results suggested the distinct states of epigenetic memory in response
to the growth phases and past culture experience may be involved in modulating the cellular

propensity for subsequent differentiation induction.
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Figure 2.9 Differential transcriptional activation of lineage-specific genes during early
differentiation induction linked with the epigenetic memory of hiPSCs in past cultures. (A)

Schematic diagram showing the experimental procedures used for investigating the association
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between epigenetic memory in past cultures and their pluripotency and tri-lineage
differentiation potential. (B) Coordination between relative mRNA expression of core
pluripotent genes and the ratio of H3K4me3 to H3K27me3 during hiPSC expansion. Relative
MRNA expression of pluripotent genes was normalized with that at 24 h of hiPSC expansion
in low seeding density culture. (C) Coordination between relative mRNA expression of
lineage-specific genes in hiPSCs differentiated into ectoderm, mesoderm, and endoderm, and
the ratio of H3K4me3 to H3K27me3 during hiPSC culture. Relative mRNA expression of
differentiation genes was normalized with that of undifferentiated hiPSCs from maintenance
culture. Data are shown as the mean = SD (n = 3). Different alphabet letters indicate statistically
significant differences of the relative mMRNA expression between conditions (P-value < 0.01,
calculated using one-way ANOVA followed by Tukey’s test). The H3K4me3/H3K27me3
ratios measured at each different time point in low and high seeding density cultures were
normalized with that measured at 24 h in low seeding density as a baseline control, and divided
into three categories by quartile analysis (low, first quartile; intermediate, interquartile range;
and high, fourth quartile). (D) Fluorescence staining images of differentiation markers
including PAX6, Brachyury, and SOX17 along with the cell nuclei (DAPI) of hiPSCs

differentiated into the ectoderm, mesoderm, and endoderm, respectively. Scale bars, 200 um.
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2.4 Discussion

Roles of culture experiences regarding cell growth phases and time spent in culture in
regulating the epigenetic memory formation during culture and the memory initialization and
consolidation after subculture were discussed as follows:

2.4.1 Epigenetic memory formation along growth phase transition and its association with
pluripotency regulation and subsequent preferential lineage differentiation.

During growth phase transition, cells receive and integrate multivariate signals from
the altered surrounding environments to program epigenetic states and gene regulatory
networks, in turn modulating the cell state and potential (Ando et al., 2019; Pauklin & Vallier,
2013; Phadnis et al., 2015). In this chapter, hiPSCs in different initial seeding density cultures
demonstrated differences in growth phase progression in correlation with the cell behavioral
changes. Transition from exponential to stationary growth phases accompanied with increased
cell density and colony compactness, suppressing cell motility while inducing formation of
overlapping structures after reaching full confluency (Fig. 2.2A). Compared with low seeding
density culture, high seeding density culture reinforced a rapid growth phase transition and
later maintained the cells in a prolonged stationary phase. E-cadherin-mediated cell-cell
adhesion was developed along the colony formation and retained throughout the culture time,
while the integrin B1-mediated cell-substrate adhesion was moderated upon stationary phase,
as the cells adapted to their ever-changing environment (Fig. 2.2B). Alteration in cell adhesion
and migratory behaviors during growth was linked with the drastic disruption of nucleoskeleton
lamin A/C (Fig. 2.3 and 2.4). Physical connection between cytoskeleton and nucleoskeleton as
well as their structural changes have been shown to play a role in regulating nuclear architecture
and chromatin organization, directly or indirectly affecting epigenetic modification and
relevant gene expression (Alisafaei et al., 2019; Pruvost & Moyon, 2021; Toh et al., 2015).

Growth-related cell behavioral adaptation and lamin A/C-dependent nuclear deformation
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found in different seeding density cultures might underly rearrangement of intranuclear
components and contribute to the epigenetic memory formation and maintenance along the
growth progression of hiPSCs.

