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Abstract (English)

Abstract (English)

Bone Morphogenetic Proteins (BMPs) are a large and evolutionarily highly conserved family
of biologically active cytokines that belong to the Transforming Growth Factor-beta (TGF-B)
superfamily. They act as agonists of cell surface receptors and exert pleiotropic functions
during all stages of life in multicellular animals. With respect to human pluripotent stem
cells, it has been shown that BMPs can induce differentiation into embryonic (mesoderm,
endoderm, germ cells) and extraembryonic (primitive endoderm, trophoblast) lineages. To
date, BMP4 has served as the “standard BMP” for model studies related to these cells,
although the BMP family consists of more than 20 members. Therefore, this research project
aimed at investigating the potential effects of distinct BMPs on human embryonic stem cells
(hESCs) and human induced pluripotent stem cells (hiPSCs). BMP5, BMP10 and BMP13 were
chosen, since these proteins represent members of different BMP subgroups based on
sequence homology, and are known for their different physiological roles in vivo.

The results showed - in agreement with previous BMP4 model studies - that all three
ligands trigger these cells to differentiate into derivatives of the trophoblast lineage in the
absence of exogenous Basic Fibroblast Growth Factor (bFGF). However, the individual BMPs
exhibited differences in the kinetics of induced differentiation as a consequence of receptor
complexity existing for BMP signaling, with BMP10 being the most potent ligand. hESCs
(derived from pre-implantation blastocysts) and hiPSCs (generated by reprogramming of
somatic cells) shared comparable expression patterns of BMP-related TGF-B superfamily
type-l and type-Il receptor subtypes. This could explain the same properties with respect to
ligand potency and activation of SMAD-dependent (via SMAD1/5/8) and SMAD-independent
(via MAPK p38) signal transduction pathways between both types of pluripotent stem cells.
The adaptation of receptor expression profile occurred during the reprogramming process of
somatic cells to hiPSCs. The tested BMPs had both unique and shared target genes, such as
CDX2, DLX3, DLX5, GATA2, GATA3, HAND1, ID2, MSX2 and TFAP2A, known to be associated
with the emergence of trophoblast cells. BMP stimulation activated in hESCs the expression
of the BMP antagonist Noggin as a negative feedback mechanism to restrict extensive BMP
action. Unlike BMP4, BMP10 is resistant to inhibition by Noggin.

In summary, this work has shed light on the induction of trophoblast differentiation in
human pluripotent stem cells by individual BMP family members. Comparative global gene
expression analyses and signal transduction studies revealed the molecular mechanisms
which lead for distinct ligands to a collective differentiation fate. Moreover, several over-
and underrepresented signaling, metabolic and other pathways as well as cellular
components were identified during the course of BMP-mediated trophoblast differentiation.
These provide insights into the biochemical and morphological processes that might mimic
human placentation in vitro. Recombinant BMPs, especially BMP4, are used as cell fate
inducers in many differentiation protocols applying more stringent culture conditions based
on human pluripotent stem cells. In this regard, the present work has unveiled three
additional cytokines that can be implemented into protocols for the directed differentiation
of hESCs/hiPSCs to derive clinically relevant cell types for future regenerative therapies.
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Abstract (Deutsch)

Abstract (Deutsch)

Knochenmorphogenetische Proteine (englisch: Bone Morphogenetic Proteins, BMPs) bilden
eine grofRe und evolutionar stark konservierte Familie biologisch aktiver Zytokine, die zur
Transformierenden Wachstumsfaktor-beta - Superfamilie (englisch: Transforming Growth
Factor-beta, TGF-B) gehoren. Sie wirken als Agonisten von Zelloberflachenrezeptoren und
Uben pleiotrope Funktionen in allen Lebensphasen von multizelluldren Tieren aus. In Bezug
auf humane pluripotente Stammzellen wurde gezeigt, dass BMPs eine Differenzierung zu
embryonalen (Mesoderm, Endoderm, Keimzellen) und extraembryonalen (primitives
Endoderm, Trophoblast) Abstammungslinien induzieren kénnen. Das bis heute in
entsprechenden Modellstudien Ublicherweise verwendete BMP ist BMP4, obwohl die BMP-
Familie aus tber 20 Mitgliedern besteht. Deshalb wurden in diesem Forschungsprojekt die
potenziellen Effekte untersucht, die verschiedenartige BMPs auf humane embryonale
Stammzellen (hESCs) und humane induzierte pluripotente Stammzellen (hiPSCs) ausiben.
Hierfir wurden BMP5, BMP10 und BMP13 ausgewahlt, weil diese Proteine aufgrund ihrer
Sequenzhomologie Mitglieder verschiedener BMP-Untergruppen repradsentieren, und fur
ihre unterschiedlichen physiologischen Funktionen in vivo bekannt sind.

