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Abstract
The induction of induced pluripotent stem cells (iPSCs) presents a paradigm shift for cell
therapies, disease modelling, drug screenings and toxicology. Notably, the first clinical
trials are attempting to bring iPSC derived therapy from bench to bedside. Consequently,
the demand for iPSCs has seen a considerable surge, and thereby incentivised the scaleup from 2D to 3D culturing systems. Current iPSC culture in 2D is contact-dependent.
This gives rise to a lack of uniformity in iPSC cultures: cells that experience
overcompaction in the centre or a lack of external cues at the edge of iPSC colonies grow
with different properties, and are prone to differentiation. Colony-independent culture is
promising to reduce heterogeneity in 2D culture, enabling more reproducible iPSC
growth, optimised differentiation and passaging. This research project argues for a
chemical approach to improve 2D culturing: the disruption of iPSC colonies and cell-cell
aggregates via two structurally related protein kinase C (PKC) activators, namely
(-)-Indolactam V and MO47. As a proof-of-principle, the phenotypic effects of the small
molecules were examined in 2D culture. Subsequently, the mechanism of action (MoA)
of each compound was investigated by focusing on PKC and E-cadherin. Finally, we
assessed whether serial treatment with MO47 would impair key iPSC characteristics.
Treatment with MO47 and (-)-Indolactam V resulted in the disruption of iPSC colonies
and the induction of a spread phenotype. The findings support a model, in which
rearrangements of the actin cytoskeleton are accompanied by the flattening of the
cytoplasm. This phenotype was strong, reproducible and reversible. Combined treatment
of the PKC activators with the PKC inhibitor Gö6983 resulted in the disruption of these
phenotypes. We could not confirm E-cadherin cleavage or internalisation via endocytosis
as an underlying MoA. Importantly, the study provides strong evidence for the
preservation of iPSC characteristics upon serial treatment with MO47. The spontaneous
differentiation of MO47 treated iPSCs to endoderm, mesoderm and ectoderm in vitro
resulted in the upregulation of gene signatures for all three germ layers (ScoreCard).
These findings were corroborated by the successful directed differentiation to the
ectodermal (cortical neurons) and the mesodermal (macrophages) lineage. Finally, the
study paves the way to further studies in 3D culture with the question as to whether MO47
can prevent the formation of difficult-to-dissociate aggregates.
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Chapter 1

Chapter 1: Introduction

This thesis lies on the interface of stem cell biology and medicinal chemistry. It focuses
on the technological development of 2D and 3D stem cell culturing. In this chapter, we
introduce the concept of iPSCs, current culturing methods and challenges, and our
proposed solution to these challenges via small molecules.
1.1

Induced pluripotent stem cells (iPSCs)

In 2006, Takahashi and Yamanaka revolutionised modern medicine and research with the
discovery of the ‘induction of pluripotent stem cells from mouse embryonic and adult
fibroblast cultures by defined factors’ (Takahashi et al., 2006). Their momentous
contribution illustrates how a set of defined transcription factors could induce a
pluripotency state, close to that of human embryonic stem cells (Robinton et al., 2012).
The validation of the same principles in human somatic cells one year later (Takahashi et
al., 2007) and the reprogramming to induced pluripotent stem cells with new chemical or
biological strategies has since sparked a renaissance in stem cell research (Shi et al.,
2017).
1.1.1 Characteristics of iPSCs
Human induced pluripotent stem cells (iPSCs) have the unique properties of indefinite
self-renewal and the ability to differentiate into representatives of the three germ layers.
In other words, they bear the potential to develop into all human cell types, except extraembryonic tissues such as the placenta (Kimbrel et al., 2015; Robinton et al., 2012). In
contrast to mouse iPSCs that resemble pre-implantation embryonic stem cells (naïve),
human iPSCs correspond to post-implantation epiblast stem cells, and are therefore
considered to be ‘primed’ (Nichols et al., 2009; Weinberger et al., 2016). Naïve and
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primed stem cells display genetic and functional differences that have been reviewed
extensively elsewhere, but is important to note that pluripotency states are highly dynamic
(Li et al., 2017; Weinberger et al., 2016; Wu et al., 2015b).
The advantages of iPSCs’ indefinite self-renewal, genetic human origin, and accessibility,
while circumventing the ethical limitations of human embryonic stem cells, offers
substantial promises to research and medicine (Robinton et al., 2012). Intriguingly, with
the considerable progress of genetic engineering, iPSC technology is promising to
become even more powerful (Hockemeyer et al., 2016). Figure 1.1 describes the
generation and potential application of iPSCs for various purposes.

Figure 1.1½ Generation and application of induced pluripotent stem cells (iPSCs).
1.1.2 Applications and impact of iPSCs
iPSCs have an alluring potential for pathophysiological studies (Kim et al., 2013; Passier
et al., 2016; Stepniewski et al., 2015), safety pharmacology (Kandasamy et al., 2015;
Matsa et al., 2016; Sirenko et al., 2017), drug screenings (Grskovic et al., 2011; Lee et
al., 2012), and regenerative medicine (Trounson et al., 2016). Notably, iPSC technology
holds tremendous promise for currently unmet clinical needs, and the first clinical trials
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are attempting to bring iPSC therapy from bench to bedside (Kimbrel et al., 2015). These
therapeutic approaches include the treatment of age-related macular degeneration
(Reardon et al., 2014), spinal cord injuries (Assinck et al., 2017), Parkinson’s disease
(Cyranoski, 2017; Kimbrel et al., 2015), diabetes (Chen et al., 2016; Rezania et al., 2014),
and heart disease (Chen et al., 2016). Given the variety of different applications, the
maintenance and expansion of iPSCs have become of great importance for the progress
of the field.
1.1.3 iPSC culturing
The application of iPSC requires ease of use, efficiency, good manufacturing practice
(GMP) compatibility and high expansion efficiency, without comprising pluripotency or
increasing heterogeneity in the culture (Chen et al., 2014; Lei et al., 2013; Robinton et
al., 2012). Despite the breath-taking pace in manipulating and selecting iPSCs for precise
cellular phenotypes, major challenges remain for improving culturing media, coating
agents for 2D and the practices in 3D culturing (Ben-David et al., 2013; Couture, 2010).
1.1.3.1 Culturing media
Human iPSCs are conventionally cultured in mTesRTM1 medium, which contains
fibroblast growth factor 2 (FGF-2), lithium chloride, g-aminobutyric acid (GABA), TGFb, and pipecolic acid (Chen et al., 2014). Due to the serum albumin, the formulation of
mTesRTM1 is not xeno-free. Thus, E8, an optimised formulation of mTesRTM1, which is
free of b-mercaptoethanol and serum albumin, was developed (Chen et al., 2014).
Media formulations are vital since primary cells such as iPSCs are highly sensitive to
changing microenvironments and uncontrolled heterogeneity (Watt et al., 2013).
Consequently, media formulations with xenogeneic components, which increase the
impurity of the iPSC culture, will need to be replaced by xeno-free media in the future
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(Chen et al., 2014; Couture, 2010). Notably, xenogeneic media cannot be used for the
culturing of clinical-grade iPSCs (Chen et al., 2014).
1.1.3.2 Current challenges in 2D culturing
Two-dimensional (2D) iPSC cultures consist of surface-adherent cell colonies with
clearly-defined edges, arranged in monolayers (Figure 1.2). This allows iPSCs to be
homogenously exposed to their medium, providing high reproducibility, and low rates of
apoptosis and differentiation in the culture (Kempf et al., 2016; Wakao et al., 2012).
However, the need for cell passaging is continuous, labour intensive and inefficient as
there is considerable cell loss during each passage (Adil et al., 2017). However, longterm serial passaging is associated with loss of pluripotency, and increase of genetic
instability and abnormal karyotypes (Adil et al., 2017).
2D colonies give rise to a lack of uniformity, which increases heterogeneity. This is due
to iPSCs at different locations of the colonies displaying distinct growth properties. Cells
in the centre of the colonies often experience overcompaction because of tightening of
the cells, whereas cells at the edges experience a lack of external cues (International Stem
Cell Banking, 2009; Kato et al., 2016; Rosowski et al., 2015). These growth properties
explain why iPSCs at these locations are prone to differentiation or even apoptosis
(Rosowski et al., 2015).
Traditionally, iPSCs have been cultured on a population of fibroblasts called ‘feeders’.
However, feeder cultures are impure and their effects on the iPSC culture are difficult to
appreciate (Chen et al., 2014). Feeder-free 2D culturing on matrices and coated layers,
namely MatrigelTM or GeltrexTM, circumvents the co-culturing of two different cell
populations, and has become the method of choice in many laboratories (Chen et al.,
2014). Both gels are assortments of collagens (types I and IV), laminin, entactin, heparin
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sulphate proteoglycan, matrix metalloproteinases, small molecules and growth factors in
unknown proportions (Chen et al., 2014; Hughes et al., 2010). However, the poorly
defined composition and a high degree of batch-to-batch variability of these coating
agents poses major challenges (Hughes et al., 2010). Importantly, MatrigelTM and
GeltrexTM are composed of xenogeneic substrates extracted from Englebreth-HolmSwarm sarcoma cells, and are therefore not compatible with clinical iPSCs standards
(Chen et al., 2014). Although there have been further advances for generating coating
agents that are totally synthetic, the lack of quality control and universal standards in
iPSC culturing still remains (Chen et al., 2014). Therefore, establishing robust xeno-free
coating agents is crucial for improving 2D culturing.
2D system are further limited by their spatial arrangements. The quantity of iPSCs
needed for both clinical and industrial applications exceeds the current capacities of
conventional 2D systems. For example, the number of iPSCs for cell therapy, including
heart repair after myocardial infarctus or the application of insulin-producing b-cells for
diabetes type I, is likely to exceed 2×109 cells (Zweigerdt et al., 2011). For a drug
screening with 1×106 compounds, approximately 1×1010 hSCs are required (Adil et al.,
2017). This is far beyond the logistical and economic capabilities of 2D systems.
Finally, monitoring cell parameters in 2D culture, including O2, glucose rates, acidicity,
proliferation and cell death, is practically infeasible (Kempf et al., 2016). This is why 3D
suspension cultures—that is amenable to scaleup and circumvents coating agents—has
become crucial for the future of the field.
1.1.3.3 iPSC 3D culturing
3D cultures can be free-floating (e.g. suspension culture in bioreactors) or matrixdependent (e.g. plated on microcarriers, encapsulated in hydrogels etc.) and are expected
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to meet the high demand for cells needed for applications. Moreover, iPSC-derived
organoids, which present a powerful model closer to the physiological conditions in the
human body, require further progress of 3D cutluring systems (Fatehullah et al., 2016).
In particular, the combination of disease-specific iPSC lines and 3D technology enables
the study of spatiotemporal cell-cell interactions (Shi et al., 2017).
However, different 3D culturing systems have their own challenges (Figure 1.2). Firstly,
the maintenance and differentiation practices in 3D systems are far less established than
2D platforms (Chen et al., 2014). Secondly, an increase in cell damage due to shear forces
has been observed for free-floating cultures in bioreactors (Chen et al., 2014; Kempf et
al., 2016). Finally, passaging iPSCs as single cells (single-cell inoculation) or in clumps
(clump inoculation) from 2D to 3D, generally results in the formation of heterogenous
cell aggregates, even in stirred bioreactors (Kempf et al., 2016). Cells in centre of these
aggregates are generally underexposed to the medium, which results in variabilities of
growth rates, apoptosis, differentiation and an eventual increase in heterogeneity (Chen
et al., 2014). Therefore, aggregates present a significant obstacle to culturing in 3D.
An elegant approach to reduce the size of cell agglomerates and counter the subsequent
aggregation by gravity is the single-cell passaging into stirred bioreactors (Kempf et al.,
2016). I will refer to this 3D culturing model, when discussing future experiments and
advantages of 3D systems over 2D systems in the results chapters. These bioreactor tanks
integrate sampling for monitoring, allow iPSCs feeding through continuous perfusion
instead of batch-feeding, and enable a homogenous suspension of cells, media and
dissolved gases (Kropp et al., 2016).
Despite this stirring technology, aggregates can not be fully dissociated by stirred
bioreactors. To prevent these heterogenous agglomerates and reduce cell damage due to
shear forces, various technologies have been developed to either control the size of the
6
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aggregates or to circumvent them entirely. These include the application of microcarriers,
micropatterning and hydrogel-encapsulation (Chen et al., 2014; Kempf et al., 2016).
Despite their contribution to the field, these technologies have given rise to new caveats,
including a lack of GMP compatibility, and difficulties in harvesting or monitoring of
cells in these systems (Chen et al., 2014).
Given the limitations of these approaches, chemical approaches, to disrupt large cell
aggreagtes, as illustrated successfully in mouse iPSCs, offer an alternative solution to the
field (Segal et al., 2017; Soncin et al., 2009). These chemical approaches come under the
broader heading of stemistry (Figure 1.2).
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Figure 1.2½Current strategies to overcome heterogeneity in 2D and 3D iPSC
culturing.
iPSCs can either be cultured in 2D as monolayers or in suspension culture (3D). In 2D culture,
the growth in iPSC colonies is characteristic. Cells in the centre of these colonies often undergo
overcompaction, while cells at the edges are likely to experience a lack of external cues. In
both conditions, cells are prone to differentiation or, when tightly packed, to apoptosis, which
increases heterogeneity. Moreover, scaleup and monitoring in 2D is logistically challenging.
Alternatively, iPSCs can be cultured in stirred bioreactors (3D). Cells in the centre of these
aggregates are underexposed to the culturing medium, and are consequently prone to cell death
and differentiation. Chemical approaches with small molecules are promising to overcome this
lack of uniformity in 2D and 3D systems.
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1.2

Stemistry: small molecules to harness stem cell potential

Simultaneous to the flourishing development of the genetic tools in stem cell biology,
stemistry — the use of chemical strategies to manipulate stem cell fate — has seen its
powerful emergence in medicinal chemistry (Davies et al., 2015; Hendriks et al., 2016).
Importantly, the application of chemical strategies via small molecules has often provided
new insights into the intricacies of signalling pathways in molecular biology (Arrowsmith
et al., 2015; Leeson, 2012; Li et al., 2013b). Conversely, unravelling the mechanisms of
action through biological studies has provided chemists with new potential targets for
drug discovery (McFedries et al., 2013).
1.2.1 Small molecules: definition, potential and caveats
Small molecules are purified organic entities defined by a chemical formula, specific
physiochemical properties, and have, according to Lipinski et al. (2012), an ideal
molecular weight <500 dalton (Da), and other properties, which allow cell permeability
(Ganellin et al., 2013; Leeson, 2012).
The advantages of small molecules include their capability to act on extra- and
intracellular targets, and their high bioavailability upon oral application (Ganellin et al.,
2013; Veber et al., 2002). Moreover, their ease of application presents a further advantage
compared to complex techniques in genetic engineering (Zhang et al., 2012). Small
molecules further enable the temporally refined control of protein functions in terms of
activation, inhibition and reversibility (Xu et al., 2008). The possibility to tune
concentrations allows inducing phenotypes dose-dependently; this presents a versatile
tool to harness iPSC plasticity ex vivo and in vivo (Cao et al., 2016; Li et al., 2012b;
Zhang et al., 2012). The optimised combination with other small molecules offers another
substantial advantage through synergistic effects, which could also be harnessed in the
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context of chemical strategies for cell programming (Lin et al., 2015; Yu et al., 2014;
Zhang et al., 2012).
However, the versatility of small molecules can also be a disadvantage. An optimised
small molecule design and profiling has always been essential for exquisite specificity,
and this is difficult to achieve (Davies et al., 2015; Frye, 2010). Off-target effects,
biological sequellae such as cytotoxicity and undefined pharmacodynamic interactions
pose major challenges to chemical approaches (Zhang et al., 2012). Moreover, many
small molecules, including kinase inhibitors, have been inadequately characterised in the
past, which has subsequently resulted in the generation of poor data (Arrowsmith et al.,
2015; Davis et al., 2011). Finally, phenotypic screens have identified attractive small
molecules, but their mechanism of action often remains unknown. This can lead to
erroneous conclusions about the phenotype-target relationship (Workman et al., 2010).
1.2.2 The application of small molecules in stem cell biology
In stem cell biology, small molecules have already proven their potential to control and
convert cell phenotypes in a precise and robust way (Li et al., 2013a). This is increasingly
harnessed for replacing expensive extrinsic factors that are necessary for iPSC culturing
(Desbordes et al., 2013; Li et al., 2012b; Zhang et al., 2012). Moreover, the translation
of small molecules into medicine, including controlled stem cell reprogramming, homing,
renewal and conversion, has become a powerful strategy to target tissue regeneration in
vivo (Davies et al., 2015; Langle et al., 2014; Li et al., 2013b; Liu et al., 2016; Zhang et
al., 2012).
1.2.3 Rho-associated protein kinase inhibitors for iPSC culturing
The Rho-associated coiled-coil-containing protein kinase (ROCK) inhibitors Y-27632
and thiazovivin are pivotal examples of small molecules used for improving iPSC
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culturing (Chen et al., 2010; Ohgushi et al., 2010; Watanabe et al., 2007; Xu et al., 2010).
Rho-kinase inhibitors enhance the overall survival of iPSCs upon dissociation into single
cells, and are nowadays considered to be indispensable tools for the scaleup of iPSC
technology in 3D (Zhang et al., 2012). Moreover, their discovery also provided valuable
insights into the regulatory mechanisms of dissociation-induced vulnerability, and into
the importance of cell-matrix and cell-cell adhesions for iPSC survival (Chen et al., 2010;
Xu et al., 2010). Although Rho-kinase inhibitors have enhanced iPSCs survival rates after
dissociation into single cells, they cannot prevent the formation of aggregates.
1.3

Disruption of cell-cell adhesion for iPSC culturing

The disruption of cell-cell adhesions via small molecules requires targeting of key
adhesive molecules. Cell-cell adhesion is generally governed by three families, including
cadherins at adherens junctions, claudins, ZO-1 and ZO-2 at tight junctions, and
desmoglein and demsocollin at desmosomes (Cavallaro et al., 2011; Gumbiner, 1996;
Parsons et al., 2010; van Roy et al., 2008). It is important to note that all of these families
play vital roles in physical adhesion, but also in cell polarity, tissue morphogenesis,
differentiation, contact inhibition, cell growth and in essential signal transduction
(Cavallaro et al., 2011; Chen et al., 2010; Gumbiner, 1996).
1.3.1 Targeting E-cadherin for contact-independence
E-cadherin is the prototype of all cell-cell adhesion molecules (CAMs) and a particularly
interesting target for disrupting cell-cell adhesions in iPSCs (Figure 1.3). E-cadherin
mediates Ca2+-dependent homotypic cell interactions in epithelial and epithelial-like
tissues, including iPSCs (Gumbiner, 2005; Li et al., 2012a; Takeichi, 1977; van Roy et
al., 2008). Its structure consists of an endodomain composed of a juxtamembrane domain
(JMD) and a b-catenin domain (BCD), a transmembrane domain, and an ectodomain of
five tandem repeats (EC1-EC5) (van Roy et al., 2008). Notably, its link to the actin
11
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cytoskeleton is mediated via the intermediate proteins a-catenin, p120 and b-catenin
(Figure 1.3).
Loss of E-cadherin and downregulation of the adhesive signature is associated with
epithelial-mesenchymal transition (EMT) (Lamouille et al., 2014). During this process,
epithelial cells abrogate their apical-basal polarity and cell adhesion and upregulate gene
signatures, which enhance the cells’ motility, allowing them to develop an invasive
phenotype (Eastham et al., 2007; Lamouille et al., 2014; Moreno-Bueno et al., 2009).
EMT is a vital process in cancer metastasis but can also be found under physiological
conditions, including the development of human embryonic stem cells (Lamouille et al.,
2014; Moreno-Bueno et al., 2009).
Notably, E-cadherin has been shown to govern core signalling regulatory pathways in
stem cell survival and self-renewal (Li et al., 2012a; Watanabe et al., 2007; Xu et al.,
2010). By replacing Oct4, E-cadherin could even be used to fully reprogram mESCs
(Redmer et al., 2011). Therefore, it has become an interesting molecule for studying the
intricacies of cell-cell adhesion and stem cell fate (Mani et al., 2008; Segal et al., 2017).
Encouragingly, the discovery of the crystal structure of ectodomains EC1 and EC2, which
are critical for homotypic interactions with partners on neighbouring cells, has enabled
the targeting of E-cadherin for inhibition (Nose, 1990; Overduin et al., 1995). This
discovery has already been harnessed to develop peptide inhibitors against E-cadherin in
mouse ESCs (Parisini et al., 2007; Segal et al., 2017). It has been shown that small
peptides, e.g. the trans-homodimerisation peptide CHAVC, could inhibit cell-cell
adhesion in mouse iPSCs and ESCs, while maintaining essential E-cadherin signalling
and cell viability (Segal et al., 2017; Soncin et al., 2009). However, this chemical
approach through peptides could not be applied successfully in human iPSCs.
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Figure 1.3½E-cadherin mediated cell-cell adhesion.
Adapted from Hamon et al. (2006). Cell-cell adhesion is mediated by homotypic binding of
E-cadherin molecules. The ectodomain of E-cadherin consists of 5 tandem repeats and binds
calcium. The endodomain of E-cadherin is linked to the actin cytoskeleton (F-actin and Gactin) via the linking proteins a-catenin, b-catenin and p120 catenin.

1.3.2 A chemical screening to identify small molecules
Our group endeavoured to identify a small molecule that would simultaneously disrupt
cell-cell adhesion in human iPSCs and stabilise E-cadherin signalling. To this end, our
group performed an in-house chemical screening, which sought to identify phenotypes
with high similarity to those treated with anti-E-cadherin antibody. Encouragingly, our
group discovered (-)-Indolactam V (ILV) as a potential inhibitor of cell-cell adhesion in
this screening. The chemical structure of (-)-Indolactam V is shown in Figure 1.4.