Epigenetic memory formation defined by the global levels of active H3K4me3 and
repressive H3K27me3 marks were found highly associated with the growth phase transition,
and the distinct states of epigenetic memory could be mirrored by the differential pluripotent
gene expression and subsequent preferential lineage differentiation. Prior studies suggested
that the H3K4me3/H3K27me3 ratio reflects the chromatin state and gene expression activity
(De Gobbi et al., 2011). A higher H3K4me3/H3K27me3 ratio is corresponded in the same
fashion with gene transcriptional levels (De Gobbi et al., 2011; Juan et al., 2016). The capacity
of PSCs to preserve a balanced regulation between H3K4me3 and H3K27me3 might be
necessary to appropriately keep the cells in an undifferentiated state with maintenance of their
differentiation propensity (Bogliotti et al., 2018; Liu et al., 2016). Results in this chapter
showed that hiPSCs in different seeding density cultures similarly exhibited the increased
H3K4me3/H3K27me3 ratios during the transition from exponential to stationary phases,
followed by constantly sustained H3K4me3/H3K27me3 ratios in long-term stationary phase
(Fig. 2.5B). The elevated H3K4me3/H3K27me3 ratios along cell growth were positively
correlated with activation of core pluripotent gene expression OCT3/4, SOX2 and NANOG
(Fig. 2.5C). Furthermore, influence of the distinct H3K4me3/H3K27me3 ratios obtained at
different growth phases was further evaluated on three-lineage differentiation potential of
hiPSCs. Comparative analysis of differentiation gene expression following lineage
differentiation induction revealed that cells collected during exponential phase possessed
higher ectodermal lineage potential than the cells collected during stationary phase (Fig. 2.9C).
Distinctively, cells collected at the end of exponential phase and during stationary and long-

term stationary phases exhibited higher mesodermal and endodermal lineage potential,
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respectively (Fig. 2.9C). These results also implied the growth-dependent increment of
H3K4me3/H3K27me3 ratios may be responsible for switching the preferential differentiation
from ectodermal to mesendodermal lineages. Current measurement of global-level histone
methylation confirmed the dynamics of H3K4me3 and H3K27me3 regulation in a growth-
dependent manner and suggested its roles in controlling the state and potential of hiPSCs.
However, further investigations were still required to unravel the gene-specific epigenetic
modifications at genome-wide levels to explore a vast array of molecular and cellular processes
in response to the alteration of epigenetic memory during culture. Taken together, the findings
indicated that culture experiences substantially impact the subsequent cellular functions
including differentiation preference in association with the epigenetic memory formation in

past culture.

2.4.2 Past culture experience-induced epigenetic memory consolidation after subculture

Next, the ability of hiPSCs to initialize the epigenetic memory after subculture is
considered to be prerequisite for sustaining the cell identity and functional stability following
extended expansion and cell passaging. During culture, stem cells could alter and transmit the
mechanical and epigenetic memories to the next generation cells in dependence of strength and
length of past culture experiences, and these cellular memories could further affect how the
cells respond to the new environment in terms of cell behavioral and epigenetic regulation in
subsequent cultures (Killaars et al., 2019; Lee et al., 2014; Li et al., 2016; Yang et al., 2014).
Previous studies exemplified that the degree of growth confluency in past culture could
influence the future cell stemness and differentiation propensity of mesenchymal stem cells
(Balint et al., 2015). In this study, the epigenetic memory and cell behavioral adaptation after
subculture from different past culture conditions were evaluated in order to illustrate the

existence of cell memory process in cultures of hiPSCs. The memory could be modified into a
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stable state following prolonged culture in long-term stationary phase, consequently restricting
the capability of reinitializing their native epigenetic memory and cell adhesion behaviors after
subculture. Based on the current findings, the epigenetic memory at the initial phase of culture
after seeding is defined as a sensory memory, which was referred to baseline levels of
epigenetic modification and considered as an indicator of the cellular adaptability after
subculture. The memory that is formed in past culture and could be initialized to the sensory
stage or baseline levels after subculture is defined as a short-term memory, whereas the
memory that was consolidated or modified after subculture is instead defined as a long-term
memory (Fig. 2.6-2.7). Past culture experiences with regards to the growth phase transition,
initial seeding densities, and time spent in culture have been shown to govern a process of
epigenetic memory initialization and consolidation in the subsequent cultures. Altogether, the
obtained findings demonstrate the epigenetic memory consolidation after subculture and

importantly underline a plausibility of past culture-induced cell quality fluctuation.
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2.5 Chapter summary

Chapter 2 describes the effect of prolonged expansion conditions on the epigenetic
memory after subculture. Cells collected from exponential and stationary growth phases
maintained the capability of epigenetic memory initialization after subculture; however, the
cells collected from long-term stationary growth phase that formed and lasted the epigenetic
memory for several days in past culture distinctly showed consolidation of epigenetic memory
and changes in cell adhesion behaviors after subculture. These findings clarified the formation
and maintenance of epigenetic memory during cell growth progression. In conclusion, the
prolonged cell expansion in long-term stationary phase led to the epigenetic memory
consolidation after subculture, possibly serving as another key driver of cell quality fluctuation

during expansion of hiPSCs.
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Concluding remarks