Die Ergebnisse zeigten - in Ubereinstimmung mit bisherigen BMP4-Modellstudien - dass
alle drei Liganden in Abwesenheit von exogenem Basischen Fibroblastenwachstumsfaktor
(bFGF) eine Differenzierung dieser Zellen zu Derivaten der Trophoblastlinie auslésen. Jedoch
wurden Unterschiede in der Kinetik der induzierten Differenzierung zwischen den
individuellen BMPs festgestellt, die eine Konsequenz der fiir BMP-Signaltransduktion
existierenden Rezeptorkomplexitat sind, wobei BMP10 der starkste Ligand war. hESCs (aus
Blastozysten im Praimplantationsstadium isoliert) und hiPSCs (durch Reprogrammierung
somatischer Zellen erzeugt) wiesen vergleichbare Expressionsmuster an Unterarten von
BMP-zugehorigen Typ-I- und Typ-lI-Rezeptoren der TGF-B-Superfamilie auf. Dies konnte die
gleichen Eigenschaften hinsichtlich der Wirkungsstarke der Liganden und der Aktivierung von
SMAD-abhédngigen (via SMAD1/5/8) und SMAD-unabhangigen (via MAPK p38)
Signaltransduktionswegen zwischen beiden Arten von pluripotenten Stammzellen erklaren.
Die Anpassung des Rezeptorexpressionsprofils fand wahrend des Vorgangs der
Reprogrammierung von somatischen Zellen zu hiPSCs statt. Die getesteten BMPs hatten
sowohl einzigartige als auch gemeinsame Zielgene, wie zum Beispiel CDX2, DLX3, DLX5,
GATA2, GATA3, HAND1, ID2, MSX2 und TFAP2A, die bekanntermalRen mit der Entstehung
von Trophoblastzellen in Verbindung stehen. BMP-Stimulation aktivierte in hESCs die
Expression des BMP-Antagonisten Noggin als einen negativen Rickkopplungsmechanismus,
um extensive BMP-Signalwirkung einzuschranken. Im Gegensatz zu BMP4 ist BMP10
resistent gegen Inhibition durch Noggin.

Zusammenfassend hat diese Arbeit die Wissensliicke Uber die Induktion von
Trophoblastdifferenzierung in humanen pluripotenten Stammzellen durch individuelle
BMP-Familienmitglieder geschlossen. Vergleichende globale Genexpressionsanalysen und
Signaltransduktionsstudien deckten die molekularen Mechanismen auf, welche fir
verschiedenartige Liganden zu einem kollektiven Differenzierungsschicksal fihren. Darliber
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Abstract (Deutsch)

hinaus wurden im Verlauf der BMP-vermittelten Trophoblastdifferenzierung mehrere tber-
und unterreprasentierte Signal-, Stoffwechsel- und andere Pathways sowie zelluldre
Bestandteile identifiziert. Diese geben Einblicke in die biochemischen und morphologischen
Prozesse, die humane Plazentation in vitro imitieren kdnnten. Rekombinante BMPs, vor
allem BMP4, sind Bestandteil vieler Differenzierungsprotokolle, mit denen unter strengen
Zellkulturbedingungen die Spezialisierung von humanen pluripotenten Stammzellen zu
bestimmten gewlinschten Zelltypen erreicht wird. In diesem Zusammenhang hat die
vorliegende Arbeit drei weitere Zytokine aufgedeckt, die in Protokolle fir die zielgerichtete
Differenzierung von hESCs/hiPSCs implementiert werden kénnen, um klinisch relevante
Zelltypen fir zuklinftige regenerative Therapien herzustellen.
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Chapter 1 Introduction