(-)-Indolactam V

Figure 1.4½Chemical structure of (-)-Indolactam V.
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1.3.3 (-)-Indolactam V: a protein kinase C activator
A member of the teleocidin family of natural products, (-)-Indolactam V is known to have
tumour-promoting activity (Griner et al., 2007; Heikkila et al., 1989). In stem cell
research, (-)-Indolactam V has become a powerful chemical tool for the differentiation of
iPSCs to pancreatic progenitors (Chen et al., 2009b; Thatava et al., 2011; Yang et al.,
2009).
(-)-Indolactam V is further classified as a member of protein kinase C (PKC) activators
(Delaszlo et al., 1986). PKCs comprise of a set of genes that encode for structurally
related and almost ubiquitously expressed serine/threonin kinases, which act at the
intersection of many signalling pathways (Steinberg, 2008). PKCs are located
downstream of G-protein coupled receptors, followed by the stimulation of phospholipase
C (PLC), the hydrolysis of 4,5-bisphosphaste (PIP2), and the generation of diacylglycerol
(DAG).
Traditionally, PKCs have been divided into three lipid-sensitive enzyme subfamilies:
conventional PKCs (a, bI, bII, g), novel PKCs (d, q, h, e) and atypical PKCs (z, i/l)
(Newton, 2010; Steinberg, 2008).

14

Chapter 1
Activators

Isoform

Domain
cPKC (PKCα , PKCβ, PKCγ)

C1

Diacylglycerol, lipid

nPKC (PKCδ, PKCε, PKCη, PKCθ)

PB1

PAR6–CDC42

aPKC (PKCζ, PKCι/ λ)

HR1

Rac and Rho

PKN (PKN1, PKN2, PKN3)

Pseudosubstrate

Rho

PKC1S.cerevisiae

Diacylglycerol, lipid and

Ca2+

C2
Kinase

Plasma membrane

Self-inhibited state

Figure 1.5½Protein Kinase C (PKC) isoforms and their activators.
Nature Reviews|MolecularCell Biology

Adapted from Rosse et al. (2010). Different families of the PKC superfamily are displayed,
including classical/conventional PKCs, novel PKCs, atypical PKCs and PKC-related kinases
(PKN). This classification is based on differences in their structural properties, which also
accounts for the affinity for different PKC substrates. In the inactivated state, the kinase activity
is inhibited by an internal pseudosubstrate. Translocation and interaction with the plasma
membrane resolves this internal inhibition.

This classification is based on variations in the cofactor-binding regulatory twin domains
C1 (binding site for phorbol esters and DAG), and C2 (Ca2+-binding) in the NH2 terminus
(Figure 1.5). Both DAG and intracellular Ca2+ have shown to be activators of the
conventional PKCs (cPKCs) (Steinberg, 2008). In contrast, novel PKC (nPKC) isoforms
lack the C2 domain and bind anionic phospholipids Ca2+-independently (Steinberg,
2008). Thus, full nPKC activation can be achieved through DAG or phorbol esters like
12-myristate 13-acetate (PMA) alone. Atypical PKCs lack binding sites for DAG and
intracellular Ca2+ (aPKCs) (Newton, 2010). PKCs highly depend upon spatial regulation
through phosphorylation, scaffolds and molecular interactions (Igumenova, 2015;
Steinberg, 2008). Their recruitment to the membrane, followed by second messenger
phospholipid interations, is key in relaying an abundance of additional signals (Newton,
2001; Newton, 2009).
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1.3.4 MO47: an optimised derivative of (-)-Indolactam V
Despite the powerful effect on phenotypes, (-)-Indolactam was shown to display strong
pro-apoptotic effects on iPSCs (IC50 = 5µM, Appendix Chapter 1)1. A plausible reason
for this is the activation of PKCd, which subsequently accumulates in the nucleus and
undergoes cleavage by caspase 3 (Brodie, 2003; Murriel et al., 2004; Reyland, 2007).
Intriguingly, when the affinity of the chemical structure for PKC was abrogated through
inverting a single stereogenic centre, the phenotypic effect also disappeared, suggesting
a relation between PKC activation and the phenotype. As cytotoxicity of (-)-Indolactam
V hampers application in 3D culturing of iPSCs, we sought a new small molecule
candidate with protein kinase C as its downstream effector.
After identification of their targets, small molecules may be optimised in their chemical
structure resulting in a new chemical with improved properties (Workman et al., 2010).
Thus, our group set out to synthesise several derivatives of (-)-Indolactam V, and tested
whether they would display the same phenotype in the absence of pro-apoptotic stimuli.
Encouragingly, our group identified a derivative of (-)-Indolactam V, MO47, which
exhibited a highly similar phenotypic effect but allowed considerably higher cell viability
(IC50 for apoptosis = 94µM, Appendix Chapter 1). In the chemical structure of MO47 the
indole is substitued by a benzofuran bearing an alkyl chain. In addition, the stereogenic
centre at C14 is inverted, and a methyl group is introduced as an additional substitute.

1

This assay was performed by Dr Laurence Silpa, a post-doctoral associate in our group. The
reference to this data will be relevant for the three results chapters in this thesis.
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Inversion of stereogenic centre

(-)-Indolactam V

MO47

Introduction of an
additional substitute
Alkyl chain
Substitution:
Indol for benzofuran

Figure 1.6½Chemical structures of (-)-Indolactam V and MO47.
Four dissimilarities in the chemical structures account for the differences in protein kinase C
isotype specificity.

In a previous study, MO47 displayed a 4-fold isoform affinity for PKCa over PKCd,
suggesting that different PKC isoform families might account for the phenotypic and the
pro-apoptotic effect, respectively (Kozikowski et al., 1995). Given this advantage of
increased cell viability, MO47 has become more promising than (-)-Indolactam V to
improve culturing conditions.
1.4

Scope of this study

This research project argues for a chemical approach to improve 2D and 3D culturing:
the disruption of iPSCs colonies and cell-cell aggregates via two structurally related
protein kinase C (PKC) activators, namely (-)-Indolactam V and MO47. The purposes of
the research project are as follows:
(1) As a proof-of-principle, the phenotypic effects of (-)-Indolctam V and MO47 on
iPSC morphology will be examined in 2D culture (Chapter 3).
(2) (-)-Indolactam V and MO47 are chemically related molecules with potentially
different mechanisms of action. Considering the compounds as two distinct
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chemical entities, we endeavour to elucidate their mechanisms of action with a
particular focus on PKC and E-cadherin (Chapter 4).
(3) The application of small molecules for 2D and 3D iPSC cultures requires the
reduction of heterogeneity without impairing key iPSC characteristics. Therefore,
the main content of this thesis focuses on whether serial pretreatment with MO47
comprises the karyotype stability, the self-renewal, and molecular and functional
pluripotency of iPSCs. To this end, pretreated iPSC will be subjected to
spontaneous and directed differentiation to representatives of all three germ layers
(Chapter 5).
This thesis is composed of six chapters. The following chapter, Chapter 2, is dedicated to
the methods and materials used in this study. It is followed by three results chapters,
Chapters 3, 4 and 5, which are detailed in objectives (1), (2) and (3), respectively. Chapter
6 concludes the results in this thesis and identifies further implications.
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Chapter 2: Methods and Materials

2.1

Cell culture

2.1.1 Cell lines
This study was carried out with human dermal fibroblasts (HDF) and human iPSCs
derived from the OX1-18 cell line. This previously published iPSC line was derived from
human dermal fibroblasts by a skin biopsy from a male donor, aged 36, after informed
consent (van Wilgenburg et al., 2013). The reprogramming was performed using an
adopted version of the originally published protocol by Takashi and Yamanka (Takahashi
et al., 2007; Takahashi et al., 2006; van Wilgenburg et al., 2013).
2.1.2 Human iPSC culture
2.1.2.1 iPSC culture (general)
Human iPSCs were cultured at 37°C and 5% CO2 in feeder-free conditions. Cells were
maintained in mTesRTM1 (Stemcell Technologies, 85875), a complete, serum-free
medium that contains recombinant human basic fibroblast growth factor and recombinant
human transforming growth factor b. To reduce the risk of contamination 100 units/mL
penicillin-streptomycin (GibcoTM, 15140122) were added to the medium. Cells were
generally passaged at 90-95% confluency using enzymatic dissociation. To lift the cells,
the medium was aspirated entirely and cells were washed once in phosphate-buffer saline
(Lonza, BE17-516F24) before incubating for 5 minutes in TrypLE Express (GibcoTM,
12604013) at 37°C. Upon detachment, the plate was tapped, and the cells gently flushed
to detach them further from the plate. Subsequently, the cell-TrypLE suspension was
diluted 1:10 in PBS. After centrifugation at 400g for 5 minutes, cell pellets were flicked
up, resuspended in prewarmed mTesRTM1 supplemented with 10µM Rho-kinase inhibitor
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Y-27632 (Abcam, ab120129). Cells were plated at a density of preferably 5´105 cells.
Plating was performed onto 6-well plate (Greiner, 657160), which had been precoated
with MatrigelTM at least 1h prior to plating (BD Biosciences, 354277) or GeltrexTM
(GibcoTM, A1413302). For culturing, a 100% medium change was performed daily.
2.1.2.2 iPSC culture with the small molecule MO47 (treated)
To generate a sufficient stock of MO47 pretreated iPSCs (experiments in chapter 5), a
fresh cryovial of OX1-18 iPSCs was thawed and cells were plated at a density of
1´106/well. To allow the cells to recover from the thaw, they were then cultured for two
passages in mTesRTM1.
Treatment with 1µM MO47 or 0.1% DMSO (Sigma, D2650) was initiated during the
plating after the first passage, and the same culturing practices as described above were
applied. Prior to each feeding, mTesRTM1 was supplemented with 0.1% DMSO (control)
or 1µM MO47 (treated condition). A full medium change was performed daily, and cells
were treated for a total of 3 passages. At each passage, iPSCs were plated at a density of
5´105 cells/well.
When reaching the third passage after 3 cycles of treatment, MO47 and DMSO treated
iPSCs were frozen according to the procedure described below. After cryopreservation at
-80°C for 48h, the cryovials were transferred to liquid nitrogen for long-term storage (see
also chapter 5, Figure 5.1).
For the experiments described in chapter 5, MO47 and DMSO pretreated iPSCs were
thawed simultaneously and plated at a density of 6.5´105 cells/well in mTesRTM1
supplemented with Rho-kinase inhibitor Y-27632. Medium was changed daily, which
allowed for a short compound wash-off period after the 3 cycles of treatment. Cells
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reached confluency on day 5 after thawing (day 0), and were subsequently harvested for
the relevant experiments.
2.1.2.2.1 (-)-Indolactam V and synthesis of MO47
The small molecule (-)-Indolactam V was purchased (Sigma, I0661) and had a purity of
99% according to the manufacturer. An authentic sample of MO47 was synthesised in
our laboratory by Marcus Olivecrona according to the experimental procedure as
suggested by Kozikowski et al. (1995). After purification by high performance liquid
chromatography, a purity of 99% was measured.
2.1.3 HDF culture
HDFs were cultured at 37°C and 5% CO2. Cells were passaged as described for iPSCs
and maintained in T-25 flasks (Corning, 430639) with 6ml of HDF medium (Table 2.1).
The medium was changed every 3rd to 4th day.
Table 2.1½Human dermal fibroblast (HDF) medium preparation
Final
[c]

Stock
[c]

Catalogue
number

1´
1´
100µM
0.1´

1´
100´
100mM
1´

12491-015
35050
21985023
F4135

Supplier

Fibroblast medium
Advanced DMEM
GlutaMaxTM
b-mercaptoethanol
Fetal calf serum (FCS/FBS)

GibcoTM
GibcoTM
GibcoTM
Sigma

2.1.4 Cell counts and cell viability
To count cells and assess their viability, 19µL cell suspension mixed with 1µL of solution
13 (ChemoMetec, 910-3013, acridine-orange and DAPI) was loaded onto the chamber of
an A8 counting slide (ChemoMetec, 942-0003). Non-viable cells were stained with
DAPI, whereas viable cells where stained with acridine orange. Upon staining, cells were
counted using the NucleoCounter NC-3000TM (ChemoMetec).
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2.1.5 Generation of growth curves
To generate the growth curve presented in chapter 4.4, 1´105 iPSCs were plated in 500µL
mTesRTM1 onto a 24-well. Compound dilutions of (-)-Indolactam V were prepared by
transferring half of the volume of the 4µM dilution to a 15mL falcon tube that contained
the same volume of mTesRTM1. This step was repeated until a concentration of 0.5µM ()-Indolactam V was reached. After each 24h, the medium was changed and new dilutions
prepared. At each time point, three wells of each condition were harvested. To this end,
each well to be counted was washed with 500µL PBS and after aspiration 100µL TrypLE
Express was added. The cells were then returned to the incubator for 8-10 minutes. Next,
cells were examined under the microscope to assure their full detachment. 100µL PBS
was added to each well and the remaining cell patches were gently washed off. The
content of each well was then transferred to an Eppendorf tube and rinsed again with
100µL of PBS. Finally, the content of each well was counted twice using the technique
described above.
2.2

Human iPSC differentiation

2.2.1 Embryoid body formation (spinning approach)
The spontaneous and directed differentiation to macrophages (Chapter 5.4.2.1 and
5.4.2.2) required the formation of embryoind bodies (EBs). The EB formation approach
by spinning was chosen because of its high efficiency.
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2.2.1.1 Embyroid bodies for the differentiation into macrophages
To generate spin-EBs, iPSCs were plated onto an AggreWellsTM 800 plate (Stemcell
Technologies, 27845). This enabled the formation of EBs that were consistent in size and
shape, and contained approximately 12,500 cells (Chapter 5, Figure 5.6).
2.2.1.2 AggreWellTM plating
Near-confluent wells of a 6-well plate were washed once in PBS, and iPSCs lifted by
enzymatic dissociation, suspended and centrifuged as described above. After
centrifugation, iPSCs were resuspended at a concentration of 4´106 cells/mL in
mTesRTM1 supplemented with 10µM Rho-kinase inhibitor. Before plating, each well of
the AggreWellsTM plate was rinsed with 500µL of Aggrewell Rinsing Solution (Stemcell
Technologies, 07010). To remove air bubbles, the plate was centrifuged at 2000g for 5
minutes. Next, the rinsing solution was aspirated and the well was rinsed again with 2mL
PBS. After removal of PBS, 1mL of mTesRTM1 was pipetted into each well. 1mL of cell
suspension was then added to make up to a total volume of 2mL per well. Subsequently,
the cell suspension was gently mixed using a Gilson p1000 and the plate was centrifuged
at 100g for 3 minutes. Before returning the cells to the incubator, each well was examined
under the microscope to ensure that cells were equally distributed among the microwells.
2.2.1.3 EB feeding
The following day, a 75% medium change with the relevant prewarmed EB medium was
performed. To this end, 1mL medium was aspirated using a Gilson p1000. Next, 1mL of
new medium was gently added, dripping down the side of each well to avoid the EBs to
be dislodged. This step was repeated once, and feeding repeated daily for the following
three days.
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2.2.1.4 EB harvesting
On day 4 after plating, EBs were harvested and transferred to T175 cell culture flasks
(Corning, 431466). To dislodge the EBs from the microwells, the medium in each well
was pipetted up and down several times using a 5mL serological pipette. The entire
content of each well was then transferred onto an prewetted 40µM cell strainer (BD
Biosciences, 352340) that was inverted and placed on a 50mL falcon tube. Next, EBs
were washed onto the inverted cell strainer using 5mL PBS to repeatedly wash out each
well of the AggreWellsTM plate. Once all EBs had been transferred onto the cell strainer
membrane, the latter was turned over onto a new 50mL falcon tube. To detach the EBs
from the strainer membrane, 4mL of the relevant medium was pipetted onto the strainer.
The EBs for each condition were then split into half and plated either in a T175 cell
culture flask for the macrophage differentiation or a 60mm petri dish (Corning, 3295) for
the TaqMan hPSC ScorecardTM Panel assay.
2.2.1.5 Analysis of spontaneous differentiation using the TaqMan hPSC
ScorecardTM Panel
To form EBs (Chapter 5.4.2.1), the manufaturer’s protocol described in the user guide for
the TaqMan hPSC ScorecardTM Panel (Applied BiosystemsTM, A15870) was adapted, and
EBs generated according to the EB-spin formation protocol as outlined above.
Importantly, no growth factors were added to the EB medium (Table 2.2). Between day
1 and 3, a 75% medium change was performed daily. On day 4, EBs of each condition
were harvested in a total of 10mL EB medium and plated onto two 60mm tissue culturedtreated dishes coated with 2mL GeltrexTM matrix. This allowed the cells to attach rapidly
and grow out from the EBs. Between day 4 and 14, a 75% medium change was performed
every other day.
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Table 2.2½TaqMan hPSC ScorecardTM Panel, medium preparation
Final
[c]

Stock
[c]

Catalogue
number

80%
1´
100µM
20%
1´

1´
100´
100mM
1´
10mM

12634-010
35050
21985023
F4135
11140050

Supplier

EB ScorecardTM medium
DMEM/F12
GlutaMaxTM
b-mercaptoethanol
KnockOutTM Serum Replacement
MEM Non-essential Amino Acids
Solution

GibcoTM
GibcoTM
GibcoTM
GibcoTM
GibcoTM

2.2.1.5.1 Harvesting EBs from adherent culture
On day 14, each cell culture dish was harvested. The culture medium was removed and
cells were gently washed in 5mL PBS for 2 minutes. Subsequently, 700µl RLT buffer
(Qiagen) was pipetted onto each plate. RLT was supplemented with 1% of pure bmercaptoethanol (Sigma, M6250) to reduce RNase activity. Upon cell lysis, a cell scraper
(Sarstedt, 831830) was used to collect the remaining cell content. After careful
homogenisation by using a Gilson p1000, the total of 700µl slurry was transferred in
aliquots of 350µl onto two QIAGEN shredder membranes (Qiagen, 79654), and stored at
-80°C.
2.2.2 Directed differentiation of iPSCs to macrophages
2.2.2.1 Directed differentiation to macrophage precursors via EBs
Two different media were formulated for the generation of macrophages (Chapter
5.4.2.2). The macrophage precursor (macpre) medium consisted of hematopoietic, serumfree X-VIVOTM-15 medium supplemented with IL-3 and M-CSF (Table 2.3). IL-3, a
hematopoietic growth factor that is involved in the direction of multipotent hematopoietic
stem cells into myeloid progenitor cells (Yang et al., 1986). M-CSF, also known as CSF1, is a vital stimulating factor for the differentiation into mononuclear phagocytic cells
(Stanley et al., 1994).
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EBs were harvested as described above and collected from the cell strainer in 4mL macpre
medium. Subsequently, 36mL of the macpre medium was added to make up a total
volume of 40mL, which was then split into two and transferred to T175 cell culture flaks.
In the following 4 weeks, 10mL fresh macpre medium was added weekly to the flasks.
After 5 weeks, a total of 40mL macrophage precursors was harvested, counted, and
pelleted as described above.
2.2.2.2 Macrophage maturation (pMac)
To differentiate macrophage precursors to macrophages (pMac, Figure 5.9), the pelleted
macrophage precursors were resuspended in macrophage medium (Table 2.3). The
plating was performed onto a tissue-cultured coated 6-well plate at a density of 1.5´106
in 2mL medium per well. After 4 days, an additional volume of 2mL macrophage medium
was added to each well. This allowed floating cells to attach further within the following
4 days. 8 days after plating, cells were imaged as described below, and after a total of 14
days of maturation, cells were collected for flow cytometry analysis.
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Table 2.3½Medium preparation for the directed differentiation to macrophages
Final [c]
EB medium
mTesRTM1
BMP-4
VEGF
SCF
Macrophage precursor
medium
X-VIVOTM 15
GlutaMaxTM
b-mercaptoethanol
IL-3
M-CSF
Penicillin-streptomycin
Macrophage medium
X-VIVOTM 15
GlutaMaxTM
b-mercaptoethanol
M-CSF
Penicillin-streptomycin

1:1
50ng/mL
50ng/mL
20ng/mL

Stock [c]

Catalogue
number

Supplier

10µg/mL
10µg/mL
10µg/mL

85875
PHC9534
PHC9394
130-093-991

Stemcell Tech.
GibcoTM
GibcoTM
Miltenyi

1´
1mM
100µM
25ng/mL
100ng/mL
100U/mL

1´
100´
100mM
50µg/mL
100µg/mL
10,000U/mL

BE04-418F
35050061
21985023
PHC0034
PHC9504
15140122

Lonza
GibcoTM
GibcoTM
Invitrogen
Invitrogen
GibcoTM

1´
1mM
100µM
100ng/mL
100U/mL

1´
100´
100mM
10µg/mL
10,000U/mL

BE04-418F
35050061
21985023
PHC9504
15140122

Lonza
GibcoTM
GibcoTM
Invitrogen
GibcoTM

2.2.3 Directed differentiation of iPSCs to cerebral cortex neurons
iPSCs were differentiated to cerebral cortex neurons (Chapter 5.4.2.3, Figure 5.12).
following the previously established protocol by Shi et al. (2012a). For this purpose,
iPSCs that had been pretreated with MO47 or DMSO were thawed and cultured as
described above. On day 5 after thawing, cells were plated at a density of 4´106/well onto
a 6-well plate precoated with GeltrexTM. Subsequently, neural induction was initiated by
a medium change to neural induction medium (NIM, day 1) (Table 2.4). A full medium
change of 2mL NIM was performed daily. Upon formation of a neuroepithelial sheet on
day 11, cells were passaged either with dispase II or with EDTA.
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For dispase II passaging, 200µL of dispase II (GibcoTM, 17105041) were added to the
2mL of medium in each well, and incubated for 30 minutes at 37oC. Next, the lifted
clumps of the neuroepithelial sheet were transferred to 10mL of NIM in a 15mL falcon
tube. When the cells had settled, the medium was aspirated and the wash repeated with
10mL of NIM.
For EDTA passaging, each well was washed once in 2mL of 0.5mM EDTA
(InvitrogenTM, AM9260G) solution and then incubated in 1mL for 4-6 minutes. Next,
EDTA was carefully aspirated and the cells were gently washed off the plate by gentle
flushing using a Gilson p1000. Subsequently, cells were washed in 5mL of NIM.
After the washing, iPSCs were plated in 2mL of NIM onto a 6-well plate that had been
precoated with laminin (10ug/mL in PBS; Sigma, L2020). Cells that had not settled down
the following day were directly transferred onto new wells that had previously been
precoated with 20µg/mL laminin. This allowed rescue of these cells, and increased the
efficiency of attachment, especially after dispase II passaging. In wells in which the cells
had settled down, a medium change to neural maintenance medium (NMM) was
performed (Table 2.4). On days 12 to 15, the neural maintenance medium was
supplemented with 20ng/mL fibroblast growth factor (R&D systems, 233-FB-025).
Thereafter, a full medium change was performed every other day.
On day 18, newly formed rosettes were passaged either with dispase II or manually. For
the latter, rectangles containing rosettes were cut with a needle, and in case of large size,
scored into multiple rectangles. Subsequently, the cell sheets were lifted manually,
collected with a Gilson p200 and transferred in 2mL of NMM onto a new well that had
been precoated with 20µg/mL laminin. Between day 18 and 25, a full medium change
was performed every other day.
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On day 25, cells were washed once in 2mL PBS and incubated in 0.5mL StemPro™
Accutase™ Cell Dissociation Reagent (GibcoTM, A111050) for 7 minutes. Subsequently,
they were flushed off the plate using a 5mL serological pipette and the AccutaseTM cell
suspension was diluted 1:10 in neurobasal medium (21103049, GibcoTM). Next, cells
were centrifuged at 200g for 3 minutes. Upon pelleting, cells were resuspended at a
concentration of 2.5´105 cells/mL in NMM, and 2mL cell suspension of each condition
was plated onto a new well that had previously been precoated with 20ng laminin/mL.
Subsequently, the medium was changed every other day.
Table 2.4½Medium preparation for directed differentiation to cerebral cortex neurons
Final [c]