3.1 General conclusion

This study firstly elucidated the culture-driven epigenetic memory formation in hiPSCs
under general PSC expansion conditions including 2D monolayer and 3D aggregate cultures.
After seeding, hiPSCs in 2D and 3D cultures distinctly adapted to the different culture
conditions by modulating integrin-mediated cell adhesion as well as balance of Rac/Rho
GTPase antagonism. In contrast to the cells in 2D monolayers, cells in 3D aggregates
significantly downregulated myosin phosphorylation and underwent reorganization of
actomyosin cytoskeleton within the aggregate structure in a spatiotemporal manner.
Quantitative analysis of global histone methylation exhibited distinct epigenetic memory
formation between cells in different expansion conditions. Cells in 2D culture displayed
remarkable upregulation of active H3K4me3 with downregulation of repressive H3K27me3,
whereas cells in 3D culture demonstrated early upregulation of H3K4me3 with persistence of
H3K27me3. In addition, cells from 2D and 3D cultures differently showed the transcriptional
activation of primed and naive pluripotency-associated genes, respectively. After subculture
into new culture vessels, cells collected from both 2D and 3D cultures revealed their ability to
reset and initialize the epigenetic memory to baseline levels detected before subculture.
Differences in cell behavioral regulation and epigenetic memory formation of hiPSCs in 2D
and 3D conditions represent cellular responses to the different culture environments. Under
these defined culture conditions, the cells still retained the epigenetic memory initialization
after subculture.

Subsequently, the epigenetic memory of hiPSCs after subculture was further examined
in prolonged culture conditions with different cell growth phases. During cell growth

progression, the expression of pluripotency-associated genes was activated along with the
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formation of epigenetic memory and the disruption of lamin A/C nucleoskeleton. Cells
collected from exponential and stationary growth phases maintained the capability of
epigenetic memory initialization after subculture; however, the cells collected from long-term
stationary growth phase that formed and lasted the epigenetic memory for several days in past
culture distinctly showed consolidation of epigenetic memory and changes in cell adhesion
behaviors after subculture. In addition, the ratios of H3K4me3 and H3K27me3 at different
growth phases in past culture were also found associated with switching the lineage
differentiation preference. The findings here clarified the formation and maintenance of
epigenetic memory across cell growth progression. The prolonged expansion culture of hiPSCs
in long-term stationary phase led to the epigenetic memory consolidation after subculture.

In summary, this thesis demonstrated the epigenetic memory regulation during
expansion of hiPSCs and its contribution to the cell state and potential. Cells respond to their
surrounding environments under different culture conditions and culture durations by
regulating their adhesion behaviors and cytoskeletal contractility. Importantly, culture
environments determined the epigenetic memory formation and modulate the pluripotent state
of hiPSCs. Acquisition and maintenance of epigenetic memory in past culture are substantially
predictive of their memory initializing capability after subculture as well as the subsequent
differentiation potential. This study paves the way for controlling and stabilizing the quality of
hiPSCs by considering culture environments and epigenetic memory mechanism. Ultimately,
the improved understanding may help enable the process design and optimization for expansion
and differentiation of hiPSCs to meet quality and stability requirements for manufacturing and

downstream applications.
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Culture-driven epigenetic memory formation along growth phase transition
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Figure 3.1 Schematic diagram showing the general conclusion of this study.
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3.2 Future perspectives

To complement and broaden the current findings, several prospects and considerations
are outlined in the following sections:
3.2.1 Application of culture environmental regulation strategy for hiPSC expansion and
differentiation processes

The current study demonstrates culture-induced modulation of the state and potential
of hiPSCs. Culture environmental factors and balances in cell behavioral regulation are
essential to control the self-renewal and cell fate determination upon differentiation of PSCs
(Ando et al., 2019; L. Li et al., 2012; Wrighton et al., 2014). Engineering of cell culture
environments become increasingly attractive as a programmable platform to regulate stem cell
expansion and differentiation processes (Garcia et al., 1999; Mao et al., 2016; Smith et al.,
2015; Yu et al., 2018). Previous research documented that HA could be efficiently used to
temporally disrupt the E-cadherin-mediated cell-cell connection and subsequently reorganize
the arrangement and migratory behaviors during the maintenance culture of hiPSCs (Shuzui et
al., 2019). Culture arrangement using HA might be a promising culture strategy for controlling
the cell populational quality. Moreover, effects of HA-mediated cell behavioral regulation
should be further investigated whether the arrangement could prepare the state of hiPSCs
suitable for differentiation induction. The optimization of culture environmental regulation
strategy might help stabilize the quality of hiPSCs during expansion and differentiation

processes.