1 Introduction

1.1 Human embryonic development

1.1.1 Embryogenesis (from fertilization to gastrulation)

1.1.1.1 Pre-implantation embryo

The cell fusion between oocyte and sperm marks the onset of a new life. This event is
called fertilization and takes place in vivo in the oviduct near the ovary. The resulting diploid
zygote moves along the oviduct to the uterus. During this 3-4 days long journey (Figure
1-1A), the zygote undergoes few cell divisions until it reaches an 8-cell stage, the morula.
The cells of the morula, called blastomeres, perform a morphological change known as
compaction, which is the initiation of the first cell lineage specialization event in life (adjaye et
al, 2005): The outer blastomeres form trophectoderm (alias trophoblast) and the interior
blastomeres form the inner cell mass (ICM). The decision between both cell differentiation
fates is supposed to be a result of reciprocal interaction between the transcription factors
CDX2 (favoring trophoblast) and OCT4 (favoring ICM) (Niwa et al., 2005; Babaie et al., 2007), but the
exact underlying molecular mechanisms are still unclear. The resulting blastocyst marks the
next stage of embryogenesis. It contains the outer trophoblast cell layer, the interior ICM cell
cluster, and a fluid-filled cavity, the blastocoel. Around day 7 post-fertilization, the blastocyst
comprises a few hundred cells and adheres to the endometrium of the uterine wall for
implantation. The cells of the ICM will constitute the embryo, whereas the trophoblast cells
will establish the extraembryonic placenta.

1.1.1.2 Post-implantation embryo

The next cell lineage specialization event of the post-implantation embryo is the
formation of the three germ layers (ectoderm, mesoderm and endoderm). This very critical
developmental step is called gastrulation. It starts around day 14 when epiblast cells of the
former ICM undergo epithelial-to-mesenchymal transition (EMT), a process also known to be
involved in metastasis of tumor cells (Baumetal, 2008). EMT is characterized by downregulation
of the cell adhesion protein E-Cadherin to lose the characteristics of epithelial cells and
upregulation of Vimentin to acquire the characteristics of mesenchymal cells. Epiblast cells
undergoing EMT lose cell-cell contact and migrate inward through the primitive streak to
form mesoderm and endoderm, whereas the remaining outer epiblast cells form ectoderm
(Figure 1-1B). Besides other factors and signaling pathways, the transcription factors
T (Brachyury) and MIXL1 are involved in primitive streak initiation (ram and Loebel, 2007). Together,
these three embryonic germ layers will constitute all tissues and organs of the future fetus.
This is due to critically regulated temporal and spatial gene expression and cell signaling
during organogenesis of the embryo. Cells of the ectoderm (the outer germ layer) give rise
to e.g. skin epidermis, nervous tissues and sense organs. Cells of the mesoderm (the middle
germ layer) develop into e.g. the musculoskeletal system, cardiovascular system, lymphatic
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Figure 1-1 Human embryonic development from fertilization to gastrulation.

(A) Fertilization of the oocyte and movement of the developing embryo towards the uterus for implantation.
(B) Formation of the three embryonic germ layers (ectoderm, mesoderm and endoderm). Detailed information
on each illustrated stage and on subsequent developmental steps can be found in the book of Bruce M. Carlson
about human developmental biology (Carlson, 2012). (lllustrations modified from © 2001 Terese Winslow with
kind permission from the artist; http://www.teresewinslow.com.)
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system, kidneys and gonads. Cells of the endoderm (the inner germ layer) evolve into e.g.
liver, pancreas, lungs, thyroid, gastrointestinal tract and urinary bladder. The development
of the haploid gametes (oocytes or sperm) within the germline, whose destiny is exclusively
restricted to reproduction, takes place in a niche apart from the somatic tissues (Lehmann, 2012).

1.1.2 Placentation

1.1.2.1 Placenta and chorionic villi (CV)

Successful pregnancy requires the anchoring of the embryo to the uterine wall and its
access to the maternal blood circulation via the placenta. This extraembryonic organ is a
characteristic of higher mammals (Eutheria, Placentalia), but homologous or analogous
structures can also be found at varying levels of development in other animals, including
invertebrates. In humans, its anatomical and functional units are the chorionic villi (CV),
which are tree-like structures that sprout at the blastocyst’s implantation site out of the
chorion. The chorion is the outer of the four extraembryonic membranes that surround the
developing embryo (amnion, chorion, yolk sac and allantois). It consists of an outer layer of
trophoblast and an inner layer of somatic extraembryonic mesoderm tissue. Initially, CV are
entirely composed of trophoblast tissue (primary CV). At later stages, they additionally
include an inner core of somatic extraembryonic mesoderm (secondary CV), which is finally
vascularized by umbilical blood vessels that grow into it (tertiary CV). The latter two features
make tissue biopsies of placental CV a suitable source for prenatal diagnosis to determine
chromosomal or genetic disorders in the fetus (chorionic villus sampling (wegner and Stumm, 2011)).

1.1.2.2 Villous and extravillous trophoblast differentiation pathway

The various functions of the placenta are accomplished by two possible differentiation
fates of the trophectoderm-derived villous cytotrophoblasts within CV, which are progenitor
cells and of epithelial nature (reviewed by Red-Horse et al., 2004; Lunghi et al., 2007).