Stock [c]

Catalogue
number

Supplier

Neural Induction
Medium
N2 + B27 medium

1:1

SB431542

10µM

10mM

1614

Tocris

Dorsomorphin

1µM

1mM

3093

Tocris

Neural Maintenance
Medium

Consisting of 1:1 N2 + B27 medium

N2 medium
Advanced DMEM/F12
N2 supplement
Insulin
GlutaMaxTM
b-mercaptoethanol
Penicillin-streptomycin

1´
1´
5µg/mL
1mM
100µM
50U/mL

1´
100´
10µg/mL
100mM
100mM
5000U/mL

12634-010
17502048
91077C
35050061
21985023
15140122

GibcoTM
GibcoTM
Sigma
GibcoTM
GibcoTM
GibcoTM

B27 medium
Neurobasal medium
B27 supplement
GlutaMaxTM
Penicillin-streptomycin

1´
1´
1mM
50U/mL

1´
100´
100mM
5000U/mL

21103049
17504044
35050061
15140122

GibcoTM
GibcoTM
GibcoTM
GibcoTM

L2020
A1569601

Sigma
GibcoTM

Coating agents
Laminin (in PBS)
10-20ng/mL
Geltrex™ (in KODMEM) 1:100
1´
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2.2.4 Thawing and freezing cells
For cryopreservation, cells were harvested as described above and resuspended in the
relevant culturing medium. The cell suspension was then aliquoted into cryovials
(Starlab, E3090-6222), mixed 1:1 with freezing medium (Table 2.5), transferred into
precooled freezing containers (Mr. FrostyTM, Thermo Fisher Scientific) and stored at 80°C for a maximum of 48h before storage in liquid nitrogen.
Table 2.5½Freezing medium preparation
Final [c] Stock [c]

Catalogue
number

20%
20%
60%

D2650
10829-018
16141-079

Sigma
GibcoTM
GibcoTM

85875

Stemcell Technologies

Supplier

2´ iPSC freezing medium
DMSO
Knockout DMEM
Fetal calf serum (FCS/FBS)

1´
1´
1´

Mixed 1:1 with mTeSRTM1
2´ HDF freezing medium
DMSO
Fetal calf serum (FCS/FBS)

20%
80%

1´
1´

D2650
10829-018

Sigma
GibcoTM

2´ Neural freezing medium
DMSO
20%
Neural maintenance medium 80%

1´
1´

D2650
10829-018

Sigma
GibcoTM

Mixed 1:1 with HDF medium

Mixed 1:1 neural maintenance medium

For thawing cells, cryovials where placed in a 37°C water bath until only a small amount
of the ice remained. Subsequently, the cell suspension was immediately diluted 1:10 in
PBS, centrifuged at 400g for 5 minutes, and the pellet resuspended in prewarmed
medium.
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2.3

Antibodies and dyes

Table 2.6½Primary antibodies
Host

Isotype, conjugate
fluorophore

Supplier/catalogue
number

[c]

IgG1
IgM, Alexa Fluor
488
IgG3, APC
IgM, PE
IgG, 647

Life Tech.
Biolegend, 330306

1:40
1:80

R&D, FAB1435A
Biolegend, B118883
Cell Signaling, 5448S

1:20
1:10
1:10

IgG2a, SHE78-7
IgG1
IgG1
IgG1, APC
IgG1, PE

Invitrogen, 13-5700
BD Pharmingen, 56289
Merck, MAB4190
Biolegend, 301309
ImmunoTools,
21620144
ImmuniTools,
21270456

1:200
1:200
1:400
1:25
1:25

Cell Signaling, 3547
Cell Signaling, 2094S
Cell Signaling, 3243S
Cell Signaling, 5133S
Cell Signaling, 4262S
Cell Signaling, 3539S
Invitrogen, 13-5700
Covance, PRB-278P
Covance, MMS-435P

1:200
1:200
1:200
1:200
1:100
1:200
1:1000
1:300
1:200

Flow
cytometry
Anti-CD44
Anti-SSEA3

Mouse
Rat

Anti-SSEA4
Anti-Tra1-60
Anti-Nanog
Anti-E-cadherin
Anti-E-cadherin
Anti-KI-67
Anti-CD11b
Anti-CD14

Mouse
Mouse
AntiEMouse
Mouse
Mouse
Mouse
Mouse

Anti-CD45

Mouse

IgG1, APC

Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Mouse

IgG
IgG
IgG
IgG
IgG
IgG
IgG2a, SHE78-7
IgG (polyclonal)
IgG2a

1:25

Confocal
microscopy
Anti-Rab-5
Anti-Rab-7
Anti-Lamp-1
Anti-Rab-9
Anti-Rab-10
Anti-Rab-11
Anti-E-cadherin
Anti-Pax-6
AntiTuj1/Tubulin b3
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Table 2.7½Secondary antibodies, isotype controls and dyes
Host
Flow
cytometry
Isotype control
Isotype control
Isotype control
Isotype control
Isotype control
Secondary
antibody
Secondary
antibody
Secondary
antibody
Secondary
antibody

Mouse
Rat
Mouse
Mouse
Rabbit
Donkey
Goat
Goat
Goat

Isotype, species,
conjugate /fluorophore

Supplier/
catalogue number

[c]

IgG1
IgM, Alexa Fluor 488
IgG3, APC
IgM
IgG, Alexa Fluor 647
IgG, anti-mouse, Alexa
Fluor 647
IgM, anti-mouse, Alexa
488
IgG2a, anti-mouse, Alexa
647
IgG, anti-rabbit, Alexa
Fluor 647

Biolegend, 400107
Biolegend, 400811
R&D, IC007A
Biolegend, 401617
Cell Signaling, 2985S
Invitrogen, A-31571

1:50
1:100
1:20
1:10
1:10
1:1000

Invitrogen, A-21042

1:1000

Invitrogen, A-21241

1:1000

Invitrogen, A-21244

1:1000

Invitrogen, A-31571

1:1000

Invitrogen, A-21042

1:1000

Invitrogen, A-21241

1:1000

Invitrogen, A-21244

1:1000

Invitrogen, A-31571

1:1000

1:10,000

Confocal
microscopy
Secondary
antibody
Secondary
antibody
Secondary
antibody
Secondary
antibody
Secondary
antibody

Donkey IgG, anti-mouse, Alexa
Fluor 647
Goat
IgM, anti-mouse, Alexa
488
Goat
IgG2a, anti-mouse, Alexa
647
Goat
IgG, anti-rabbit, Alexa
Fluor 647
Donkey IgG, anti-mouse, Alexa
Fluor 647

Dyes
Hoechst 33342

361

CytoPainter
Phalloidin-iFluor
CellMask Plasma
Membrane Stain
Propidium iodide

488

ThermoScientific,
62249
Abcam, ab176753

649

Invitrogen,

1:1000

535

1:20

Annexin-V-FITC

FITC

Abcam, Annexin-VFITC kit, Ab14085
Abcam, Annexin-VFITC kit, Ab14085

1:1000

1:20

32

Chapter 2

2.4

Flow cytometry

Flow cytometry is a laser- or impedance-based analysis for cell sorting, cell isolation, and
the detection of cell surface molecules. Moreover, it allows for the profiling of cellular
particularities such as size, granularity, cell cycle stage, and DNA content (Etzrodt et al.,
2014). For this study, the detection of cell surface markers, the profiling of size and
granularity, the identification of DNA content, and the distinction between healthy and
apoptotic cells have played a vital role.
For immunohistochemistry (Figures 4.7, 5.2, 5.4 5.11), cells were washed in PBS and
harvested using enzymatic dissociation as described above. After centrifugation, cells
were resuspended in FACS buffer consisting of PBS, 10 µg/mL human IgG, 1% FBS. To
avoid the internalisation of cell surface markers, which would decrease fluorescence
intensity, FACS buffer was precooled at 4°C and further supplemented with 0.1% azide.
Cells were either stained for 30-45 minutes prior to fixation in FACS buffer (preferably
at 4°C) or after fixation (10 minutes in 2% paraformaldehyde-FACS buffer). After
fixation, cells were washed once in FACS buffer. Depending on the localisation of the
immunohistochemistry target, the fixed cells were then permeabilised in pure methanol
at -20°C for at least 30 minutes. Cells were stored up to 4 weeks in FACS buffer at 4°C
or in methanol at -20°C.
Antibodies were diluted in FACS buffer and mixed with cell suspension in 96-well Vbottomed plate or 1.5mL Eppendorf tubes. Staining was performed in a total of 50 or
100µl FACS buffer supplemented with the appropriate antibody concentrations (Table
2.6). After each antibody staining, cells were washed twice in FACS buffer. If staining
was performed with unconjugated antibodies, a staining with a secondary antibody
followed for 30-45 minutes at 4°C (Table 2.7). The flow cytometry analysis was
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performed on FACS Calibur (Becton Dickinson), and data analysis carried out with the
software FlowJo.
For the Annexin-V-PI assay (Chapter 4.4, Figure 4.8), iPSCs were plated at a density of
1´105 cells/well onto a 24-well plate, and treated for 24h, 48h and 72h with (-)-Indolactam
V or 0.1% DMSO. Prior to each medium change, the plate was centrifuged at 400g so
that detached or apoptotic cells would not be aspirated during the medium change. When
harvesting, the supernatant of each sample was transferred to 1.5mL Eppendorf tubes and
centrifuged at 400g for 5 minutes. Next, the iPSCs on the plate were washed with 500µL
Hanks' Balanced Salt Solution (HBSS, GibcoTM, 14170112), and lifted using enzymatic
dissociation. Subsequently, the pellet of the supernatant and the enzymatically dissociated
cells were mixed so that previously the entire cell population could be analysed.
Subsequently, each condition was stained with 5µL propidium iodide and 5µL AnnexinV-FITC in 100µl staining buffer (Annexin-V-FITC kit, Ab14085) for 15 minutes at room
temperature. Prior to analysis using flow cytometry, 200µL of binding buffer were added
to each sample. Compensation was performed using the software FlowJo.
2.5

Light microscopy

2.5.1 Brightfield and phase contrast microscopy
Light microscopy is key in assessing cell viability, confluency, and morphological
changes of treated and untreated cells in 2D culturing. For this study, phase contrast
images were taken using the EVOS XL Core Imaging System (ThermoFisher).
2.5.2 Confocal microscopy
Confocal microscopy is a laser-based scanning technique in which a focused laser beam
is used to excite fluorophores at a single point on the sample plane (Thorn, 2016). Prior
to imaging (Figures 3.3, 3.5, 4.4, 4.5, 5.3, 5.5, 5.14), cells were cultured open µ-slides
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(Ibidi, 80827). Each of these slides contains 8 wells and was precoated with 200µL of the
relevant coating agent. Cells were plated at preferable densities of 1-1.5´105 cells, and
cultured in volumes ranging from 200-400µl/well. Plating was performed in total volume
of 400µl well to allow the cells to be evenly spread. For fixation, 200µL of 2% PFA-PBS
was added and cells incubated for 10 minutes at room temperature. If necessary, cells
were permeablised and blocked in 200µl PBS/1% BSA/0.3% TritonTM X-100 at 4°C
overnight or for 45 minutes at room temperature.
For confocal microscopy of cortical neuronal progenitors (Chapter 5.4.2.3, Figure 5.14),
rosettes were manually passaged on day 18 in 400µl of NMM onto a precoated µ-slide
and grown until day 25. Next, cells were washed in 300µL PBS and fixed for 10 minutes
in 2% PFA at room temperature. After one wash in 300µL PBS, cells were permeabilised
and blocked in PBS/Triton X-100/1% donkey serum/1% goat serum at 4°C overnight.
Confocal microscopy images were analysed with ImageJ/Fiji for pictures in 2D (X,Y)
and 3D (z-stacks; X,Y, Z). Changes in contrast or brightness were equally applied to all
images. For quantification, measurements of the nuclei area, the nuclei perimeter, the
phalloidin signal (Chapter 3.4, Figure 3.4 B) and the cell density (nuclei/area, Chapter
3.4, Figure 3.4 A) were determined in a previously optimised automated approach using
the software CellProfiler. To determine the density of the nuclei and the phalloidin signal
for the DMSO conditions, the original image was cropped into excerpts which only
displayed colonies; areas between the colonies were not included as counts in these cellfree areas would have reduced the density measure artificially (Chapter 3.4, Figure 3.3).
The analysis for the treated conditions was performed in areas which were fully covered
by cells (no free areas, for a further illustration of the selected pictures see Figure 3.3).
The height of the nuclei was measured on z-stacks in a single-blind assay using the
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software ImageJ/Fiji. To this end, each z-stack was cropped into five 2D excerpts
(orthogonal view, YZ), and the measurements were performed by a postdoctoral associate
in our laboratory.
2.6

Genome-wide association studies (GWAS)

DNA was extracted from cell pellets that had previously been stored at -80°C, using the
DNeasy Mini Kit (Qiagen, 69504) according to the manufacturer’s protocol. DNA yields
were measured loading 1.5µL of extracted DNA onto the NanoDropTM 2000c
spectrophotometer (Thermo ScientificTM). The optical density of each sample was
subsequently verified for its purity (A 260/280 ratio @ 1.8), and 1000ng of extracted DNA
were loaded per Eppendorf tube. The extracted DNA was then sent for analysis using the
Infinium OmniExpress-24 v1.2 Kit (Illumina).
2.7

Quantitative real-time PCR (qRT-PCR)

2.7.1 RNA extraction
RNA was either extracted from cell pellets that had previously been stored at -80°C, or
from cell slurry. For lysis, 350µL RLT buffer supplemented with 1% pure bmercaptoethanol were added and the cell slurry was transferred onto a QIAshredder spin
column (Qiagen). Subsequently, cell lysates were spun on the QIashredder column and
RNA extracted using the RNeasy kit (Qiagen) according to the manufacturer’s protocol.
An optional on-column DNase treatment for 15 minutes was performed. RNA yields were
measured by loading 1.5µL of extracted RNA onto the NanoDropTM 2000c
spectrophotometer. The optical density of each sample was subsequently verified for its
purity (A 260/280 ratio @ 2).
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2.7.2 cDNA production by reverse transcription (RT)
cDNA was produced by using either the Ambion RETROScriptTM Kit (Invitrogen,
AM1710) or the High Capacity cDNA Reverse Transcription Kit (Applied BiosystemsTM,
4368814), and in both cases a total of 1µg RNA/sample was loaded for the cDNA
reaction. For the TaqMan hPSC ScorecardTM Panel, cDNA was produced using the High
Capacity cDNA Reverse Transcription Kit according to the manufacturer’s protocol.
2.7.3 Quantitative real-time PCR (qRT-PCR)
qRT-PCR was either performed using a SYBRâ Green- (Applied Biosystems, 4309155)
or a TaqManâ-based approach. To this end, the previously generated cDNA was diluted
and prepared according to Table 2.8 and Table 2.9. The primers for PKC isoforms and Ecadherin were adopted from Awadelkarim et al. (2012) and Labernadie et al. (2017) and
ordered from Sigma. Prior to all experiments, the efficiencies of the endogenous control
(TBP) and the primer pairs were tested (Appendices, Figures IV.1 and IV.2).
Table 2.8½SYBRâ Green sample preparation
Primer mix
(5µM each)

2´ SYBRâ
Select MM

Nuclease-free
H20

Total
volume

SYBRâ Green
reaction
Volume/sample
0.5µL
12.5µL
10µL
+
2 µL template cDNA (20µL cDNA reaction diluted 1:5 in H20)

Table 2.9½TaqManâ sample preparation
TaqManâ
TaqManâ Gene
primer

Expression MM

Nuclease-free
H20

23µL
25µL

Total
volume

TaqManâ
reaction
Volume/sample
1µL
10µL
7.2µL
+
1.8 µL template cDNA (20µL cDNA reaction diluted 1:10 in H20)

18.2
25µL
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The total volume of master mix and cDNA was loaded onto a MicroAmp™ Optical 96Well Reaction Plate (Applied Biosystems, N8010560), and the qRT-PCR reaction run on
the StepOnePLusTM Real-Time PCR System (Applied Biosystems, 4376598). Analysis
of relative gene expression levels was performed according to the DDCT approach (Livak
et al., 2001).
2.8

Enzyme-linked Immunosorbent Assay for soluble E-Cadherin

For ELISA (Chapter 4.3.2, Figure 4.6), cells were plated over night at a density of 1´106
cells onto precoated wells of a 6 well format. The following morning, the medium was
changed and the appropriate concentration of (-)-Indolactam V (1µM), MO47 (1µM) or
EDTA (50µM) was added to 1mL mTesRTM1 per well. After 24h of treatment, the
supernatant was transferred to Eppendorf tubes, and centrifuged at 400g for 5 minutes.
Subsequently, the supernatant was transferred to new Eppendorf tubes in order to filter
out floating cells and debris that would have falsely increased the amount of soluble Ecadherin in the supernatant. Afterwards, they transferred onto wet ice, and analysed using
the Human E-cadherin ELISA Kit (InvitrogenTM, 991700) according to the
manufacturer’s protocol. To quantify the concentration of soluble E-Cadherin, a standard
curve including concentrations ranging from 2.7µg to 0.084µg was generated in parallel.
The absorbance was measured at 450nm, using the Every SpectraMaxÒ M plate reader
(Molecular Devices).
2.9

Caspase 3/7 Assay

Apoptosis IC50 values were determined using the Caspase-GloÒ 3/7 Assay (Promega,
G8090) according to the manufacturer’s protocol.2 A previous experiment for the

2

This assay was performed by Dr Laurence Silpa, a post-doctoral associate in our laboratory.
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determination of the cell density revealed an optimal linear range of the assay at 10.000
cells/well in a 96 well format (Appendices, Figure III).
2.10 Statistical analysis
The statistical analysis in this study was performed using the software GraphPad Prism.
For the comparison of the treated to the control conditions, two-tailed t test, one-way
ANOVA with Dunnett’s multiple comparisons test or two-way ANOVA with HolmŠídák’s multiple comparisons were performed. Replicates are presented as mean ± SEM.
Biological triplicates (cells seeded, cultured and treated in independent wells) and
technical replicates (identical sample used for replicates) are indicated as ‘br’ or ‘tr’,
respectively. Statistical significance is marked as ns (P > 0.05), * (P ≤ 0.05), ** (P ≤
0.01), *** (P ≤ 0.001) and **** (P ≤ 0.0001).
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Chapter 3: Studying 2D phenotypes induced by (-)-Indolactam V and
MO47

3.1

Introduction

2D and 3D cultures pose similar challenges, namely heterogeneity resulting in a
susceptibility towards differentiation, G0 arrest and apoptosis (Cahan et al., 2013; Wu et
al., 2015a). While the formation of aggregates in 3D remains a roadblock in scaleup
approaches, iPSC colonies in 2D are, due to their variability in size, shape and
compaction, by nature heterogeneous (Kato et al., 2016; Rosowski et al., 2015).
As an initial proof-of-principle study, the work in this chapter focuses on morphological
phenotypes upon treatment with (-)-Indolactam V and MO47. We chose to perform this
initial morphological study in 2D, since the conditions in 2D are more robust, enable
better monitoring of morphological phenotypes over time, and can easily be harnessed
for follow-up experiments.
3.1.1 2D phenotypes and heterogeneity
iPSCs can morphologically be defined by their cobblestone shape with large nuclei
containing large nucleoli and an overall sparse cytoplasm (Cahan et al., 2013; Robinton
et al., 2012). Standard 2D iPSC and ESC cultures display monolayers defined by compact
colonies with defined borders (Healy et al., 2015; Kato et al., 2016; Lowry et al., 2008).3