3.2.2 Development of non-destructive cell quality evaluation by tracking cell behavioral
and nuclear structural changes
Prior studies have demonstrated evidence showing the direct impact of cytoskeletal

organization on the epigenetic modification and nuclear structural changes in several types of
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cells (Du et al., 2019; Keeling et al., 2017). The chromatin remodeling and 3D nuclear
structural organization are well known to be a key determinant of gene regulatory networks
and cellular functions (Dultz et al., 2018; Golkaram et al., 2017; Ishihara et al., 2021). As this
study showed the distinct cytoskeletal and nucleoskeletal regulation accompanied with the
epigenetic modifications and cell state transition, it thus suggests a possibility to classify the
individual cell quality among cell population in the culture by evaluating dynamics of
cytoskeletal tension and nuclear morphological changes. A correlation between distinct
characteristics of cytoskeletal tension, nuclear structures and hiPSC quality must be firstly
substantiated. Since the intracellular tensional force generated by cytoskeletal arrangement can
be tracked by available live-cell fluorescence-based reporters and the nuclear morphology can
also be observed by live-cell imaging, combination of these investigations might serve as a tool
for non-destructively and in situ monitoring real-time changes in the cellular tension in
response to different culture conditions and evaluating the quality of cultured hiPSCs. The
proposed approach might be a basis for constructing automated quality assurance in cell culture

system.

3.2.3 Elucidation of the cell populational heterogeneity by investigating the epigenetic
memory and gene transcriptional profile at single-cell level

The current study elucidated the phenomena of epigenetic memory modifications and
gene transcriptional regulation at cell population level using bulk analysis methods. Further
prospects of evaluation at single-cell level may hold up a measure of heterogeneity in cell
quality, which is particularly existed in rare cell populations (Brielle et al., 2021; Francesconi
et al., 2019; R. K. Gupta & Kuznicki, 2020; Zhang & Zhang, 2021). Recently, single-cell
characterization of the epigenetic state and gene expression, such as single-cell assay for

transposase accessible chromatin and single-cell spatial RNA sequencing, as well as the robust
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data analysis methods become widely available. Extensive investigations based on single-cell
analysis would provide high-dimensional data fruitful for comprehending both populational
and individual cell characteristics in response to the culture conditions and culture operations,
and it is important to distinguish the heterogeneity of cellular properties during production of

hiPSCs and derivatives.
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Abbreviations

2D Two-dimensional

3D Three-dimensional

ACTB Beta-actin

CDX2 Caudal type homeobox 2

DPPA5 Developmental pluripotency-associated 5
DUSP6 Dual specificity phosphatase 6

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
F-actin Filamentous actin

FGF4 Fibroblast growth factor 4

FOXAZ2 Forkhead box A2

GATA4 GATA binding protein 4

GATAG6 GATA binding protein 6

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

hiPSCs Human induced pluripotent stem cells
hPSCs Human pluripotent stem cells

KLF5 Kruppel-like factor 5

LINC Linker of nucleoskeleton and cytoskeleton
MAP2 Microtubule-associated protein 2
MLC Total myosin light chain

80



Abbreviations (continued)

MYH6 Myosin heavy chain 6

NKX2.5 NK2 transcription factor related, locus 5
OCT3/4 Octamer-binding transcription factor 3/4
OTX2 Orthodenticle homeobox 2

PAX6 Paired box 6

PBS Phosphate-buffered saline

pMLC Phosphorylated myosin light chain
PVDF Polyvinylidene difluoride

gRT-PCR Quantitative reverse transcription-polymerase chain reaction
RIPA Radioimmunoprecipitation assay
ROCK Rho-associated protein kinase

RT Room temperature

SD Standard deviation

SDS-PAGE Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
SOX1 Sex determining region Y-box 1
SOX11 Sex determining region Y-box 11
SOX17 Sex determining region Y-box 17
SOX2 Sex determining region Y-box 2

TBS Tris-buffered saline

TBST TBS containing 0.1% Tween-20

ZIC2 Zic family member 2

um micrometer
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