1.) Differentiation to multinucleated syncytiotrophoblasts (SCTs):

Villous cytotrophoblast cells fuse to form a continuous monolayer of multinucleated
syncytiotrophoblasts (SCTs), which entirely covers the surface of CV. In the case of CV
branches that float freely in the intervillous space, known as floating villi (Figure 1-2), this
polarized epithelial layer is in direct contact with the maternal blood flow. It serves as a
selective barrier for the exchange of nutrients, metabolites and respiratory gases between
the maternal and fetal blood circuit, with an additional endocrine function to maintain
pregnancy and support fetal growth. For these purposes, SCTs contain many different active
transporters within their maternal- and fetal-facing membranes (reviewed by Knipp et al., 1999),
proteins that are involved in the homeostasis of elements (e.g. calcium for skeleton
mineralization (Lafond and Simoneau, 2006)), and produce and release hormones such as hCG and
progesterone (reviewed by Malassiné and Cronier, 2002). A special feature of SCT development is the
involvement of envelope glycoprotein genes (env) from evolutionarily preserved human
endogenous retrovirus (HERV) proviral elements in mediation of the cell fusion between
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mononuclear villous cytotrophoblasts (de Parseval and Heidmann, 2005). Multinucleated SCTs are
mitotically inactive and subjected to a continuous conversion process, in which SCTs are
replaced by the subjacent layer of differentiating villous cytotrophoblasts, and extruded as
apoptotic material into the maternal blood circulation (Huppertz and kingdom, 2004).

2.) Differentiation to invasive extravillous cytotrophoblasts (EVTs):

Branches of CV which are directly in contact with the uterine wall are called anchoring
villi (Figure 1-2). Villous cytotrophoblasts in anchoring villi form cell columns through
proliferation. At the distal sites, these mononuclear cells turn into a fully invasive phenotype
by undergoing an EMT-like transition. They break through the covering SCT epithelium and
detach from the villus as extravillous cytotrophoblast cells (EVTs) to invade the decidua and
remodel its blood vessels. This extravillous differentiation pathway serves to physically
attach the fetus to the mother and to establish access to her vascular infrastructure. Unlike
cancer cells, EVTs are transiently invasive and only migrate to the proximal third of the
myometrium, and are mitotically inactive. The invasiveness of EVTs is mediated by their
ability to secrete several types of protease enzymes for degradation of the extracellular
matrix (ECM) of the surrounding uterine tissue. The concomitant expression of
corresponding protease inhibitors and other factors by EVTs and uterine cells regulates the
invasiveness of EVTs in an autocrine and paracrine way (Bischof et al., 2000). Maternal immune
tolerance of the fetal semi-allograft is achieved by substitution of classical MHC class-I and
class-Il molecules by Human Leukocyte Antigen G (HLA-G), a non-classical MHC class-|
molecule, on the surface of EVTs. The absence of the classical molecules prevents the
recognition of EVTs by maternal T lymphocytes, and the presence of HLA-G shields EVTs
from an attack by natural killer cells (pazmany etal,, 1996). As a successful strategy for endovascular
invasion, EVTs finally transform their adhesion receptor phenotype so as to resemble the
vascular endothelial cells they replace (zhou et al, 1997), an impressive process referred to as
“pseudo-vasculogenesis” or “vascular mimicry”.

The development of the placenta is critically regulated and must conform to the
requirements of the rapidly growing fetus. Dysfunctions in any of both trophoblast
differentiation pathways are associated with a wide range of pregnancy complications.
Among them are spontaneous abortion and preterm birth, intrauterine growth restriction,
preeclampsia and choriocarcinoma (Lunghi et al., 2007; Red-Horse et al., 2004). Some genes which impact
on placental and fetal growth were found to be regulated - beyond the classical Mendelian
inheritance - by genomic imprinting, and are only transcribed from the maternal allele
(growth restricting factors) or paternal allele (growth promoting factors). This led to the
“parental conflict hypothesis” (Moore and Haig, 1991; Constancia et al., 2002).
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cyloirophoblas! —  letal blood vessols

Figure 1-2  Placenta and its chorionic villi subunits with syncytiotrophoblasts and extravillous
cytotrophoblasts at the maternal-fetal interface.