3

The morphology of iPSCs has been shown to be identical to hESCs. Therefore, this chapter refers to both
stem cell types. For further reference see Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda
K, et al. (2007). Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell
131: 861-872. Healy L, Ruban L, & SpringerLink (Online service) (2015) Atlas of Human Pluripotent Stem
Cells in Culture. Springer US : Imprint: Springer,. Boston, MA. Available from Full text from SpringerLink
http://dx.doi.org/10.1007/978-1-4899-7507-2.
, Lowry WE, Richter L, Yachechko R, Pyle AD, Tchieu J, Sridharan R, et al. (2008). Generation of human
induced pluripotent stem cells from dermal fibroblasts. Proc Natl Acad Sci U S A 105: 2883-2888.
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In these colonies, E-cadherin and the actin cytoskeleton play vital roles in cell motility
(Davidson et al., 2016), environmental sensing (Geiger et al., 2009) and cell-cell
interaction (Geiger et al., 2009). Notably, the importance of the actin cytoskeleton for the
survival and maintenance of hESCs and iPSCs was laid bare through the discovery of
Rho-kinase inhibitor (Chen et al., 2010; Ohgushi et al., 2010). The dissociationassociated cell death stimulated by hypercontraction of stress fibres could, henceforth, be
targeted for improving culturing conditions (Xu et al., 2010).
iPSCs require a compact colony formation and are epithelialised through E-cadherinmediated adherens junctions (Ohgushi et al., 2010; Singh et al., 2013; Soncin et al.,
2009). Although iPSCs colonies are tightly packed in an epithelial-like pattern, the
adhesion strength between the cells remains low to allow further plasticity for the
expansion of the colonies (Chan et al., 2009; Singh et al., 2013).
The expansion of iPSC colonies follows a polarised pattern in which cells that are mainly
at the edges of the colony expand, while the centres mainly increase in compaction (Healy
et al., 2015). This has two major implications. Firstly, cells at the edges are prone to a
lack of external cues and are more inclined to differentiation (Rosowski et al., 2015).
Secondly, iPSCs thickening and piling up in the centre lengthen their state in G1 and are
susceptible to G0 arrest (Wu et al., 2015a). The subsequent overcompaction exerts cellular
stress and induces cells that commit to differentiation. One frequent example in this
context is the formation of neuronal rosettes (Healy et al., 2015). Moreover,
overcompaction and tightening of focal adhesions prevents the cells from spreading out
again and forming homogenous monolayers (Healy et al., 2015). This morphological
variability is accompanied by a heterogeneous expression of pluripotency markers across
the population (Chan et al., 2009; Wakao et al., 2012). With each colony further varying
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in size and shape, 2D systems provide heterogeneous conditions, which present an ideally
suited model for the study of morphological heterogeneity (Kato et al., 2016).
3.1.2 Establishing morphological criteria for 2D iPSC culture
In order to evaluate the morphological phenotypes in this study, a series of morphological
criteria that were hypothesised to enable more homogenous culturing conditions in 2D
(and potentially in 3D as an ultimate goal) shall be established: (1) disruption of iPSC
colonies with clear edges; (2) equal distribution of iPSCs across the adherent monolayer;
(3) decrease in cell density and compaction; (4) reversibility and reproducibility of the
phenotypic effect; (5) remodelling processes of the actin cytoskeleton; (6) abrogation of
an epithelial-like phenotype; (7) disruption of E-cadherin-mediated cell-adhesion; (8)
survival of single cells at low densities.
Based on these desired properties, this chapter hypothesises that a chemical approach
through (-)-Indolactam V and MO47 induces a colony-independent, more homogenous
phenotype in 2D, which can potentially be harnessed for 3D culturing.
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3.2

Inducing colony-independent iPSC culture in 2D

As a first proof-of-principle study, iPSC phenotypes were examined upon treatment with
(-)-Indolactam V and MO47. iPSCs were plated at a density of 1´106cells/well onto a 6well plate. On the following day, iPSCs were treated for 3h, 12h, and 24h prior to imaging
with 1µM (-)-Indolactam V, 1µM MO47 or 0.1% DMSO (control and vehicle for all
conditions). These temporal intervals were chosen to assess immediate effects and their
progression until this progressive phenotype reached its full expression at 24h. Treating
the cells at different times but imaging them at the same time point further allowed
assessment of these different phenotypes at equal cell density, provided that cell
proliferation was not impaired. Figure 3.1 A and Figure 3.1 B show the effect of (-)Indolactam V and MO47 over time. The morphology change after 3h indicates the
induction of a new phenotype. The iPSC colonies are less compact and appear to diverge.
The phenotypes at 12h are much stronger and appear to reach their full expression at 24h,
especially for MO47 treated cells. A colony-based phenotype can neither be identified at
12h or 24h after treatment.
In summary, these data indicate that iPSCs exhibit a strong, almost immediate
morphological change upon treatment with (-)-Indolactam V or MO47. This
morphological phenotype is characterised by a progressive spreading of iPSCs and results
in the abrogation of dense colonies with clearly-defined edges.
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Time course (-)-ILV

A

Time course MO47

B

DMSO

(-)-ILV 3h

(-)-ILV 3h

(-)-ILV 12h

(-)-ILV 24h

DMSO

MO47 3h

MO47 3h

MO47 12h

MO47 24h

Figure 3.1½Colony-independent iPSC cultures can be induced using (-)-Indolactam
V and MO47.
Shown are images of iPSCs treated with 1µM (-)-Indolactam V (A) or MO47 (B) at 3h, 12h and
24h prior to imaging. Note the almost immediate deformation of the colonies identified at 3h
after treatment (magnified excerpts). Populations treated with MO47 for 3h display a distinct
membrane blebbing with protrusions indicating cell movement. The control phenotype (DMSO),
in contrast, is marked by compact colonies with clearly defined edges. Phase contrast;
magnification = 100´; scale bars = 100 µM.
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3.3

Reversibility of colony-independent phenotypes

To further characterise the effect of (-)-Indolactam V and MO47 on iPSC cultures, we
endeavoured to assess whether morphological alterations would persist after treatment.
We hypothesised that the effect was inducible and reversible in presence or absence of
the compounds, accordingly. For this purpose, iPSCs were plated and cultured in
mTesRTM1, which contained Rho-kinase inhibitor. After 24h, the medium was changed—
which also removed Rho-kinase inhibitor—and iPSCs were cultured in mTesRTM1
supplemented with 1µM (-)-Indolactam V or MO47 for 24h. Finally, the compounds were
washed off by a medium change and culturing in mTesRTM1 without the compounds was
continued for 24h. At each medium change the conditions were imaged using phase
contrast. Figure 3.2 shows the expression of three different phenotypes in a serial
approach. After plating in medium with Rho-kinase inhibitor, iPSCs display an elongated,
spread morphology with missing colony-association. After subsequent treatment with
1µM (-)-Indolactam V or MO47 for 24h, colony-based iPSCs are still absent and exhibit
spread phenotypes. Finally, the colony-based morphology is restored 24h wash-off
period.
In summary, these results show that the morphological effects on iPSCs upon treatment
with (-)-Indolactam V and MO47 are reversible and still enable a regular colony
formation 24h after compound removal.
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Rho-kinase
Inhibitor Y-27623
Hoechst
Phalloidin

(-)-ILV

MO47

No compound

No compound

+24h washoff

+24h treatment

24h after plating

Rho-kinase
Inhibitor Y-27623
Hoechst

Figure 3.2½Reversibility of the phenotypic effect induced by (-)-Indolactam V and
MO47.
iPSCs were plated with Rho-kinase inhibitor Y-27623 (upper panel) and then treated with (-)Indolactam V (left, middle panel) and MO47 (right, middle panel) for 24h. To assess the
reversibility of the phenotypic effects, the compounds were washed off in both conditions.
After 24h the formation of compact colonies with clearly-defined edges can be observed (lower
panel). Phase contrast; magnification = 100´; scale bar = 100µm.
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3.4

Assessing the actin cytoskeleton upon treatment

It has recently been reported that iPSC colonies in 2D are characterised by a strong actin
fence that encircles individual colonies and mainly consists of ventral stress fibres (Narva
et al., 2017; Naumanen et al., 2008). Importantly, this actin girdle exerts mechanical
effects and acts like a tension band, thereby impinging on colony compaction,
pluripotency and polar spindle arrangements during mitosis (Narva et al., 2017).
We hypothesised that one prerequisite for the emergence of the previously observed
phenotypes was the remodelling of the actin cytoskeleton (Davidson et al., 2016; Mullins
et al., 1998). To characterise potential rearrangements of globular and filamentous actin,
iPSCs were plated onto a µ-slide. After the cells had attached, the medium was changed
and Rho-kinase inhibitor washed-off for 12h prior to treatment. This allowed reduction
of the chemical influences on the cytoskeleton by Rho-kinase inhibitor. Subsequently,
iPSCs were treated with 1µM (-)-Indolactam V and MO47 for 24h, fixed, permeabilised
and stained with Phalloidin-iFluor 488, a dye that specifically stains filamentous actin.
To highlight the global arrangeme nt of individual cells, the nuclei were stained with
Hoechst.
Figure 3.3 shows the standard colony-based iPSC phenotype (upper panel) and colonyindependent, homogenous monolayers upon treatment with either 1µM (-)-Indolactam V
(middle panel) or MO47 (lower panel). The quantified data for the images in Figure 3.3
are presented in Figure 3.4. Compared to DMSO, treatment with (-)-Indolactam V and
MO47 induced a 3.48-fold and 2.69-fold reduction of the cell density (nuclei/area),
respectively (Figure 3.4 A).
Untreated conditions are marked by an actin fence consisting of ventral stress fibres
(Figure 3.3, upper panel, white arrows). Treated conditions exhibit a global mesh of stress
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fibres across the monolayer (this can be identified even better on Figure 3.5). This is
corroborated by the finding that iPSCs treated with (-)-Indolactam V and MO47 exhibit
a 5.87-fold and a 3.29-fold (tr) higher signal for actin (as stained by Phalloidin-iFluor
488) compared to DMSO, respectively (Figure 3.4 B).
Taken together, these data indicate that upon treatment with (-)-Indolactam V and MO47
the typical iPSC colony morphology disappears. iPSCs are spread, and marked by a
decrease in cell density and the remodelling of the actin cytoskeleton.
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Phalloidin

Hoechst
Phalloidin

MO47

(-)-ILV

DMSO

Hoechst

Figure 3.3½Remodelling of the actin cytoskeleton upon treatment with (-)Indolactam V and MO47.

iPSCs were plated onto a µ-slide, treated for 24h with 1µM (-)-Indolactam V (middle panel) or
MO47 (lower panel) and stained with Hoechst (red) and Phalloidin-iFluor 488 (green). Note the
clear actin fence (white arrows, upper panel) surrounding the edges of compacting colonies in the
standard condition (DMSO). This fence is replaced by a mesh of actin fibres and the dense
colonies give way to a homogenous cell spread as indicated by the nuclei. LED illuminated
fluorescent microscopy; magnification = 100´; scale bar = 100µm.
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Figure 3.4½ Phenotypic effects of (-)-ILV and MO47 on the cell density and the
actin cytoskeleton.
The quantified data for the images presented in Figure 3.3 are shown. iPSCs were treated for
24h with 1µM (-)-ILV and MO47. (A) Comparison of the cell density (nuclei/area) of (-)Indolactam V (mean±SEM: 0.00070±0.000012; n=4) and MO47 (mean±SEM:
0.001045±0.000046; n=4) treated iPSCs shows a significant (tr) difference to control
conditions (mean±SEM: 0.002499±0.000246; n=3). (B) Quantification of the mean
fluorescence intensity for the actin cytoskeleton (stained by phalloidin) reveals a significant
(tr) increase of actin fibres in the treated conditions ((-)-ILV mean±SEM: 22.44 ±0.53; n=4;
MO47 mean±SEM: 17.32 ±0.68; n=4; DMSO mean±SEM: 5.87±0.08; n=4). One-way
ANOVA, Dunnett’s multiple comparisons test; ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01),
*** (P ≤ 0.001) and **** (P ≤ 0.0001).
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3.5

Assessing focal adhesions upon treatment

E-cadherin plays a pivotal role in the formation and integrity of epithelial and epitheliallike tissues such as iPSCs (Li et al., 2012a; van Roy et al., 2008). Being the chief mediator
of colony compaction and directly linked to the actin cytoskeleton, E-cadherin is key to
understanding the adhesive signature in iPSCs (Kato et al., 2016; Singh et al., 2013;
Wakao et al., 2012).
We hypothesised that the remodelling of the actin cytoskeleton would also result in a
rearrangement of focal adhesions. Therefore, iPSCs were plated at a density of 1´105
cells on a µ-slide. After the cells had settled on the plate, the medium was changed so that
the Rho-kinase inhibitor could be washed off for 8 hours. Subsequently, iPSCs were
treated with DMSO (0.1%), 1µM (-)-Indolactam V and 1µM MO47 for 3h, 6h and 24h
prior to fixation. Next, immunohistochemistry was performed using Hoechst (blue),
Phalloidin-iFluor 488 (green) and an anti-E-cadherin mAb follow by a secondary Ab
(red).
Figure 3.5 presents the 3 different colour channels for 3 different treatment (DMSO, (-)Indolactam V and MO47) at 3h, 6h and 24h. At all three time points, the nuclei appear to
be less dense, especially for iPSCs treated with (-)-Indolactam V for 24h. The emergence
of stress fibres and the reorganisation of the actin cytoskeleton in the treated conditions
appear to be progressive and are especially visible for iPSCs treated with (-)-Indolactam
V for 24h. Importantly, for (-)-Indolactam V at 24h, the focal adhesions appear to be
rearranged and the E-cadherin signal is blurred, which might be indicative of the cell
spreading. A different trend can be observed for MO47; despite a clear rearrangement
after 6h, a distinct E-cadherin signal still encircles the cytoplasm at 24h. The nuclei appear
to be more prominent upon treatment with (-)-Indolactam V and MO47.
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Overall, these data show that (-)-Indolactam V and MO47 induce strong phenotypes that
are characterised by prominent stress fibres and remodelling processes of E-cadherin
mediated cell-cell adhesion
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Figure 3.5½ Time course treatment with (-)-Indolactam V and MO47.

iPSCs were plated onto a µ-slide and treated with 1µM (-)-Indolactam V (middle panel) or
MO47 (lower panel) for 3h (A), 6h (B) and 24h (C). All conditions were stained with Hoechst,
Phalloidin-iFluor 488 and anti-E-cadherin mAb for confocal microscopy. In all three
conditions, the nuclei in the treated conditions appear less dense and the E-cadherin signal is
reorganised. Control conditions are marked by an actin fence surrounding the colonies,
whereas treatment with (-)-Indolactam V and MO47 induces a progressive increase of actin
stress fibres and colony disruption. Confocal microscopy; magnification = 600´; scale bar =
100µm.
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3.6

Determining area, perimeter and height of the cell nuclei upon treatment

As treatment with (-)-Indolactam V and MO47 induced membrane blebbing and
spreading, we hypothesised that the remodelling processes of the cytoskeleton induced a
flatter phenotype with nuclei that were larger in area but smaller in height.
To determine the area, the perimeter and the height of the nuclei (as surrogate for the
cytoplasm), iPSCs were plated at a density of 1´105 cells on a µ-slide. On the following
day, cells were treated with DMSO (0.1%), 1 µM (-)-Indolactam V and 1 µM MO47 for
24h, fixed and stained with Hoechst (blue) for confocal microscopy. To determine the
area and the perimeter of the nuclei, three images of different locations in each condition
were taken. The images were further taken in planes, in which the nuclei displayed their
largest area. For quantification, the images were analysed by the software CellProfiler.
To determine the height of the cells, z-stacks were imaged for all three conditions.
Figure 3.6 shows that MO47 treated iPSCs have a significantly (tr) flatter nucleus with a
larger mean area (mean±SEM: 243.94±10.01; n=3), larger mean perimeter (mean±SEM:
66.74±2.16; n=3) but smaller mean height (mean±SEM: 2.79±0.22; n=3) than the DMSO
control (means±SEM for area, perimeter, height: 138.29±6.09; 52.55±1.38; 7.20±0.43;
n=3). These phenotypic changes can also be observed for (-)-Indolactam V (means±SEM
for area, perimeter, height: 338.24±58.24; 72.59±5.34; 4.99±0.47; n=3), whereas only the
decrease in the height is significant.
In summary, these quantified results are in accordance with the induction of spread,
flattened phenotypes upon treatment with (-)-Indolactam V and MO47.
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Figure 3.6½Effects of (-)-ILV and MO47 on nucleus area, perimeter and height.

iPSCs were plated onto a µ-slide, treated with 1 µM (-)-Indolactam V, MO47 or DMSO for 24h,
fixed and stained with Hoechst. In all three conditions, the nuclei area, perimeter and height
were determined on confocal microscopy images. (A) iPSCs treated with MO47 have a
significantly (tr) flatter nucleus with a larger area (mean±SEM: 243.94±10.01; n=3), (B) larger
perimeter (mean±SEM: 66.74±2.16; n=3) and (C) smaller height (mean±SEM: 2.79±0.22; n=3).
Changes of these properties can also be observed for (-)-Indolactam V (mean±SEM for area,
perimeter, height: 338.24±58.24; 72.59±5.34; 4.99±0.47; n=3) but are only significant for the
changes in the nucleus height (mean±SEM for area, perimeter, height: 138.29±6.09;
52.55±1.38; 7.20±0.43; n=3). One-way ANOVA, Dunnett’s multiple comparisons test; ns (P >
0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001) and **** (P ≤ 0.0001).

56

Chapter 3

3.7

Discussion and summary

In this chapter, the induction of morphological phenotypes in iPSCs upon treatment with
(-)-Indolactam V and MO47 was assessed in 2D culturing. We hypothesised that both
compounds induced more homogenous morphological phenotypes in 2D, and that these
phenotypes could potentially be harnessed for 3D culturing. To evaluate the phenotypic
effects, we established 8 criteria, which shall be discussed in the following.
Firstly, as a proof-of-principle study, iPSC morphologies were analysed 3h, 12h and 24h
after addition of the compounds (-)-Indolactam V and MO47. Encouragingly, treatment
resulted almost immediately in the induction of a new phenotype. Dense colonies with
clearly-defined edges were abrogated (criterion 1), which was corroborated by the
absence of the colony-typical actin fence in both treated conditions. In contrast to the
DMSO condition, which was marked by colonies varying in size and shape, a
homogenously spread populations emerged upon 24h treatment with (-)-Indolactam V
and MO47 (criterion 2). Importantly, the homogenous distribution of cells was
accompanied by a decrease of cell density, which was significant for MO47 but not for
(-)-Indolactam V (criterion 3).
The spreading of the cells appeared to be stronger for (-)-Indolactam V; after 3h the
colonies were already disrupted, whereas, in the MO47 treated condition, iPSCs exhibited
a considerable membrane blebbing at this stage. Moreover, the decrease in cell density
was more conspicous for (-)-Indolactam V than for MO47. A plausible explanation for
these differences is the strong pro-apoptotic effect of (-)-Indolactam V (IC50 = 5µM,
Appendix Chapter 1). Thus, impaired proliferation and increased cell death are likely to
account for less cells per area in the (-)-Indolactam V treated condition.
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Given the emergence of these spread phenotypes, it is conceivable that treatment with
(-)-Indolactam V or MO47 could prevent the overcompaction in the centre of the colonies,
and enable more uniformity in terms of cell growth. However, it is difficult to base
conclusions merely on morphological criteria. Therefore, it remains open whether the
compounds would overall reduce the heterogeneity in 2D culture. Notably, it has been
shown that the heterogeneity in 2D culture can also be measured through other phenotypic
criteria. Importantly, iPSCs at the edge of the colonies have been shown to expression
different levels of pluripotency markers compared to the cells in the centre (Chan et al.,
2009; Kato et al., 2016). Therefore, it is worth pursuing whether an increased
homogeneity in morphology also corresponds to a reduction of heterogeneity in the
expression of pluripotency markers.
Small molecules have the unique advantage of enabling temporally defined control and
reversibility of phenotypes (Xu et al., 2008). These properties could also be harnessed in
this study as removal of the compounds resulted in the restoration of colony-based
phenotype (criterion 4). The reversibility of the phenotypic effect is especially important
for the application in iPSCs, where the original cell state, after successful scaleup, needs
to be restored for further processing. Previous work in our lab (data not shown) indicates
that the alternation of induction and reduction of the phenotypic effect could even be
repeated for several times, so that compound addition and removal would result in a
‘yoyo-like’ effect. Moreover, in a pilot project for live cell imaging, the restoration of the
colony-based morphology appeared to be slower for (-)-Indolactam V than for MO47 and
varied according to the cell density.
The reorganisation of the actin cytoskeleton was another conspicuous element of the
phenotypes induced upon treatment with (-)-Indolactam V and MO47 (criterion 5)
(Svitkina et al., 1999). The staining with fluorescent-conjugated phalloidin staining
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generally presents a robust technique to detect rearrangements of filamentous actin
(Knowles et al., 1992; Svitkina et al., 1999). It is likely that the membrane protrusions
and the cell spreading were mediated by nascent actin fibres and Arp2/3 complexes. In
confocal microscopy, (-)-Indolactam V and MO47 treated iPSCs exhibited a prominent
mesh of actin fibres that was linked at one (dorsal stress fibres) or even two ends (ventral
stress fibres) to focal adhesions (Naumanen et al., 2008). Interestingly, these branched
fibres are generally associated with the formation of lamellipodia and might equally be
indicative of increased cell motility (Naumanen et al., 2008). These observations on the
confocal images could further be corroborated by a significant increase of phalloidin
signal in the treated conditions. A quantification approach via confocal microscopy
appeared to be more reliable in our case, since the enzymatic dissociation into single-cells
for flow cytometry and other assays would have altered the organisation of filamentous
actin. Despite the coherence between the quantified data and the observations on the
images, it is difficult to reach a conclusion on the function of these prominent stress fibres.
Clearly, the generation of a GFP-actin cell line for live cell imaging would allow to
understand the remodelling dynamics of the actin cytoskeleton better.
The results in this chapter further underscored the remarkable plasticity of iPSCs. Upon
treatment, the epithelial-like morphology of iPSCs was completely altered (criterion 6),
and a significant flattening of the nuclei, a loss of the cylindrical form, cell spreading and
a conspicuous remodelling of the cytoskeleton was induced. For MO47, E-cadherin
remained locally concentrated on the cell membrane. In contrast, for (-)-Indolactam V,
the E-cadherin signal became increasingly blurred, suggesting that the cell-surface
protein was dispersed rather than locally concentrated in this phenotype. These
morphological rearrangements remind of the morphological process observed during
epithelial-mesenchymal transition (EMT) (Hay, 1995; Lamouille et al., 2014; Moreno-
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Bueno et al., 2009). Intriguingly, EMT has been shown to promote motility via the
dissociation of compact tissues into single cells; increased motility and disruption of cellcell adhesion through loss of E-cadherin also play a pivotal role in ESCs during early
development (Eastham et al., 2007; Lamouille et al., 2014). Clearly, despite these
morphological similarities, EMT is a highly complex process and draws upon a plethora
of regulatory processes, including the upregulation of mesenchymal as well as the
downregulation of epithelial gene signatures (Lamouille et al., 2014; Moreno-Bueno et
al., 2009). The work described in this chapter is mainly based on morphological
observations. Thus, the notion of a chemically induced EMT-like process is not
sufficiently characterised here, but the analysis of characteristic gene signatures deserves
further attention.
Finally, the induction of contact-independence cannot be confirmed since focal adhesions
were still present in both conditions (criterion 7). A further assay to test the potential of
(-)-Indolactam V and MO47 for their application in disrupting cell-cell adhesion would
have been the enzymatic dissociation and subsequent seeding as single cells (criterion 8).
The maintenance of single cells is especially crucial for any application in 3D, where cell
aggregates constitute a roadblock for more homogenous culturing conditions. This lack
of data presents a considerable caveat to this study and is due to unavailability of MO47
that occurred at an early stage of this project, and persisted until the submission of this
work.
Furthermore, given the shortages of MO47, the results of this chapter are entirely based
on the iPSC line OX1-18. To confirm that the morphological observations are inherent to
pluripotent stem cells treated with these compounds and not a feature particular to this
single cell line, it will be necessary to extend these studies over multiple lines. Notably,
it has been shown that iPSCs cell lines harbour a high degree of genetic heterogeneity
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accounting for line-to-line variabilities in epigenome, transcriptome, proteome, and even
the cell morphology (Kilpinen et al., 2017; Narsinh et al., 2011).
In summary, (-)-Indolactam V and MO47 induce strong, reproducible and reversible
phenotypes in 2D culture. Although the disruption of cell-cell adhesion into a contactindependent iPSC culture cannot be confirmed, both compounds induce colony-disrupted
phenotypes with a disc-like morphology and a conspicuous mesh of stress fibres,
suggesting increased cell motility. It is intriguing whether this altered phenotype can be
harnessed for 2D and 3D culturing. Clearly, the induction of these strong phenotypes
gives rise to further studies of the mechanism of action (chapter 4) and the maintenance
of pluripotency potential upon treatment (chapter 5).
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Chapter 4: Elucidating the mechanisms of action of (-)-Indolactam V
and MO47

4.1

Introduction

Small molecules are versatile tools and their properties, which include dose-dependency,
ease of use, reversibility and rapid action offer substantial promise for the manipulation
of stem cell fate (Davies et al., 2015; Zhang et al., 2012). Notably, their application in
research and medicine for controlled stem cell reprogramming, controlling, homing,
renewal and conversion has become a powerful strategy for iPSC technology (Davies et
al., 2015; Li et al., 2013b; Liu et al., 2016; Zhang et al., 2012).
However, this potential for a variety of different applications also explains why the
structural optimisation of small molecules remains key for exquisite specificity (Davies
et al., 2015). (-)-Indolactam V, for example, assessed in this study for its potential to
induce a beneficial phenotype for 2D and 3D culturing, also presents a useful tool in the
differentiation of iPSCs towards the pancreatic lineage (Chen et al., 2009b). This is why
the thorough characterisation of small molecules in terms of their mechanism of action
(MoA), their promiscuity and their biological sequellae is of paramount importance in
this context (Arrowsmith et al., 2015; Davies et al., 2015; Frye, 2010; Li et al., 2013a;
Workman et al., 2010).
4.1.1 The importance of mechanism of action studies
Mechanism of action studies — as illustrated by the discovery of new core regulatory
signalling pathways in the context of Rho-kinase inhibitors — harbour tremendous value
for both biological and chemical studies (Bunnage et al., 2015; Watanabe et al., 2007;
Xu et al., 2010). While new insights into the intricacies of signalling pathways helps to
understand molecular biology better, unravelling the mechanisms of action also provides
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chemists with new potential targets for drug discovery (McFedries et al., 2013).
Phenotypic screens allow identification of new drug candidates on the cellular context
but offer little insight into pharmacological mechanistics (Schenone et al., 2013).
Notably, well-characterised mechanisms of action are pivotal to avoid erroneous
conclusions in terms of the target-phenotype relationship (Bunnage et al., 2015).
4.1.2 E-cadherin and protein kinase C
In our case, the small molecules (-)-Indolactam V and MO47 were already characterised
as PKC activators, and the effects on PKC isoforms were hypothesised to be linked to the
induction of a new phenotype (Hirota et al., 1987; Kozikowski, 1994). Since the literature
highlights many cases of inadequately or insufficiently characterised chemical probes,
the mechanisms of actions of both PKC agonists required further investigation in this
project (Arrowsmith et al., 2015; Baell et al., 2014; Workman et al., 2010).
The work in this chapter aims to assess the mechanism of action of (-)-Indolactam V and
MO47 as two distinct chemical entities. Based on our chemical screen, we hypothesised
that the phenotypic effect was due to a link between PKC and E-cadherin. In addition to
these functional signalling pathway studies, we endeavoured to characterise toxicity.
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4.2

Investigating protein kinase C

PKC encompasses a group of signal-transducing molecules that act at the crossroad of
many signalling pathways (Steinberg, 2008). Despite their structural similarities, PKC
isoforms are a heterogeneous group of molecules, varying in function and effector affinity
(Dempsey et al., 2000; Steinberg, 2008). Indeed, differences in the structural properties
of (-)-Indolactam V and MO47 have shown to govern their isoform specificity; while
(-)-Indolactam V displays little if any PKC specificity, MO47 exhibits a higher affinity
to cPKCs (Kozikowski et al., 1995). Thus, it is of paramount importance to investigate
PKC activators for all PKC isoforms.
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4.2.1 Protein kinase C is expressed in iPSC OX-1-18
In addition to functional differences, PKCs have been shown to exhibit tissue-specific
expression (Dempsey et al., 2000; Qvit et al., 2014; Steinberg, 2008). We hypothesised
that the tissue-specific expression of PKC isoforms in iPSCs would also account for
tissue-to-tissue variability in the mechanism of action.
To determine the expression of PKCs in iPSCs, we chose a suitable reference gene for
stringent normalisation (endogenous control), the transcription factor TATA box-binding
protein TBP (Kim et al., 2004; Zhang et al., 2005) (Appendix Chapter 4). This nuclear
marker promised to be more robust than a cytoplasmic endogenous control, since
treatment with (-)-Indolactam V and MO47 altered cytoskeletal organisation. Next, we
validated the primer efficiency of PKC isoform primers adopted from Awadelkarim et al.
(2012) (Appendix Chapter 4).
Subsequently, iPSCs were treated for 72h with 1µM (-)-Indolactam V or MO47 and
mRNA levels were determined using qRT-PCR. Figure 4.1 shows the mean relative
expression level ± SEM of conventional, novel and atypical PKC isoforms normalised to
the endogenous control TBP in untreated and treated iPSCs. PKC δ, ι and ζ are more
highly expressed than other isoforms. There is a significant difference in the expression
of PKC γ (**), PKC δ (*), PKC η (*), PKC θ (***) between (-)-Indolactam V treated and
untreated conditions.
In summary, these data indicate that conventional (α, β, and γ), novel (δ, ε, η and θ) and
atypical (ι and ζ) PKC isoforms are expressed in the iPSC line OX1-18 and that this
expression is not significantly altered upon treatment with MO47 for 72h.
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Figure 4.1½PKC isoforms are expressed in the iPSC line OX-18 upon treatment
with (-)-Indolactam V and MO47.
qRT-PCR was performed to determine the relative expression levels of PKC isoforms
normalised to TBP. iPSCs were treated for 72h with (-)-Indolactam V (A) or MO47 (B). All
PKC isoforms are expressed in treated and untreated samples. There was a significant
difference between treated and untreated conditions for PKC gamma (mean±SEM for DMSO
and ILV: 2.60±0.16, n=3; 0.21±0.05, n=2), PKC delta (mean±SEM: 19.44±1.08, n=3;
39.37±3.88, n=2), PKC eta (mean±SEM: 0.42±0.02, n=3; 3.80±0.70, n=2) and theta
(mean±SEM: 1.17±0.03, n=3; 0.24±0.03; n=2) in iPSCs treated with (-)-Indolactam V.
Symbols represent the mean relative expression ± SEM (br) normalised to the endogenous
control TBP. For (-)-Indolactam V, the mean±SEM is composed of two samples as one sample
was excluded due to insufficient mRNA yields. In case of very small SEMs, the error bars are
not displayed. Two-tailed t test, ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001) and
**** (P ≤ 0.0001).
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4.2.2 Combined treatment of PKC activatiors and PKC inhibitors
Given the heterogeneity within the PKC family, elucidating isoform-specific mechanism
of action requires the application of isozyme-specific pharmacological and genetic tools
(Mochly-Rosen et al., 2012). Importantly, the failure of many therapeutic approaches in
the context of PKC has underscored the importance of identifiying isoform-specific
downstream signalling (Dowling et al., 2015; Mochly-Rosen et al., 2012).
Having confirmed the expression of PKCs in our model, we concluded that the induced
morphological changes could, in theory, be mediated by any of these expressed isoforms.
We hypothesised that combining PKC activators with specific inhibitors of PKC isoforms
could elucidate the relevance of these isoforms for the phenotypic effect.
The indolocarbazoles Gö6976 and the bisindolylmaleimide Gö6983 belong to the family
of PKC inhibitors and have been shown to inhibit PKC isoforms at nanomolar
concentrations (Martiny-Baron et al., 1993; Wu-Zhang et al., 2013). While Gö6976 has
been reported to be a specific inhibitor of the conventional PKC isoforms α and β, Gö6983
acts as pan-PKC inhibitor with more affinity for conventional and novel isoforms
compared with atypical isoforms (Martiny-Baron et al., 1993; Wu-Zhang et al., 2013).
To test the potential disruption of the morphological phenotype upon treatment with one
of these inhibitors, iPSCs were plated at a density of 1×105 cells/well onto a 24-well plate
and subjected to combinatorial treatment with varying concentrations of (-)-Indolactam
V (1.0 and 0.5µM) and Gö6976 or Gö6983 (1.0, 2.5 and 5µM).
Figure 4.2 shows the matrices for combinatorial treatment with (-)-Indolactam V and the
two Gö inhibitors. The cPKC inhibitor Go6976 had no effect on (-)-Indolactam Vinduced morphology. In contrast, treatment with Gö6983 at 1.0, 2.5 and 5µM disrupts the
phenotypic effect of (-)-Indolactam V. In the absence of the inhibitors, the spread
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phenotypic effect as described in chapter 3 is characteristic (positive control). At 2.5 and
5.0µM of Gö6976 appears to have major adverse effects on the viability of iPSCs.
Overall, these data suggest that the phenotypic effect of (-)-Indolactam V on iPSCs can
be disrupted by the pan-PKC inhibitor Gö6983, whilst inhibition of PKC α and β through
Gö6976 shows no effect on the spread phenotype.
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Figure 4.2½Combinatorial treatment of (-)-Indolactam V and the PKC inhibitors
Gö6976 and Gö6983.
iPSCs were treated with the PKC activator (-)-Indolactam V (0.5 and 1.0µM) and the PKC
inhibitors Gö6976 (A) or Gö6983 (B) at different concentrations (1.0, 2.5 and 5.0µM) at the
same time. Different phenotypes are displayed in matrices for both inhibitors. Conditions in
which the phenotype is disrupted in presence of the PKC activators and the PKC inhibitors are
marked with a white asterisk. iPSCs treated with (-)-Indolactam V exhibit a spread phenotype
(positive control). In absence of both compounds (DMSO), iPSCs are characterised by their
typical elongated form due to Rho-kinase inhibitor (negative control). Phase contrast,
magnification = 100×, scale bars = 100µm.
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We decided to further explore whether the combinatorial treatment of Gö6976 and
Gö6983 with MO47 and (-)-Indolactan V would have similar effects and whether the
induced morphological changes could also be disrupted when they had previously been
induced for 24h. Therefore, iPSCs were plated at a density of 1×105 cells/well onto a 24well plate and treated with 1µM (-)-Indolactam V or 1µM MO47 for 24h. The following
day, the medium was changed and treatment at 1µM continued either in a combinatorial
approach with the PKC inhibitors Gö6976 and Gö6983 (both 1µM) or with the PKC
activators alone.
Figure 4.3 A shows the co-treatment of (-)-Indolactam V with Gö6976 and Gö6983, and
confirms the phenotypes observed in Figure 4.2. The phenotypic effect is also abrogated,
when combinatorial treatment is performed with Gö6983 and MO47 (Figure 4.3 B).
In summary, these data show that the phenotypic effects of (-)-Indolactam V and MO47
can be disrupted by combined treatment with the pan-PKC inhibitor Gö6983 even if the
morphological phenotype has previously been induced for 24h.
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Figure 4.3½Combinatorial treatment of (-)-Indolactam V and MO47 with the PKC
inhibitors Gö6976 and Gö6983.
iPSCs were treated with the 1µM of the PKC activators (-)-Indolactam V (A) and MO47 (B).
After 24h, the medium was changed and the treatment was continued either in a combinatorial
approach with the PKC inhibitors Gö6976 and Gö6783 (both 1µM) or with the PKC activators
alone (positive control). iPSCs treated with PKC activators ((-)-Indolactam V, MO47) and the
PKC inhibitor Gö6983 display a colony-based morphology. Co-treatment with Gö6976 does
not abrogate the spread phenotype. Phase contrast; magnification = 100×; scale bars = 100µm.
(C) Chemical structures of sterosporine, Gö6976 and Gö6983.
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4.3

Investigating E-cadherin

Conventional and novel PKC isoforms play pivotal roles in the regulation and mediation
of cell-cell adhesion and motility (Anilkumar, 2003; Igumenova, 2015; Mochly-Rosen,
1995). Notably, PKCs are involved in the remodelling of the actin cytoskeleton
(Anilkumar, 2003), general membrane trafficking of surface proteins (Alvi et al., 2007)
and in the endocytosis and the recycling of E-cadherin (Alvi et al., 2007; Kitajima et al.,
1999; Kyuno et al., 2013). Moreover, PKCδ was reported to be involved in suppressive
effects on E-cadherin, thereby inducing an epithelial-mesenchymal transition-lile process
and a scattered phenotype (Chen et al., 2009a). Intriguingly, treatment with the two PKC
activators (-)-Indolactam V and MO47 resulted in a spread, flattened phenotype, which
was accompanied by a rearrangement of E-cadherin on the cell membrane.
Given the spread morphology upon treatment with (-)-Indolactam V and MO47, we
hypothesised that these phenotypic changes might be due to changes in the organisation
of focal adhesions mediated by E-cadherin. To examine whether the induced phenotypes
correlated with changes in the E-cadherin expression, we explored three scenarios:
(1) The loss of E-cadherin from the membrane due to endocytosis and potential recycling,
(2) an increase of E-cadherin shedding and (3) the preservation of E-cadherin on the cell
membrane.
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4.3.1 Assessing endocytosis and recycling of E-cadherin
E-cadherin expression on the cell surface is partly regulated by internalisation into the
cytoplasm via clathrin-dependent and clathrin-independent mechanisms (Akhtar et al.,
2001; Niessen et al., 2011). Upon endocytosis, E-cadherin molecules are processed in a
sequence of membrane-associated early endosomes and are eventually either redirected
to the membrane, stored in unique compartments or degraded in lysosomes (Ivanov et al.,
2004). Lysosomal targeting of E-cadherin — which also occurs during EMT — involves
passage through compartments that are rich in the markers Rab5, Rab7 and Lamp1, and
their specific inhibition impairs E-cadherin trafficking. (Palacios et al., 2005; van Roy et
al., 2008).
Rab5 and Rab7 belong to the Ras superfamily of small GTPases that are involved in
clathrin-mediated endocytosis and accompany trafficking from donor to acceptor
compartments (Kumari et al., 2010; Simons et al., 1993). While Rab5 is vital for the
initiation of early endosomes, Rab 7 is located downstream of Rab5 and mediates the
transition from early to late endosomes and can also be found in lysosomes (Bucci et al.,
2000; Feng et al., 1995; Simons et al., 1993; Zeigerer et al., 2012). Lysosome-associated
membrane protein 1 (Lamp1) is most abundant on lysosomes and encompasses various
functions such as transport of degradation products and lysosomal acidification (Saftig et
al., 2009).
In contrast, Rab9, Rab10 and Rab11 are involved in retrograde protein trafficking and
can therefore be used as markers for recycled E-cadherin. Rab9 acts as a mediator in
trafficking of late endosomes and the trans-Golgi machinery (Lombardi et al., 1993).
Rab10 is specifically localised at the endoplasmic reticulum and a major regulator of its
function (English et al., 2013; Galvez et al., 2012). Rab11 is integral part of the endosome
recycling compartment with various functions and is also in the shuttling of cell

73

Chapter 4

membrane proteins back to the plasma membrane (Grosshans et al., 2006; Kelly et al.,
2012).
Given the localisation of Rabs and Lamp1 in different compartments of the endosomal
degradation and recycling pathway, they are ideally suited to track the fate of endocytosed
proteins. We hypothesised that the localisation of internalised E-cadherin and endocytosis
or recycling markers could determine the fate of internalised E-cadherin.
To this end, iPSCs were plated at a density of 1×105 cells/well onto an µ-slide and treated
the following day with 1µM (-)-Indolactam V and MO47 for 24h. Subsequently, iPSCs
were fixed, permeabilised and stained with Hoechst, anti-E-cadherin and mAbs against
Rab5, Rab7, Lamp1, Rab9, Rab10 and Rab11 followed by secondary Abs. All conditions
were imaged using confocal microscopy.
Figure 4.4 shows the confocal images plotted for iPSCs treated with DMSO, (-)Indolactam V and MO47 in individual and merged channels. Co-localised signal of Ecadherin and endocytosis markers appears yellow in the merged plot. Rab5 and Ecadherin show no co-localisation, but accumulation of intracellular signal (white arrows)
in the E-cadherin channel can be identified in iPSCs treated with MO47 (Figure 4.4A).
Rab7 signal appears to follow a similar trend and only partially co-localises with Ecadherin in iPSCs treated with MO47 (Figure 4.4B). For Lamp1, partial co-localisation
of the signals can be observed in all three conditions but does not seem to follow a clear
pattern. Moreover, Lamp1 binds to the actin cytoskeleton in iPSCs treated with (-)Indolactam V, suggesting increased trafficking along the actin cytoskeleton.

74

Chapter 4

Rab 5
Hoechst

anti-Rab 5

anti-E-cadherin

Merge

Rab 7
Hoechst

anti-Rab
anti-Rab7 7

anti-E-cadherin
anti-E-cadherin

Merge
Merge

MO47

(-)-ILV

DMSO

A A

MO47

(-)-ILV

DMSO

B

Mer

75

Chapter 4

Lamp 1
Hoechst

anti-Lamp 1

anti-E-cadherin

Merge

MO47

(-)-ILV

DMSO

C

Figure 4.4½Assessing the co-localisation of internalised E-cadherin and the
endocytosis markers Rab5, Rab7 and Lamp1.
After treatment with 1µM (-)-Indolactam V and MO47 for 24h, iPSCs were fixed,
permeabilised and stained with Hoechst, anti-E-cadherin mAb and mAbs against the
endocytosis markers Rab5 (A), Rab7 (B) and Lamp1 (C). Subsequently, all conditions were
imaged using confocal microscopy. Different channels are plotted individually (Hoechst
(blue), endocytosis markers (green), E-cadherin (red)) or in a combined plot (merge). Colocalising signals of E-cadherin and endocytosis markers appear yellow in the merged plot.
White arrows indicate intracellular E-cadherin signal. Confocal microscopy; magnification =
600×; scale bar = 50µm.
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Figure 4.5 displays iPSCs treated with the same conditions, but confocal microscopy was
performed after immunohistochemistry with mAbs against Rab9 (A), Rab10 (B) and
Rab11 (C). Neither of the three markers appears to co-localise in a coherent pattern with
E-cadherin (yellow signal). For staining with anti-Rab9 mAb, almost no signal can be
identified in all three conditions. The same trend appears to apply for Rab10, except for
non-specific signal in the DMSO control. For Rab11, the signal appears to be stronger for
DMSO than for (-)-Indolactam V and MO47 treated iPSCs but the degree of colocalisation of both signals is poor.
Overall, these data indicate that E-cadherin does not clearly accumulate in the cytoplasm
nor consistently co-localises with endocytosis and recycling makers upon treatment with
(-)-Indolactam V and MO47.
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Figure 4.5½Assessing the co-localisation of internalised E-cadherin and the
recycling markers Rab9, Rab10 and Rab11.
After treatment with 1µM (-)-Indolactam V and MO47 for 24h, iPSCs were fixed, permeabilised
and stained with Hoechst, anti-E-cadherin mAb and mAbs against the recycling markers Rab 9
(A) and Rab10 (B) and Rab11 (C). Subsequently, the three conditions DMSO (control), (-)Indolactam V and MO47 were imaged with confocal microscopy. Different channels are plotted
individually (Hoechst (blue), recycling markers (green), E-cadherin (red)) or in a combined plot
(merge). Co-localising signals of E-cadherin and endocytosis markers appear yellow in the
merged plot. Confocal microscopy, magnification = 600×, scale bar = 50µm.
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4.3.2

Assessing E-cadherin shedding

Since no endocytosis or recycling marker consistently co-localised with intracellular
E-cadherin upon treatment with (-)-Indolactam V and MO47, ectodomain cleavage of
E-cadherin was explored.
In addition to endocytosis, the tightly-regulated expression of E-cadherin is also mediated
by E-cadherin cleavage, and can be observed in iPSCs (Rosner et al., 2016; van Roy et
al., 2008). Notably, E-cadherin cleavage occurs during apoptosis, cell-cell dissociation,
calcium dyshomeostasis and upon treatment with tumor-promoting stimuli (Niessen et
al., 2011; Steinhusen et al., 2001; van Roy et al., 2008). Cleavage of the E-cadherin
molecule can either be mediated by a PS1/g-secretase at the endodomain or by
metalloproteinases (MMPs) at the membrane-ectodomain interface (van Roy et al.,
2008). The most prominent MMP in this context is ADAM10, a transmembrane protease
that is highly expressed in epithelial tissues (Maretzky et al., 2005).
We hypothesised that potential cleavage of E-cadherin mediated by MPPs would increase
the amount of shed E-cadherin in the supernatant, which could subsequently be detected
using ELISA. To test E-cadherin shedding effects, iPSCs were plated at a density of 2×106
cells/well onto a 6-well plate, and treated the following day with 1µM (-)-Indolactam V
and MO47 for 24h. Subsequently, the supernatant was analysed in technical triplicates
using ELISA. Absolute values for E-cadherin were obtained by normalisation to a
standard curve.
Treatment with (-)-Indolactam V shows a significant increase (tr) in the amount of soluble
E-cadherin in the supernatant. The increase of soluble E-cadherin in the supernatant of
iPSCs treated with MO47 is not significant.
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In summary, these data indicate that treatment with (-)-Indolactam V results in increased
amounts of soluble E-cadherin in the supernatant.
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Figure 4.6½Analysing soluble E-cadherin in the supernatant of iPSCs upon
treatment with (-)-Indolactam V and MO47.
iPSCs were treated with 1µM (-)-Indolactam V and MO47 for 24h and the supernatant of each
condition was analysed using ELISA. Absolute values for soluble E-cadherin in the
supernatant were obtained by normalisation to a standard curve. The amount of soluble Ecadherin in the supernatant of (-)-Indolactam V treated iPSCs (mean±SEM: 0.2410±0.0075;
n=3) is significantly (tr) higher than in the supernatant of the DMSO control (mean±SEM:
0.0481±0.0031; n=3), whereas for MO47 (mean±SEM: 0.0680±0.0067; n=3) the increase of
soluble E-cadherin is not significant. One-way ANOVA, Dunnett’s multiple comparisons test,
ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001) and **** (P ≤ 0.0001).
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4.3.3 Assessing the expression of cell surface E-cadherin
Finally, the third scenario was explored: the preservation of E-cadherin on the cell
surface. Expression levels of E-cadherin in (-)-Indolactam V and MO47 treated iPSCs
were analysed using flow cytometry.
To this end, iPSCs were plated at a density of 1×105 cells/well onto a 24-well plate, treated
for 3h,12h and 24h with 1µM (-)-Indolactam V and harvested simultaneously. Live cell
staining was performed using anti-E-cadherin mAb followed by incubation with a
secondary Ab and flow cytometry.
Figure 4.7 B shows the expression of cell surface E-cadherin for each condition. In the
control conditon, E-cadherin is clearly expressed and is characterised by a clear signal
shift compared to the technical control (secondary Ab only). The signal for E-cadherin in
the (-)-Indolactam V treated conditions is as high as for the DMSO control, or even higher
for 12h and 24h treatment. Phase contrast images confirm phenotypic changes in all
treated conditions (Figure 4.7 A).
Taken together, these data suggest that E-cadherin is preserved on the cell surface of
iPSCs upon treatment with (-)-Indolactam V.
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A

B

Figure 4.7½Analysing the expression of cell surface E-cadherin upon treatment
with (-)-Indolactam V using flow cytometry.
iPSCs were treated with 1µM (-)-Indolactam V for 3h, 12h and 24h and imaged before
harvesting. (A) The phenotypic effect can be observed in all treated conditions. Phase contrast,
magnification = 100×, scale bar = 100µm. (B) For flow cytometry, live iPSCs were stained
with anti-E-cadherin mAb followed by a secondary antibody. (B, upper panel) The same gate
to select for live cells was applied to each condition. (B, lower panel) The DMSO control
(orange histogram) is compared to a technical control (secondary antibody only, shaded grey).
Every treated condition (black histograms) is compared to the DMSO control (orange
histogram). Treated and untreated iPSCs display similar expression levels of cell surface Ecadherin.
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4.4

Assessing cytotoxicity upon treatment with (-)-Indolactam V

Previous work in our laboratory suggested that MO47 conferred an advantage over (-)Indolactam V via its reduced cytotoxicity in iPSCs. Notably, as shown in Figure 4.7 B,
upper panel, (-)-Indolactam V treatment shifts iPSCs towards a heterogeneous population
with decreased size. A potential explanation for the emergence of this second population,
especially visible at 24h, is the induction of pro-apoptotic effects of (-)-Indolactam V. We
hypothesised that these adverse effects on cell viability could be best characterised by
generating a growth curve and performing an Annexin-V-PI assay with treated iPSCs.4
Annexin-V is a cellular protein and displays a strong affinity to phosphatidylserine (PS)
(Logue et al., 2009). In healthy cells, PS is constitutively translocated to the inner leaflet
of the cell membrane via translocases and scramblases (Logue et al., 2009; Martin et al.,
1995). In apoptotic cells, PS is invariably translocated to the outer leaflet, functioning as
early marker of apoptotic cells prior to cell permeabilisation and nuclear condensation
(Koopman et al., 1994; Logue et al., 2009). Together with propidium iodide, a dye for
permeabilised cells, Annexin-V has become a powerful quantitative approach to assess
cell viability.
To test the effect of (-)-Indolactam V on cell viability, iPSCs were plated in triplicates at
a density of 1×105 cells/well onto a 24-well plate and treated for 24h, 48h and 72h with
1µM (-)-Indolactam V. Upon collection of all conditions, live cell staining with FITCconjugated Annexin-V and PI was performed, followed by analysis with flow cytometry.
For the generation of a growth curve, treatment was continued until 96h.
Figure 4.8 A-D shows the analysis of (-)-Indolactam V treated iPSCs using flow
cytometry. The morphological changes are characteristic in all treated conditions (A).

4

It was originally planned to test (-)-Indolactam V and MO47 together in both assays. Due to
shortages of the compound MO47, merely the effects of (-)-Indolactam V could be assessed.
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Upon treatment, iPSC populations shift progressively from the quadrant of healthy cells
(Q4) to early apoptotic (Q3) and late apoptotic cells (Q2) (Figure 4.8B). The decrease of
healthy cells in treated iPSCs is highly significant (br, p<0.0001) and the increase in early
apoptotic cells is especially prominent at 72h (mean±SEM: 16.57±1.05; n=3) when
compared to 48h (mean±SEM: 6.61±0.11; n=3). The growth curve corroborates the
progression of cytotoxicity over time (Figure 4.8 E). After 48h the proliferation in treated
iPSCs is significantly (br, p<0.0001) impaired compared to control conditions
In summary, this data show that treatment with (-)-Indolactam V is dose-dependently
toxic over time.
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Figure 4.8½Analysing the cytotoxic effects of (-)-Indolactam V using an AnnexinV-PI assay and a growth curve.
iPSCs were treated with 1µM (-)-Indolactam V for 24h, 48h and 72h (the growth curve was
continued until 96h). (A) The phenotypic effect can be observed in all treated conditions, with
a apparent decrease of cell density at 72h. Phase contrast, magnification = 100×, scale bar =
100µm (B) All conditions were stained with Annexin-V and PI and analysed using flow
cytometry. Double negative populations (Q4) are healthy, single positive populations for
Annexin-V are have entered early apoptosis (Q3), double positive populations have entered
late apoptosis and undergo necrosis (Q2). (C) Populations in (B) were previously compensated
in the PI channel to avoid false positive signals due to spill over from the FITC-Annexin-V
channel. During the gating process, debris is excluded. (D) The mean percentage ± SEM of
each populations in Q1-Q4 is plotted in stacked bars. Each subcolumn represents the mean
percentage of cells ± SEM in each of the quadrant gates. All subcolumns together represent
the iPSCs in one condition. Mean±SEM for Q1, Q2, Q3 and Q4 for all four conditions: DMSO
(2.34±0.89; 11.13±0.30; 5.56±0.45; 80.97±0.47; n=3); (-)-ILV 24h (2.74±0.99; 17.47±0.88;
6.96±1.62; 72.83±1.57; n=3); (-)-ILV 48h (2.82±0.54; 26.07±0.67; 6.61±0.11; 64.50±1.15;
n=3); (-)-ILV 72h (2.97±0.09; 41.53±1.67; 16.57±1.05; 38.93±2.68; n=3). Differences in Q1
for all conditions and in Q3 for DMSO, (-)-ILV 24h and (-)-ILV 48h are not significant. All
other differences in each quadrant are highly significant (****). Two-way ANOVA; HolmSidak’s multiple comparison test.
(E) Growth curve of iPSCs treated with (-)-Indolactam V. At each time point, iPSCs were
counted in triplicates. Each curve consists of the mean absolute cell number for each count ±
SEM. The curves for treated iPSCs are coloured (brighter colours indicate lower
concentrations of the compound); the control condition (DMSO) is plotted on a black. Counts
for treated iPSCs at 48h and later are significantly (br) lower (****) for all conditions
compared to untreated iPSCs (DMSO). No significant differences exist between the counts
for all conditions at 0h (plating) and 24h. Two-way ANOVA with multiple comparisons,
Dunnett’s multiple comparisons test, ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01), *** (P ≤ 0.001)
and **** (P ≤ 0.0001).
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4.5

Summary and discussion

The work presented in this chapter aimed to elucidate the mechanisms of action of (-)Indolactam V and its derivative MO47 as two distinct chemical entities. Taken together,
the data do not provide enough evidence to confirm our initial hypothesis whereby the
phenotypic effects were due to a link between PKC and E-cadherin. Although chemical
inhibition of PKC isoforms with a pan-PKC inhibitor resulted in the disruption of the
phenotypes, the role of E-cadherin in the induction of these phenotypes remains
unresolved.
In a first step, the role of individual PKC isoforms was investigated. The mRNA
expression of all conventional, novel and atypical isoforms could be confirmed for treated
and untreated iPSCs, and variations from isoform to isoform were robust in both data
sets. Highly expressed PKC isoforms, such as PKCδ, are more likely to be enhanced by
non-specific PKC activators. Since (-)-Indolactam V displays less affinity to atypical but
similar affinity to conventional and novel isoforms, PKCδ is a potential target for
activation by (-)-Indolactam V. Importantly, PKCδ has been shown to mediate major proapoptotic effects via caspase-3 (Brodie, 2003; Goerke, 2002; Reyland, 2007; Zhu et al.,
2010). Therefore, the enhanced activity of PKCδ by (-)-Indolactam V might explain the
induction of strong apoptotic effects. Since MO47 exhibits a higher affinity to cPKCs,
differences in isoform specificity might account for differences in cytotoxic effects. Proapoptotic effects might also explain the significant differences in the expression of the
PKC isoforms g, d, q, h and e upon treatment with (-)-Indolactam V. Furthermore, the
level of mRNA expression of isoforms was not significantly altered upon treatment with
MO47. This is in line with the literatures as PKCs do not participate in homoeostatic
feedback loops, whereby the activation on the protein level results in its transcriptional
downregulation (Newton, 2001). Pro-apoptotic effects of (-)-Indo Instead, PKCs are
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generally regulated by subcellular localisation, and upon activation translocate to the cell
membrane where they bind to isoform specific anchoring proteins called ‘receptors for
activated c-kinase’ (RACKs) (Igumenova, 2015; Mochly-Rosen, 1995; Newton, 2001).
Thus, a powerful tool to identify isoforms that are relevant for the mechanism of action
of (-)-Indolactam V and MO47 might be the creation of isoform-specific PKC-GFP cell
lines. This would allow to detect isoform-specific enrichment at the cell membrane upon
treatment.
To narrow down potential candidates for the mechanisms of action, it was assessed
whether the phenotypic effect could be abrogated by combinatorial treatment of PKC
activators with PKC inhibitors. Encouragingly, the phenotypic effect was disrupted when
treating iPSCs with Gö6983, a pan-PKC inhibitor, and a PKC activator at the same time.
In contrast, Gö6976, an inhibitor of PKCs α and β, did not neutralise the morphological
phenotype, suggesting that the phenotypic effect was potentially mediated by novel PKC
isoforms. It is important to note that the promiscuity of staurosporine-related chemicals
such as Gö6976 and Gö6983 presents a considerable caveat in the interpretation of these
findings. Although a low degree of promiscuity has been reported for Gö6976 and
Gö6983 in as far as they have been analysed (Anastassiadis et al., 2011), staurosporine
itself has been proven to inhibit more than 80% of the kinome (Arrowsmith et al., 2015;
Davis et al., 2011; Workman et al., 2010). Therefore, it is questionable whether the
disruption of the phenotypic effect can be interpreted as the result of PKC inhibition.
Given the multitude of different PKC isoforms, inhibition via isoform-specific peptide
inhibitors would be more informative (Csukai et al., 1999; Mochly-Rosen et al., 2012).
Moreover, genetic strategies involving siRNAs or CRISPR/Cas9 technology for isoformspecific knockout are intriguing approaches for future work.
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Turning to E-cadherin, we initially explored whether endocytosis and recycling markers
would co-localise with intracellular E-cadherin signal on confocal microscopy images.
Although occasional accumulations of E-cadherin could be observed in some conditions,
the co-localisation of endocytosis markers did not follow a consistent pattern. Moreover,
signal for recycling markers was barely visible in the DMSO control, suggesting that the
quality of the antibodies against Rab9, Rab10 and Rab11 was poor or that recycling
activity was low in all three conditions. In theory, it is conceivable that E-cadherin was
already degraded at 24h, and therefore could not be detected in any endosomal
compartment. It is worth assessing whether E-cadherin would co-localise with relevant
markers after 3h treatment with (-)-Indolactam V and MO47. This assay could be
performed under additional inhibition of endosome-lysosome fusion via bafilomycin
(Gillespie et al., 2013).
As a second scenario, we hypothesised that potential cleavage of E-Cadherin at its
ectodomain-membrane interface would result in an increase of soluble E-cadherin in the
supernatant. A significant increase of soluble E-cadherin could be detected upon
treatment with (-)-Indolactam V for 24h. However, E-cadherin shedding may be a
surrogate for loss of E-cadherin on the membrane since new E-cadherin molecules might
be translocated to the membrane at the same time. Moreover, it has been shown that Ecadherin cleavage is induced upon apoptosis (Steinhusen et al., 2001). Since (-)Indolactam V exerts pro-apoptotic effects, it remains unclear whether the increase of
soluble E-cadherin in the supernatant is due to apoptosis or induction of a new phenotype.
Notably, for MO47, no significant difference could be observed. The absence of a positive
control, which induces E-cadherin shedding, is an important limitation of this data set.
Analysis of cell surface E-cadherin by flow cytometry revealed that E-cadherin was
expressed at similar or even higher levels on the cell surface upon treatment with (-)-
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Indolactam V, suggesting that the loss of E-cadherin on the cell surface is not involved
in the mechanisms of action. However, the data sets for the detection of soluble
E-cadherin and the cell surface expression have not been repeated with independent
biological replicates. To corroborate these findings, one could quantify the amount of
E-cadherin on the cell surface via western blotting of cell membrane extractions. Further
investigation into E-cadherin, including the cadherin switch from E-cadherin to
N-cadherin as a hallmark of EMT, could also be informative (Wheelock et al., 2008).
Finally,

the

cytotoxic

effects

of

(-)-Indolactam

V

were

assessed

using

immunohistochemistry with Annexin-V followed by flow cytometry and the generation
of a growth curve. (-)-Indolactam V treatment resulted in a significant shift from healthy
to early and late apoptotic iPSCs. This is corroborated by clearly impaired iPSC
proliferation as illustrated by the growth curve. Notably, at 72h the number of dying
iPSCs outweighed the proliferation of new iPSCs, suggesting that during the first 48h
iPSCs were undergoing increased apoptosis. Since MO47 was originally synthesised
because of its unique advantage of increased cell viability, a comparison with (-)Indolactam V would have been a powerful approach to distil further differences.
Shortages in the compound MO47 did not allow parallel analysis, but because of its
higher IC50 value for apoptosis, it is expected that the fraction of apoptotic cells would be
much lower.
In summary, the data presented in this chapter can neither confirm nor refute any potential
link between PKC activation and E-cadherin in the mechanisms of action of
(-)-Indolactam V and MO47. Particularly, it remains unresolved whether E-cadherin is
involved in the induction of the phenotypes.
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Chapter 5: Assessing iPSC characteristics after serial treatment with
MO47

5.1

Introduction

As previously discussed, poor chemical specificity harbours the risk of promisciousity
with the potential for adverse off-target effects (Davies et al., 2015). In particular, the
application of small molecules for large-scale iPSC culturing requires the reduction of
heterogeneity without comprising their pluripotency potential. Thus, the work in this
chapter aims to assess the effects of MO47 treatment on iPSC characteristics.
The previous chapter illustrated the pro-apoptotic effects upon treatment with
(-)-Indolactam V using an Annexin-V assay and a growth curve. Since (-)-Indolactam
V’s cytotoxicity rules it out as a compound worth pursuing for the application in 2D or
3D iPSC culturing, we decided to exclude (-)-Indolactam V from the work in this chapter
and continued only with MO47.
iPSCs are characterised by their properties of self-renewal and pluripotency, defined by
the potential to differentiate to representatives of all three germ layers (De Los Angeles
et al., 2015). Firstly, we assessed iPSCs according to the molecular profile of the
pluripotent state using so-called core and state markers (De Los Angeles et al., 2015).
Secondly, we investigated pluripotency according to its functional definition, testing the
spontaneous differentiation of iPSCs in vitro to endoderm, mesoderm and ectoderm, and
also directed to specific ectodermal (cortical neurons) and mesodermal (macrophages)
lineages (De Los Angeles et al., 2015). Since karyotypic instability is an exclusion
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criterion for the clinical use of iPSCs and hinders the reproducibility of experimental data,
we finally assessed our pretreated iPSCs using SNP analysis (Carpenter et al., 2009).5
5.2

Generating a stock of MO47 pretreated iPSCs

To assess the potential impact of MO47 in a series of different experiments, we generated
a stock of iPSCs that had been cultured for 3 passages in mTesRTM1 supplemented with
1µM MO47 or 0.1% DMSO (control condition). At each passage, these iPSCs were
replated at the same low density as described in the methods section. iPSCs that were
pretreated for 3 passages with MO47 shall thereafter be referred to as ‘3 cycles MO47’.

MO47

mTesRTM1

2 passages without compound

day 0
Thaw iPSCs

mTesRTM1 + MO47

mTesRTM1

low density
passage

st

1 cycle

2nd cycle

low density
passage

mTesRTM1
3rd cycle

low density
passage

cryo5 days of
preservation wash-off
freezing

start
experiment

Figure 5.1½Generating a stock of MO47 pretreated iPSCs.
iPSCs were serially treated with 1µM MO47 over 3 passages, then cryopreserved and thawed
for the experiments described in this chapter.

5

The results for the SNP analysis were pending at the completion of this work and could
therefore not be included in this chapter.
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5.3

Assessing proliferation through KI-67

Pluripotent stem cells harbour the characteristic of self-renewal through mitosis (Ghule
et al., 2011). According to this definition, every bona fide pluripotent iPSC culture
consists exclusively of actively cycling cells. One strictly specific marker for proliferation
and therefore a surrogate for self-renewal is the protein KI-67 (Gerdes et al., 1984;
Scholzen et al., 2000). KI-67 is a chromosome periphery component that is only
expressed in cycling cells. Importantly, cells entering a quiescent or G0 state, do not
exhibit the marker (Scholzen et al., 2000). Thus, KI-67 can be used to determine the
growth fraction of a population and detect differentiated cells that have lost their potential
for self-renewal.
We hypothesised that iPSCs treated for 3 cycles with MO47 would show no difference
in proliferation or increase the number of G0 entering cells once treatment withdrawn.6
For this purpose, DMSO and for 3 cycles with MO47 treated iPSCs were seeded in
triplicates onto a 6-well plate and harvested for immunochemistry with anti-KI-67 mAb.
Subsequently, stained samples were analysed using flow cytometry (Figure 5.2A). To
confirm that the antibody had bound specifically to components in the nuclei, iPSCs were
also analysed using confocal microscopy (Figure 5.3).
Figure 5.2B shows that MO47 pretreated iPSCs (mean±SEM: 99.2%±0.09; n=3) exhibit
no significant difference in the fraction of actively cycling cells compared to DMSO
pretreated iPSCs (mean±SEM: 99.2%±0.03; n=3). The percentage of proliferative cells
in human dermal fibroblasts (HDF) is, as expected, lower than in iPSCs (12.3%, n=1).
Figure 5.3 shows that the primary antibody binds to structures in the nuclei or specifically

6

It was originally planned to assess the proliferation during MO47 treatment compared to DMSO
by generation of a growth curve. Due to unavailability of MO47, which occurred at an early stage
of this project, and persisted until the submission of this work, this assay could not be performed.
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to the chromosomes during mitosis, which corresponds to observations reported in the
literature (Scholzen et al., 2000).
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Figure 5.2½Measuring the proliferation capacity of MO47 pretreated iPSCs
using the marker KI-67 and flow cytometry.
Comparison of the fraction of actively cycling cells in DMSO and MO47 pretreated conditions
and HDF. All three conditions were stained with anti-KI-67 mAB and the secondary antibody
IgG Alexa Fluor 647. (A, upper panel) Representative flow cytometry plots for all three
conditions. Debris and dead cells are gated out. (A, lower panel) A second gate for KI-67
positive cells is determined by staining iPSCs and HDF solely with the secondary antibody,
allowing to gate KI-67 negative cells out. (B) Histograms for KI-67 positive populations in
MO47 pretreated iPSCs (mean±SEM: 99.2±0.09; n=3), and DMSO pretreated iPSCs
(mean±SEM: 99.2±0.03; n=3). Two-tailed t test, ns (P > 0.05), * (P ≤ 0.05), ** (P ≤ 0.01),
*** (P ≤ 0.001) and **** (P ≤ 0.0001).
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Figure 5.3½Measuring the proliferation capacity of MO47 pretreated iPSCs using
the marker KI-67 and confocal microscopy.
Comparison of actively cycling cells in DMSO and MO47 pretreated conditions and
HDF. All three conditions were stained with anti-KI-67 mAB and the secondary antibody
IgG Alexa Fluor 647. The expression of KI-67 in DMSO and MO47 pretreated iPSCs is
characteristic. HDF display a much lower degree of actively cycling cells. Conditions
that are only stained with the secondary Ab show no signal in the red channel (negative
control). Magnification = 400 ´; scale bar = 50µM.
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5.4

Assessing pluripotency

In addition to self-renewal, iPSC can be characterised by pluripotency, defined in sensu
stricto by the potential to differentiate into representatives of all three germ layers (De
Los Angeles et al., 2015). In recent years, an additional definition has been developed,
characterising pluripotency by the way it is assessed. Pluripotency can be assessed by the
pluripotent state (core and state markers) and by its function (developmental potential),
accordingly (De Los Angeles et al., 2015).
5.4.1 Assessing molecular pluripotency through core and state markers
Pluripotent core and state markers can be used as a surrogate to assess pluripotency
potential. Notably, the combinations of multiple so-called pluripotency markers is
nowadays increasingly used to identify bone fide iPSCs clones via flow cytometry
without the analysis of morphological criteria (Abujarour et al., 2013). Here, Nanog, Tra1-60, SSEA-3, SSEA-4 and CD44 were used to assess the expression of core and state
pluripotent markers.
Nanog is a divergent homoeodomain protein that acts as a transcription factor upon many
genes during early development (Boyer et al., 2005; Chambers et al., 2003). The
transcription factor induces, maintains and governs pluripotency in the core regulatory
circuitry together with OCT4 and SOX2 (Boyer et al., 2005; De Los Angeles et al., 2015).
Being specific for pluripotent stem cells, Nanog is not expressed in differentiated cells
(Chambers et al., 2003).
Tumor rejection antigens Tra-1-60 and Tra-1-80 are redundant keratan-sulfate antigens
in the transmembrane protein podocalyxin (Andrews et al., 1984; International Stem Cell
et al., 2007; Toyoda et al., 2017). Podocalyxin was first discovered on podocytes in the
kidney but can also be found on endothelial cells, platelets, hematopoietic stem cells and
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in brain tissue (Toyoda et al., 2017). Importantly, Tra-1-60 is also highly expression on
iPSCS and ESCs, and downregulates rapidly upon differentiation (Abujarour et al., 2013;
Schopperle et al., 2007) Therefore, it has been used extensively as a positive marker for
undifferentiated iPSCs.
The stage-specific surface antigens SSEA-3 and SSEA-4 are related epitopes on globoseries sphingoglycolipids and expressed on the cell surface of iPSC and hES (Andrews et
al., 1982; Brimble et al., 2007; Kannagi et al., 1983). Although both surface markers are
structurally related to the lacto-series glycolipid SSEA-1, their expression follows a
different pattern. During differentiation, human iPSCs and ESCs shift from a SSEA-1/SSEA-3+/SSEA-4+/ to a SSEA-1+/SSEA-3-/SSEA-4- phenotype (Andrews et al., 1982;
Brimble et al., 2007). Interestingly, the opposite is true for mouse iPSCs, a naive
pluripotency model, where SSEA-1 is upregulated in the undifferentiated state
(Henderson et al., 2002). SSEA-3 and SSEA-4 are not essential for the maintenance of
pluripotency. However, their rapid downregulation upon differentiation makes them
valuable for the characterisation of pluripotency.
Cluster of differentiation CD44 or gp90hermes is a negative marker for human iPSCs and
ESCs (Culty et al., 1990; Goldstein et al., 1989; Quintanilla et al., 2014). The aminoterminal site of CD44 functions as a hyaluron-binding site and mediates cell-matrix
interactions (Ponta et al., 2003). CD44 is expressed in epithelia and lymphocytes and
highly abundant on the cell surface of human parental fibroblasts (Quintanilla et al.,
2014). Therefore, CD44 is ideally suited as a negative control for iPSCs and a positive
control for the parental HDF.
We hypothesised that 3 cycles pretreatment with MO47 would not impair pluripotency,
and DMSO and MO47 pretreated iPSCs would, therefore, exhibit similar expression
levels of all pluripotency markers.
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Immunohistochemistry for SSEA-3, SSEA-4 and CD44 was performed on live cells with
conjugated antibodies. For Nanog and Tra-1-60, cells were fixed and permeablised before
staining. The relevant isotype controls for each antibody were included and the same gate
was applied to all populations to select for live cells.
Figure 5.4 shows clear signal shifts in DMSO and MO47 pretreated iPSCs for staining
with Nanog, Tra-1-60, SSEA-3 and SSEA-4. The binding of the antibodies was
subsequently confirmed via confocal microscopy. Figure 5.5 shows the corresponding
DMSO and MO47 pretreated iPSCs that were stained with Hoechst, Tra-1-60 and Nanog
for confocal microscopy. Note also the typical colony-based phenotypes of the
conditions: in both conditions iPSCs form clearly defined colonies with sharp edges.
In summary, the phenotypes of core and state pluripotent markers are highly consistent
between DMSO and MO47 pretreated cells. In contrast, HDF display a low signal for all
pluripotency markers and a strongly positive signal for CD44.
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Figure 5.4½Assessing pluripotency markers of MO47 pretreated iPSCs using flow
cytometry.
Phenotypes of iPSCs pretreated with DMSO and MO47 and HDF are displayed. The expression
of the pluripotency markers Nanog, Tra-1-60, SSEA-3 and SSEA-4 and the fibroblast marker
CD44 were measured using flow cytometry. The same gate to select for live cells was applied to
all conditions. The histograms in each plot represent one population stained with the conjugated
antibodies (black line) and one population stained with the relevant isotype control (shaded grey).
The localisation of the binding of these antibodies was confirmed via confocal microscopy in
figure 5.5.
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Figure 5.5½Assessing pluripotency markers of MO47 pretreated iPSCs using
confocal microscopy.
To confirm the results presented in figure 5.4, the expression of the pluripotency markers Nanog
and Tra-1-60 of DMSO and MO47 pretreated iPSCs was analysed using confocal microscopy. In
each condition, Nanog (nuclei) and Tra-1-60 (cell surface) are highly expressed. Confocal
microscopy; magnification = 200´; scale bar = 100µm.
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5.4.2 Assessing functional pluripotency through differentiation in vivo
To test whether iPSCs could still differentiate into representatives of all three germ layers
after 3 cycles pretreatment with MO47, iPSCs were subjected to spontaneous and directed
ectodermal and mesodermal differentiation (functional definition of pluripotency).
5.4.2.1 Assessing functional pluripotency through spontaneous differentiation
The formation of well-differentiated teratoma in immunodeficient mice has long been the
gold standard to appreciate functional pluripotency (Daley et al., 2009). However, the
implantation into mice is time-consuming and inappropriate for scalable, quantitative
assays (Tsankov et al., 2015). One approach to circumvent teratomas is PluriTest, a
quantitative assay based on the analysis of the gene expression profile (Muller et al.,
2011). Although this test can be used to quantify the molecular signature of pluripotency
genes, it does not assess functional pluripotency, including differentiation signatures of
all three germ layers (Muller et al., 2011). Consequently, ScoreCard, a qRT-PCR-based
assay that evaluates both pluripotency and differentiation signatures at the same time, has
become the method of choice (Bock et al., 2011; Tsankov et al., 2015).
ScoreCard is based on 96 different TaqMan probes. Because of the high correlation
between differentiation potential and differentiation efficiency as measured in this unique
set of genes, ScoreCard offers a valuable quantitative approached for line-to-line
comparison (Tsankov et al., 2015). Moreover, ScoreCard was shown to be sensitive
enough to compare the functional pluripotency of samples with distinct culture
conditions, making it an ideal tool for our purposes (Tsankov et al., 2015).
ScoreCard can be used for the analysis of undifferentiated, directly differentiated and
spontaneously differentiated samples. Spontaneous differentiation of pluripotent stem
cells is defined by the potential to generate a mixture of different stem cell fates upon
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removal of essential culturing conditions that maintain pluripotency (Cohen et al., 2011).
For the ScoreCard assay, iPSCs are generally directed into spontaneous differentiation
through the formation of embryoid bodies (EBs, the entire sequence of spontaneous
differentiation has been imaged for both conditions; see Appendices, Figures V.1, V.2,
V.3 and V.4). These are agglomerations of iPSCs or ESCs in 3D, which have a distinct
similarity to the development of the inner cell mass, and harbour the potential to
differentiate into representatives of all three germ layers (Doetschman et al., 1985;
Pettinato et al., 2014).

Figure 5.6½Generation of Spin-EBs 24h after plating.
Scale bar = 200µm.
We hypothesised that serial pretreatment with MO47 would not interfere with the
functional pluripotency of iPSCs, and DMSO and MO47 pretreated iPSCs would
consequently exhibit the same differentiation efficiency. To this end, we analysed
undifferentiated and differentiated samples (day 14 of spontaneous differentiation,
Appendix Chapter 5) of DMSO and MO47 pretreated iPSCs for ScoreCard analysis.
Figure 5.6 shows the expression levels of all 4 samples for genes grouped in 4 different
signatures,

including

pluripotency,

ectodermal,

mesodermal

and

endodermal

differentiation. Figure 5.7 summarises each signature in an algorithm score compared to
an already provided endogenous reference set of bona fide pluripotent stem cells. The Ct
values for each gene are listed in Table V.1 (Appendices).
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Overall, the data indicate that both DMSO and MO47 pretreated iPSCs exhibit
upregulated gene signatures for all three germ layers upon spontaneous differentiation in
a highly similar pattern. Moreover, their undifferentiated counterparts have consistent
positive scores for pluripotency and negative scores for the three differentiation
signatures.
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Figure 5.7½Assessing functional pluripotency of DMSO and MO47 pretreated
iPSCs using ScoreCard.
The heat map groups genes according to signatures for pluripotency and trilineage
differentiation for the 4 samples: (1) DMSO pretreated undifferentiated, (2) MO47 pretreated
undifferentiated, (3) DMSO pretreated and differentiated for 14 days, (4) MO47 pretreated
and differentiated for 14 days. Each sample is normalised to a reference set of undifferentiated
samples provided via the online software of the ScoreCardTM kit. Colour-coding indicates
whether a gene is upregulated (red, ≥2), downregulated (blue, <0.5) or expressed at the same
level (white, ³0.5 and <2).
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A

B

Figure 5.8½Scores for different signatures determine the functional pluripotency
for DMSO and MO47 pretreated iPSCs using ScoreCard.
(A) Box-and-whiskers plots indicate the reference signatures of undifferentiated samples as
provided by the ScoreCard kit. Dots represents the algorithm scores of the included samples for
each signature: DMSO pretreated undifferentiated (black), MO47 pretreated undifferentiated
(red), DMSO pretreated and differentiated for 14 days (green), MO47 pretreated and
differentiated for 14 days (blue). (B) The 4 algorithm scores determine whether a sample is
overall negative or positive for an entire differentiation or pluripotency signature. Algorithm
scores ≥2 indicate upregulation, <0.5 downregulation and scores ≥0.5 and <2 are highly similar
to a reference set of undifferentiated pluripotent stem cells.
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5.4.2.2 Assessing functional pluripotency through directed differentiation to
macrophages (mesoderm)
Spontaneous differentiation of DMSO and MO47 pretreated iPSCs resulted in the
upregulation of the gene signatures for all three germ layers, suggesting that MO47
pretreated iPSCs still harboured functional pluripotency. To further assess the
differentiation efficiency of MO47 pretreated iPSCs to fully differentiated representatives
of the mesoderm, we explored the differentiation potential to yolk sac-like adherent
macrophages (pMac) (Buchrieser et al., 2017). The differentiation to pMac was chosen
because it promised a high degree of robustness and efficiency (Buchrieser et al., 2017;
van Wilgenburg et al., 2013).

Figure 5.9½Differentiation of pretreated iPSCs to macrophages via macrophage
precursors.
EBs are generated using a spin approach and directed differentiation is initiated by the change to
medium supplemented with BMP-4 (general mesodermal induction), VEGF (endothelial
induction) and SCF (hematopoietic induction). Upon the formation on day 4, EBs are transferred
to flasks and cultured in X-VIVOTM 15 medium supplemented with M-CSF and IL-3 (both
promote myeloid differentiation). This is followed by at least 8 days of maturation and the
removal of IL-3.

To this end, spin-EBs were generated, and followed by differentiation with IL-3 and MCSF along the myeloid lineage, yielding so-called macrophage precursors (pMacpre)
(Buchrieser et al., 2017; van Wilgenburg et al., 2013). Although in the literature
previously described as “monocytes”, the term “macrophage precursors” is more
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appropriate because of the MYB-independent ontogeny of the primitive myeloid cells
(Buchrieser et al., 2017; Haenseler et al., 2017; van Wilgenburg et al., 2013). A further
maturation period resulted in adherent macrophages. iPSC-derived macrophages of this
type can generally be characterised by their morphology of voluminous cytoplasm,
membrane blebs and ruffles, and an elongated, spindle-like form (Akagawa et al., 2006;
Buchrieser et al., 2017; Hashimoto et al., 1999; van Wilgenburg et al., 2013). In addition
to these morphological criteria, the expression of phenotypic surface markers, including
CD11, CD14 and CD45, is characteristic (Buchrieser et al., 2017; Karlsson et al., 2008).
CD45 is a transmembrane tyrosine phosphatase involved in various cell signalling
pathways. It constitutes a positive marker for all nucleated hematopoietic cells and is
highly expressed on representatives of the lymphocytic and the monocytic lineage
(Penninger et al., 2001; Shah et al., 1988). During maturation, cells committing to the
monocytic lineage express CD11b and CD14 (Kuwana et al., 2003; Shah et al., 1988).
CD11b is a type 3 complement receptor and constitutively expressed in macrophages
(Gordon et al., 2014). CD14 is part of the liposaccharide receptor and a classic marker
for circulating monocytes (Gordon et al., 2005; Kuwana et al., 2003).
The combinatorial analysis of all three surface markers, together with morphological
criteria, presents a common approach to identify yolk-sac derived tissue-resident
macrophages, and was also used in this study (Buchrieser et al., 2017; van Wilgenburg et
al., 2013).
Figure 5. shows macrophages derived from DMSO and MO47 pretreated iPSCs on day
40 of differentiation. Cells with elongated, spindle-like morphology have emerged in both
conditions. The cytoplasm of each cell contains multiple vesicles. Both conditions exhibit
a CD11b+/CD14+/CD45+ phenotype as described in the literature (Buchrieser et al.,
2017). In contrast, iPSCs have a CD11b-/CD14-/CD45- phenotype.
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Taken together, these phenotypic data indicate that DMSO and MO47 pretreated iPSCs
have successfully been differentiated to yolk-sac derived adherent macrophages.
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3 cycles MO47
Rho-kinase Inhibitor Y-27623

Figure 5.10½Characterising iPSCs-derived macrophrages (pMac) using
morphological critera.
Morphological phenotypes of macrophages derived from DMSO and MO47 pretreated
iPSCs are analysed using phase contrast. Shown are adherent macrophages (pMac) on
day 40 of differentiation along the monocytic line. A voluminous cytoplasms,
membrane blebs and ruffles, and an elongated, spindle-like forms are characteristic.
Phase contrast; magnifications = 200´ (upper panel) and 400´ (lower panel); scale bars
= 100µm.
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Figure 5.11½Characterising
cytometry.

iPSC-derived

macrophages

using

flow

Phenotypes of DMSO and MO47 pretreated iPSCs that have been differentiated along
the myleoid line to pMac. Shown is the expression of the markers CD11b, CD14 (both
monocytic markers) and CD45 (hematopoietic marker) measured on day 40 of
differentiation using flow cytometry. The same gate to select for live cells was applied
to each condition. The histograms in each plot represent a population stained with the
conjugated antibodies (black line) and its control stained with the relevant isotype
control (shaded grey).
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5.4.2.3 Assessing functional pluripotency through directed differentiation to
cortical neurons (ectoderm)
Spontaneous and directed differentiation of DMSO and MO47 pretreated iPSCs resulted
in the upregulation of gene signatures for all three germ layers and differentiated
macrophages (pMac), respectively. In order to validate the preservation of functional
pluripotency for a second germ layer, we explored the differentiation of MO47 pretreated
iPSCs to cortical neurons. We hypothesised that the efficiency for ectodermal
differentiation would be unchanged compared to the DMSO control. We chose a
differentiation strategy to cortical neurons because of its high reproducibility, efficiency
and rapidity, which had previously been reported in the literature (Grutz et al., 2017;
Haenseler et al., 2017; Shi et al., 2012a; Shi et al., 2012b).

Figure 5.12½Differentiation of iPSCs to cerebral cortex neurons.
Upon formation of a neuroepithelial after SMAD inhibition for 11 days, cells are EDTA/dispase
II passaged, plated on laminin and cultured for 4 days in neural maintenance medium
supplemented with FGF-2, which promotes the formation of neuronal rosettes. On day 16,
neuronal progenitors form neuronal rosettes, which are subsequently passaged and cultured in
NMM for maturation. On day 25, early neurons characterised by dendrites and axons emerge.

In this study, MO47 and DMSO pretreated iPSCs were differentiated to cerebral cortex
neurons in a protocol adapted from Shi et al. (2012a). This protocol is based on a dual
SMAD signalling inhibition through dorsomorphine and SB431542, which has shown to
accelerate the downregulation of pluripotency markers and promote direct differentiation
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towards the anterior neuroectodermal lineage (Chambers et al., 2009; Kim et al., 2010;
Shi et al., 2012a). After formation of a neuroepithelial sheet on day 11, the culture
changes to an almost pure population of primary cortical progenitors, which can be
monitored by PAX-6 (Chambers et al., 2009).
PAX-6 is a highly conserved paired-box transcription factor with functions in gene
dosage (Callaerts et al., 1997; Cvekl et al., 2017). Notably, the protein plays vital roles
in the development of the central nervous system, the pancreas and especially the eye
(Callaerts et al., 1997; Cvekl et al., 2017). During the differentiation to cortical neurons,
PAX-6 can be harnessed as a marker to identify primitive neuroepithelial populations that
can subsequently commit to the formation of neuronal rosettes (Chambers et al., 2009).
Neuronal rosettes consist of primitive ectodermal progenitors. Importantly, after
passaging of neuronal rosettes on day 18, cells that emerge at the edges of neuronal
rosettes are often positive for b-tubulin III (Shi et al., 2012a).
ß-tubulin III belongs to the family of tubulins, and is expressed in the central nervous
system, the peripheral nervous system and the Sertoli cells of the testes (Mariani et al.,
2015). TUJ1 is an antibody directed against epitopes that are unique to ß-tubulin III.
Importantly, TUJ1 has been used extensively as a gold standard to confirm neuronal
commitment during differentiation in recent years (Caccamo et al., 1989; Mariani et al.,
2015; Shi et al., 2012a; Shi et al., 2012b).
Figure 5. shows the progressive differentiation of iPSCs to cerebral cortical neurons. In
both conditions, neuronal rosettes emerged on day 16 and gave rise to primitive neurons
as visible on day 27. To confirm the commitment to cortical neurons, we further analysed
the populations on day 25 using immunohistochemistry staining with anti-PAX-6 and
TUJ1 mAbs (Figure 5.). Cells at the edges of neuronal rosettes are positive for TUJ1.
Inside the neuronal rosettes, cells are stained by anti-PAX-6 mAb.
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Overall, these results show that DMSO and MO47 pretreated iPSCs form neuronal
rosettes and commit to a similar extent to cerebral cortical progenitors on day 25.
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Day 27

Day 25

Day 16

DMSO

Figure 5.13½Monitoring differentiation of MO47 pretreated iPSCs to cerebral
cortical neurons using morphological criteria.
Shown are images of DMSO and MO47 pretreated iPSCs on days 16, 25 and 27. (Upper panel)
On day 16, primitive neuroepithelial progenitors are grouped in neuronal rosettes with clear edges
(white arrows) in both conditions. (Middle panel) On day 25, neuronal progenitors are more
spread out. At the edges of the rosettes, cells with neurites can be identified (white arrows). (Lower
panel) On day 27, a population with clearly-defined neurites has emerged in each condition. Phase
contrast; magnifications = 200´ (upper and lower panel) and 400´ (middle panel); scale bars =
50µm.
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Figure 5.14½Characterising iPSC-derived cortical neuronal progenitors using
immunohistochemistry and confocal microscopy.
Shown are confocal microscopy images of primitive cortical neurons derived from DMSO and
MO47 pretreated iPSCs. On day 18 of differentiation, neuronal rosettes were plated onto µ-slides
and cultured in NMM until day 25. Each condition was stained with PAX-6 and TUJ1 mAbs
followed by staining with secondary Abs. At the edges of neuronal rosettes TUJ1-specific
neuronal progenitors have emerged in both conditions. The neuronal rosettes are positive for
PAX-6. Negative controls were stained with the relevant secondary Abs. Confocal microscopy;
magnifications 400´; scale bars = 500µm.
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5.5

Summary and discussion

In this chapter, the self-renewal capacity and the molecularly and functionally defined
pluripotency potential of iPSCs that had previously been pretreated with MO47 and
DMSO (control) were assessed. MO47 pretreated iPSCs were still in an actively cycling
state. On the RNA level (ScoreCard), these iPSCs still harboured functional pluripotency.
When analysing functional pluripotency on the actual cell state, these iPSCs could also
commit to macrophages and primitive cerebral cortical neurons upon directed
differentiation. There was no observable difference in differentiation efficiency compared
to control conditions (DMSO).
In a first step, a stock of DMSO and MO47 pretreated iPSCs was generated by treating
iPSCs over three passages with 1µM MO47 and 0.1% DMSO, respectively. We decided
to exclude (-)-Indolactam V from the work in this chapter because of its low IC50 value
for apoptosis, and the cytotoxic effects illustrated by the Annexin-V assay in the previous
chapter. Although it was possible to serially passage iPSCs upon treatment with MO47
and to harvest a large amount of iPSCs for cryopreservation, it is difficult to appreciate
the adverse effects of MO47 on proliferation comprehensively without a growth curve.
This lack of data constitutes an important caveat to this study. It is due to the lack of
opportunity to repeat these experiments because unavailability of MO47 occurred at an
early stage of this project, and persisted until the submission of this work.
Given the shortage of MO47, the work in this chapter is based on a single cell line (iPSOX1-18). However, iPSC lines have been shown to exhibit a large line-to-line variability
(Cahan et al., 2013). It has recently been shown that different genetic backgrounds in
iPSCs result in a high degree of molecular heterogeneity, which can account for different
capacities in differentiation to representatives of the three germ layers (Kilpinen et al.,
2017; Narsinh et al., 2011) Importantly, this heterogeneity concerns the epigenome,
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transcriptome, proteome, and even the cell morphology (Kilpinen et al., 2017). Therefore,
further studies are required using additional cell lines. iPSCs were serially treated for 3
passages in this study, but it is possible that there may be an effect of MO47 on iPSC
characteristics over many passages. iPSCs often need to be maintained in their pluripotent
state for much longer periods, so it might be advisable to study chemical effects for more
passages, as described elsewhere (Watanabe et al., 2007; Xu et al., 2010). This is
especially relevant for possible effects on the karyotype and the occurrence of SNPs.
Since the results for SNP analysis could not be obtained before the completion of this
work, this remains an important caveat.
After the generation of a stock of MO47 pretreated iPSCs, we first compared the
proliferative capacities of MO47 pretreated iPSCs to control conditions by using the
marker KI-67. Importantly, we could not see any significant difference between the
growth fractions of MO47 and DMSO pretreated iPSCs, suggesting that MO47 did not
increase the number of post-mitotic, quiescent or G0 entering cells. Analysis of lowcycling HDF as a negative control showed a considerably lower fraction of actively
cycling cells. However, it is important to note that KI-67 is only a surrogate for cell
proliferation and self-renewal as it merely labels actively cycling cells. Therefore, it is
difficult to appraise possible prolongations or abbreviations of the cell cycle, resulting in
a lower yield of iPSC growth. Given these limitations, the generation of growth curves
during treatment and after serial treatment are compelling assays for future work.
As presented in chapter 3 of this study, the induction of a distinctly different phenotype
upon treatment with MO47, prompted the question whether iPSCs were still bona fide
pluripotent or had, instead, committed to a new cell type. Immunohistochemistry for core
and state markers showed that MO47 pretreated iPSCs displayed a Nanog+/Tra-160+/SSEA-3+/SSEA-4+/CD44- phenotype in flow cytometry, which was consistent with
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the control condition (DMSO). In contrast, the opposite phenotype could be observed for
HDF, except for Nanog. This low signal shift for Nanog in HDF populations is in line
with previous findings for the same cell-antibody combination in our laboratory.
Encouragingly, we could also validate the expression and localisation of Tra-1-60 and
Nanog using confocal microscopy. In summary, these data highlight the preservation of
molecularly defined pluripotency upon serial treatment with MO47 (Abujarour et al.,
2013; De Los Angeles et al., 2015).
Core and state markers are only surrogates for pluripotency and cannot be used to validate
functional pluripotency, defined by differentiated to all three germ layers. ScoreCard is a
quantitative approach that is increasingly replacing teratoma assays as a gold standard in
the assessment of functional pluripotency because of its rapidity, better reproducibility
and higher robustness (Tsankov et al., 2015). Spontaneous differentiation of DMSO and
MO47 pretreated iPSCs resulted in the upregulation of the signatures for all three germ
layers, whereas MO47 pretreated and undifferentiated iPSCs were negative for
differentiation but positive for pluripotency signatures. Moreover, the remarkable
consistency within each group of differentiated (1 and 2) and undifferentiated (3 and 4)
samples (Figure 5.) suggests that MO47 did not prime iPSCs to commit to one of the
three germ layers.
The results derived from the ScoreCard assay confirmed that DMSO and MO47
pretreated iPSCs still harboured both molecular (pluripotency signature) and functional
(differentiation signatures) pluripotency on the RNA level. However, ScoreCard only
includes a specific collection of differentiation and pluripotency in each signature.
Consequently, potential alterations in other markers that govern pluripotency and
differentiation to the three germ layers have not been screened. A promising approach to
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overcome this limitation would be RNA sequencing (RNA-seq), but this is expensive and
complex in its interpretation.
It is generally questionable whether readouts on the RNA level also translate to protein
function or, more importantly, to the actual cell state. It was, therefore, necessary to
validate functional pluripotency also on the protein/cell state level through directed
differentiation. Importantly, both DMSO and MO47 pretreated iPSCs could successfully
be subjected to directed mesodermal (macrophages, pMac) and ectodermal (cerebral
cortex neurons) differentiation. Based on a CD11b+/CD14+/CD45+ phenotype with
relevant morphological criteria (elongated, spindle-like form and multiple vesicles),
adherent macrophages were obtained. Although this phenotype is very indicative of
tissue-resident macrophages, the further validation by phagocytic activity via fluorescent
zymosan as well as the expression of MHC-II is conceivable in this context (Gordon et
al., 2005; van Wilgenburg et al., 2013). The same applies for the differentiation to
cerebral cortex neurons. TUJ1+ populations together with morphological criteria are
compelling arguments for successful differentiation but also deserve further exploration
until the post-mitotic stage of neurons.
This study also aimed to evaluate potential differences in the differentiation efficiency
between MO47 pretreated iPSCs and control conditions. To this end, an experimental
design including three actual biological triplicates allowing for robust quantitative data
would have been informative. The readout of germ-line specific protein expression has
already been used to measure the differentiation efficiency of differentiation protocols:
Chambers et al. (2009), for example, measured the fraction of TUJ1+ cells to appreciate
the positive effects dual SMAD inhibition on neuronal induction.
It can further be argued that the differentiation to representatives of the endoderm would
have corroborated this set of data. Importantly, (-)-Indolactam V, which is structurally
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highly related to MO47, is currently used to enhance the differentiation to pancreatic
progenitors (Chen et al., 2009b; Johnson et al., 2017). Thus, ectodermal and mesodermal
differentiation were chosen over the endodermal germ layer. It is debatable whether the
effects of a small molecule and its derivatives can be measured by a readout in which the
compound constitutes an integral part itself.
In summary, the data sets of flow cytometry markers, RNA (ScoreCard) and cell state
(directed differentiation assays) on functional pluripotency provide strong evidence on
the preservation of functional pluripotency in the iPSC line OX1-18 upon treatment with
MO47.
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Chapter 6: Summary and final discussion

6.1

Summary of results

This research project argued for a chemical approach to overcome current limitations in
iPSC 2D and 3D culturing. We hypothesised that the small molecules MO47 and (-)Indolactam V would induce iPSC phenotypes that could be harnessed to improve
culturing conditions. The results in this study suggest that (-)-Indolactam V and MO47
disrupt iPSC colonies and induce spread phenotypes in 2D culture. Further investigation
is required to unravel the intricacies of the mechanisms of action and to explore the
potential of these phenotypes for 2D and 3D culturing. This study further provides
evidence for the preservation of key iPSC characteristics upon serial pretreatment with
MO47.
Firstly, as a proof-of-principle, the phenotypes induced by (-)-Indolactam V and MO47
were assessed morphologically according to previously established criteria. Both
compounds induced strong, reproducible and reversible phenotypes (Figures 3.1 and 3.2).
Although we could not confirm contact-independence, the cells were no longer in tightly
packed colonies (Figure 3.3). Remodelling of the actin cytoskeleton, including
conspicuous stress fibres, and a decrease in cell packing were indicative of increased cell
spreading (Figures 3.3 and 3.5). Despite remodelling processes, the disruption of Ecadherin mediated cell-cell adhesion could not be confirmed as focal adhesions were still
present in the treated conditions (Figure 3.5).
In a second step, we endeavoured to elucidate the mechanism of actions of (-)-Indolactam
V and MO47 and considered them as two distinct chemical entities. Based on the
observations of the morphological changes, we hypothesised a link between PKC
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activation and E-cadherin. Focusing on PKC, we confirmed the expression of cPKCs,
nPKCs and aPKCs in iPSCs using qRT-PCR (Figure 4.1). Moreover, the phenotypic
effects could be abrogated when treating iPSCs with (-)-Indolactam V or MO47 in
combination with the PKC inhibitor Gö6983 but not with Gö6976 (Figures 4.2 and 4.3).
Considering E-cadherin, the findings were neither indicative of the internalisation
(Figures 4.4 and 4.5) nor the cleavage of E-cadherin at its ectodomain-membrane
interface (Figure 4.6) upon treatment. Moreover, a potential link between PKC activation
and E-cadherin could neither be proven nor refuted as the role of E-cadherin in the
morphological change remains unresolved. Finally, (-)-Indolactam V clearly induced proapoptotic effects in iPSCs (Figure 4.8). Since (-)-Indolactam V’s cytotoxicity rules it out
as a compound worth pursuing for the application in 2D or 3D iPSC culturing, we decided
to exclude it from subsequent work.
In the final chapter, self-renewal capacity, and molecular and functional pluripotency of
MO47 pretreated iPSCs were assessed. MO47 pretreated iPSCs maintained an actively
cycling state as assessed by the marker KI-67 (Figures 5.2 and 5.3). Assessing
pluripotency markers using flow cytometry (Figure 5.4) and mRNA (ScoreCard, Figure
5.7), iPSCs still harboured molecular and functional pluripotency; upon spontaneous
differentiation, these iPSCs were also positive for the gene signatures of all three germ
layers (Figures 5.7 and 5.8). When analysing functional pluripotency directly through
directed differentiation, MO47 pretreated iPSCs could also commit to macrophages
(Figures 5.10 and 5.11) and primitive cerebral cortical neurons (Figures 5.13 and 5.14).
6.2

Implication and future challenges

This research project paves the way for further studies on MO47 and other chemical
approaches in 2D and 3D iPSC culture. Importantly, the morphological studies shed a
new light on small molecules and their potential to harness the plasticity of iPSCs (Davies
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et al., 2015). Different treatment conditions in this study induced a spectrum of different
morphologies, including colony-dependent and colony-independent phenotypes.
Notably, despite their phenotypic diversity, these iPSCs were in accordance with a bona
fide pluripotent cell state. It is conceivable that the spreading iPSCs could also be
harnessed for other applications. The disruption of dense colonies might facilitate the
picking of clones in 2D.
In this study, MO47 was only applied in 2D culture. Therefore, it remains open whether
MO47 is amenable to scaleup and whether the biological changes seen in 2D are relevant
for 3D. Clearly, 2D and 3D culturing systems must be considered as two distinct systems,
and physiological differences between 2D and 3D are especially important for primary
cells, which are highly sensitive to their microenvironment (Couture, 2010; Watt et al.,
2013). Nonetheless, the effects of MO47 would be expected to increase contactindependency in 3D and preliminary data in our group suggests that aggregates are
reduced in the presence of MO47. Further assays should assess the size and number of
iPSC aggregates in presence and absence of MO47, followed by tests in stirred
bioreactors at increasing scale and increasing cell densities (Kropp et al., 2016; Zweigerdt
et al., 2011). It would also be predicted that addition of MO47 would inhibit EB formation
in AggrewellsTM.
From a biological perspective, the question whether epithelial-mesenchymal transitionlike regulatory molecular mechanisms account for the emergence of a spread, flat
morphology is intriguing. Thus, other adhesive key molecules including claudin,
occludin, ZO1 and ZO2, p120 cadherin, b-catenin, cross-talk to WNT signalling, as well
as gene signatures indicative of a cadherin switch, deserve further attention (Lamouille et
al., 2014; Moreno-Bueno et al., 2009; Nelson et al., 2004). This might also help to
elucidate the importance of the cytoskeleton and its influence on stem cell fate (Narva et
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al., 2017). Eventually, it may be useful to extend the studies of MO47 to naïve iPSCs in
order to understand mechanistic differences better. This is especially important since in
mouse PSCs, a naïve pluripotency model, contact-independent cultures have already been
generated using peptide inhibitors (Segal et al., 2017; Soncin et al., 2009).
Unravelling the mechanistic pharmacology that underlies (-)-Indolactam V and MO47 is
of paramount importance since de facto knowing a molecule means knowing its targets
(Bunnage et al., 2015; Chen et al., 2006). To decipher the subtle isoform specificity of
the compounds, a genetic strategy, potentially via CRISPR/Cas9 knockouts, is most
promising, and genetic tools have already been used in various PKC studies (Dempsey et
al., 2000; Heemskerk et al., 2011). In addition to MO47 itself, the study of structurally
related chemicals and derivatives as well as small molecules with similar effects hold
great potential. Inducing a spread phenotype with MO47 may be a first cornerstone,
which, in combination with other molecules, may allow further disruption of cell-cell
adhesions to finally create a truly contact-independent culture. Notably, in the past, many
positive effects of small molecules could only be harnessed through their synergistic
effects (Ebrahimi, 2016; Liu et al., 2016; Yu et al., 2014).
Moreover, technical considerations of iPSC technology need to accompany the chemical
and biological studies. An ideal molecule would display robust effects on iPSCs
independent of its solvent. This is especially important since the repertoire of media has
been increasing in recent years (Chen et al., 2014). Small molecules are only amenable
to scale-up if they are compatible with the medium that is used in the scaleup technology.
GMP-compatible and xeno-free media, which allow for the generation of clinical-grade
iPSC-derived cells, are likely to become the state of the art in the future (Chen et al.,
2014). Thus, in our case, testing whether MO47 is also compatible with other media such
as E8, which are free of serum albumin, is of paramount importance (Chen et al., 2014).
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The application of small molecules in long-term culturing requires karyotypic stability of
iPSCs. Finally, the stability of the chemical during long culturing periods is important.
6.3

Therapeutic implications

iPSC technology presents a real paradigm shift for modern medicine and holds
considerable value for unmet clinical needs. The growing application for
pathophysiological studies (Kim et al., 2013; Passier et al., 2016; Stepniewski et al.,
2015), safety pharmacology (Kandasamy et al., 2015; Matsa et al., 2016; Sirenko et al.,
2017), and drug screens (Grskovic et al., 2011; Lee et al., 2012) testifies to the
significance of iPSC technology in research and medicine (Robinton et al., 2012). The
first clinical trials (Kimbrel et al., 2015), including the treatment of age-related macular
degeneration (Reardon et al., 2014), spinal cord injuries (Assinck et al., 2017),
Parkinsons’s disease (Cyranoski, 2017; Kimbrel et al., 2015), diabetes (Chen et al., 2016;
Rezania et al., 2014), and heart disease (Chen et al., 2016) already require incredible
numbers of iPSCs (Adil et al., 2017; Jenkins et al., 2015; Kropp et al., 2016).
The increasing prevalence of many of these fundamental health issues raises the question
as to how sufficient numbers of iPSCs will be manufactured for potential therapeutic
applications (Jonas, 2014; Mayer-Davis et al., 2017; Trounson et al., 2016). Every step
in the direction of more efficient culturing will increase our ability to obtain the number
of desired cells (Chen et al., 2014). Moreover, the potential development of new
medicines in the field, including cell therapeutics, is likely to give rise to financial issues.
Thus, affordable, safe and GMP-compliant technologies are necessary to increase access
to treatment for everyone. The development of compounds such as MO47 will allow the
field to advance and empower iPSC technology in a global context.
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Figure III½Assessing pro-apoptotic effects of (-)-Indolactam V and MO47 via their
caspase activity.
To determine the IC50 values for apoptosis in a cell-based assay, iPSCs were treated for 24h with
(-)-Indolactam V and MO47 and the caspase activity was analysed using the Caspase-GloÒ 3/7
Assay kit according to the manufacturer’s protocol. The luminescence is proportional to the
caspase-3 activity. The IC50 values for apoptosis were determined using the software Graphpad
Prism. (-)-Indolactam V: IC50 = 5µM; MO47: IC50 = 94µM. The assay and its analysis were
entirely performed by Dr Laurence Silpa, a post-doctoral research associate in our laboratory.
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A

B

Figure IV.1½Selecting an endogenous control for qRT-PCR.
To select an appropriate endogenous control, iPSCs were treated for 72h with 1µM (-)Indolactam V, MO47 and 0.1% DMSO. Upon RNA extraction, cDNA was generated and loaded
for qRT-PCR. The primer pairs of three different endogenous controls were tested:
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-2 microglobulin (B2M) and TATAbinding protein (TBP). (A) Shown are the amplification curves of the three different endogenous
controls for (-)-Indolactam V, MO47 and DMSO 72h (and their negative controls). The
amplification curves for TBP are most robust. (B) The melt curve for TBP confirms the presence
of a single amplicon.
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Figure IV.2½Determining the efficiency of PKC and E-cadherin primer pairs.
Shown are primer efficiency curves for the following primer pairs: PKA alpha, PKC beta,
PKC gamma, PKC delta, PKC epsilon, PKC eta, PKC theta, PKC iota and E-cadherin. The
efficiency of each primer pair was determined through serial cDNA dilutions (10´) from 1 to
0.001. Shown are the Ct values for each dilution. The efficiency was calculated according to
the formula: E = 10–1/slope.
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Figure V.1½Spontaneous differentiation of DMSO pretreated iPSCs, days 4-8.
Shown is the spontaneous differentiation of DMSO pretreated iPSCs. On day 4, spin-EBs are
transferred from AggrewellsTM to a with GeltrexTM precoated dish (upper panel). On day 6, the
EBs have attached and the cells start to grow out from the centre of the EBs (middle panel).
This growth is progressive (day 8, lower panel). Phase contrast; magnifications and scale bars
as indicated.
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Figure V.2½Spontaneous differentiation of MO47 pretreated iPSCs, days 4-8.
Shown is the spontaneous differentiation of MO47 pretreated iPSCs. On day 4, spin-EBs are
transferred from AggrewellsTM to a with GeltrexTM precoated dish (upper panel). On day 6, the
EBs have attached and cells start to grow out from the centre of the EBs (middle panel). This
growth is progressive (day 8, lower panel). Phase contrast; magnifications and scale bars as
indicated.
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Figure V.3½Spontaneous differentiation of DMSO pretreated iPSCs, days 10-14.
Shown is the spontaneous differentiation of DMSO pretreated iPSCs. On day 10 (upper panel),
different cell morphologies can be identified. The cells around the EBs are tightly packed. On
day 12 (middle panel), the cell density has increased and the cell populations become
increasingly heterogenous. Several populations are marked by white fat cells, which are
indicative of adipocytes (mesoderm). On day 14 (lower panel), the morphological
heterogeneity is even more conspicuous, suggesting the continuation of spontaneous
differentiation. Phase contrast; magnifications and scale bars as indicated.
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Figure V.4½Spontaneous differentiation of MO47 pretreated iPSCs, days 10-14.
Shown is the spontaneous differentiation of MO47 pretreated iPSCs. On day 10 (upper panel),
different cell morphologies around the centre of the EBs can be identified. The cells are tightly
packed. On day 12 (middle panel), the entire population appears to be more heterogenous.
Populations bearing white fat cells in the centre are indicative of adipocytes (mesoderm). On
day 14 (lower panel), the morphological heterogeneity is even more conspicuous. In addition
to fat white cells, populations with neurite-like morphology can be identified (lower panel,
left). Phase contrast; magnifications and scale bars as indicated.
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Table V.1½ScoreCard assay Ct values
Gene
ACTB
ACTB
ACTB
ACTB
CTCF
EP300
SMAD1
CDH9
COL2A1
DMBX1
DRD4
EN1
LMX1A
MAP2
MYO3B
NOS2
NR2F1/NR2F2
NR2F2
OLFM3
PAPLN
PAX3
PAX6
POU4F1
PRKCA
SDC2
SOX1
TRPM8
WNT1
ZBTB16
AFP
CABP7
CDH20
CLDN1
CPLX2
ELAVL3
EOMES
FOXA1
FOXA2
FOXP2
GATA4
GATA6
HHEX
HMP19
HNF1B
HNF4A
KLF5
LEFTY1
LEFTY2
NODAL
PHOX2B

DMSO
MO47
Category undiff. (1) undiff. (2)
Controls
Controls
Controls
Controls
Controls
Controls
Controls
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Ectoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm
Endoderm

19.16
24.23
23.72
19.56
25.94
25.85
27.78
33.41
30.35
32.97
28.41
36.95
35.95
29.27
37.02
30.83
36.96
36.96
33.95
28.79
36.99
35.84
34.87
27.19
25.01
36.93
36.48
37.01
33.83
37.05
33.65
34.44
29.88
31.86
31.59
34.92
35.69
35.78
35.76
33.56
35.81
30.19
34.72
33.85
36.99
32.64
33.95
33.92
30.95
40.00

19.19
22.85
22.96
19.56
25.96
25.94
27.97
32.42
29.92
30.87
27.91
35.97
34.71
28.83
35.91
30.97
34.30
35.25
33.54
27.98
40.00
34.23
35.07
26.92
25.47
35.90
35.97
35.77
33.97
40.00
33.65
34.92
29.91
31.66
31.98
34.89
35.99
37.01
35.94
34.29
35.63
29.64
34.95
33.77
35.41
32.61
33.77
34.49
31.87
40.00

DMSO
diff. (3)

MO47
diff. (4)

19.23
22.97
22.70
19.57
26.37
26.58
27.66
32.90
25.95
31.26
26.97
31.10
28.41
27.96
31.57
27.86
24.14
25.01
30.16
31.11
25.88
26.98
28.98
28.44
25.74
33.08
34.36
25.83
27.74
24.24
32.07
28.96
27.96
29.92
29.65
27.94
29.30
27.09
30.30
26.95
26.30
29.99
33.81
29.90
25.44
28.94
33.81
32.62
27.95
34.60

18.98
22.39
21.80
18.99
26.28
26.30
27.75
32.92
27.21
31.06
28.57
31.74
31.49
29.76
32.42
29.43
26.39
24.73
32.80
31.48
28.34
29.86
30.98
28.69
25.91
36.96
35.84
27.67
30.43
22.16
32.99
30.57
28.30
31.41
30.77
28.54
29.62
27.90
31.01
26.38
25.92
29.98
34.60
29.96
25.02
28.47
34.39
33.00
28.94
35.99
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Table V.1½ScoreCard assay Ct values (continued)
Gene
FGF4
GDF3
NPPB
NR5A2
PTHLH
T
ABCA4
ALOX15
BMP10
CDH5
CDX2
COLEC10
ESM1
FCN3
FOXF1
HAND1
HAND2
HEY1
HOPX
IL6ST
NKX2-5
ODAM
PDGFRA
PLVAP
RGS4
SNAI2
TBX3
TM4SF1
CD44
JARID2
MYC
SEV
CXCL5
DNMT3B
HESX1
IDO1
LCK
NANOG
POU5F1
SOX2
TRIM22

DMSO
MO47
Category undiff. (1) undiff. (2)
Mesendoderm
Mesendoderm
Mesendoderm
Mesendoderm
Mesendoderm
Mesendoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Mesoderm
Other
Other
Other
Other
Self-renewal
Self-renewal
Self-renewal
Self-renewal
Self-renewal
Self-renewal
Self-renewal
Self-renewal
Self-renewal

32.20
29.43
36.97
28.82
35.66
35.99
35.93
30.67
40.00
34.83
35.38
33.67
40.00
32.89
36.42
36.43
36.71
32.24
37.21
29.88
35.56
36.78
32.76
33.71
34.53
32.83
33.03
34.40
40.00
23.90
25.96
40.00
25.96
20.68
29.39
25.93
25.73
24.93
28.47
23.19
25.92

32.49
29.94
35.53
28.81
36.97
35.50
35.62
30.53
40.00
35.01
35.99
33.73
40.00
32.63
36.95
36.96
35.92
31.94
35.56
29.97
35.95
37.10
32.51
33.96
34.94
33.24
32.57
34.86
40.00
23.59
25.49
40.00
26.30
20.87
29.33
25.93
25.95
24.92
28.60
22.95
26.55

DMSO
diff. (3)

MO47
diff. (4)

29.07
27.50
25.24
31.66
29.70
30.08
29.12
26.94
32.98
26.87
27.38
31.95
29.95
31.95
27.57
22.91
25.97
26.68
23.10
25.99
32.43
27.60
26.96
28.14
26.93
25.95
24.19
28.99
40.00
25.38
26.96
40.00
30.56
22.95
31.75
30.61
29.68
26.06
31.21
24.57
28.58

29.96
28.98
24.47
31.96
27.40
30.07
29.45
25.70
32.92
26.01
28.00
29.88
29.96
31.49
26.74
22.47
25.04
27.42
22.51
24.87
31.67
28.33
26.73
26.98
26.88
25.28
23.94
27.87
40.00
25.97
25.89
40.00
31.29
23.89
31.94
31.62
30.65
27.41
31.95
26.78
28.18
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