(A) Structure and orientation of fetus and placenta in uterus at around 6 weeks of gestation. Maternal
structures: DD = decidua (endometrium, uterine lining during pregnancy), IVS = intervillous space filled with
maternal blood, MY = myometrium, SA = spiral arteries; fetal structures: AF = amniotic fluid, CP = chorionic
plate, UC = umbilical cord, VT = villous tree. (B) Structure of villous tree (boxed area in panel A) with anchoring
villi (AV) and floating villi (FV). EVT = invasive extravillous cytotrophoblasts, sCTB = subsyncytial villous
cytotrophoblasts (prior to cell fusion), SYN = multinucleated syncytiotrophoblasts, STR = stroma with fetal
capillaries, B.Mem = basement membrane. (C) Specializing trophoblast cells of AV and FV at the maternal-fetal
interface. (lllustrations modified from Robbins et al., 2010 (panel A and B) and Lam et al., 2005 (panel C).)

1.2 Human pluripotent stem cells

1.2.1 Human embryonic stem cells (hESCs)

1.2.1.1 Derivation and characteristics

Human embryonic stem cells (hESCs) are isolated from the ICM of pre-implantation
embryos, generated by in vitro fertilization (IVF), at the blastocyst stage (thomson et al., 1998).
They possess the capacity of unlimited self-renewal in vitro if kept under culture conditions
that support their undifferentiated state, and can therefore be regarded as being immortal.
In addition, hESCs are pluripotent, i.e. they are able to differentiate into any cell type of the
human body. In addition to derivatives of the three somatic germ layers (reubinoffet al., 2000) and
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the germline (clark etal, 2004a), hESCs were also shown to be able to specialize to derivatives of
the extraembryonic trophoblast (Gerami-Naini et al,, 2004). This seems to be a paradox, given the
fact that ICM cells represent the fraction of former morula cells that had avoided
trophoblast differentiation during embryogenesis.

1.2.1.2 Significance for basic research and medicine

The derivation of the first hESC lines by James A. Thomson in 1998, almost 20 years after
the derivation of mouse ESCs, had a widespread impact on biomedical research. hESCs
offered the possibility to investigate the basic molecular events of early human
development. They became an alternative to the less eligible human embryonal carcinoma
cells (hECCs), which had been serving as model system for many years. Due to their
differentiation capacity, hESCs offered a new source for regenerative therapies involving cell
transplants. Within recent years, data from many studies worldwide have provided insights
into the gene regulatory networks and signaling pathways that are required to maintain the
undifferentiated and pluripotent state of hESCs, as well as into the external stimuli that are
required to induce their in vitro differentiation to obtain specific cell types.

1.2.2 Human induced pluripotent stem cells (hiPSCs)

1.2.2.1 Derivation and characteristics

Human induced pluripotent stem cells (hiPSCs) are generated by “reprogramming” of
differentiated somatic cells back to a hESC-like ground state. Previous approaches of
reprogramming included somatic cell nuclear transfer into enucleated zygotes (cloning) of
frogs (Gurdonetal, 1958) or forced fusion of somatic cells with hESCs (cowan etal, 2005). In 2007, the
group of Shinya Yamanaka demonstrated that adult human cells can be reprogrammed back
to a naive state, called hiPSCs, via forced reactivation of selected genes that are naturally
silenced during early embryonic development upon initiation of gastrulation. After
successful attempts in the mouse model, they retrovirally transduced the cDNA of the four
transcription factors OCT4, SOX2, KLF4 and c-MYC into the genome of human skin fibroblasts
(Takahashi et al., 2007). Around the same time, Thomson’s group showed that pluripotency in these
cells can be induced by lentiviral transduction of OCT4, SOX2, NANOG and LIN28 (vuetal, 2007).
This breakthrough led to a scienticif paradigm shift, as stem cell differentiation was believed
to be a unidirectional, irreversible process. In the meantime, hiPSCs have been derived from
nearly all cell types, whereat the number of required reprogramming factors could often be
reduced. In order to avoid the disadvantages of transgene integrations, other delivery
strategies for these factors such as via episomal plasmids, mRNAs or recombinant proteins
have been successfully applied. Various small chemical molecules have been identified to
support the reprogramming process (reviewed by Tavernier et al., 2013). hiPSCs turned out to resemble
hESCs in many aspects, including morphology, growth properties, gene expression,
epigenetic signature and pluripotency. In the mouse model it could be shown that iPS cells
fulfill the two most stringent in vivo pluripotency criteria: The proof of germline
transmission, as assessed by experiments involving chimera (okita etal., 2007), and the proof of
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contribution to a whole embryo, as assessed by tetraploid complementation (kang et al., 2009).
Both tests cannot be realized in the human model due to ethical issues.

1.2.2.2 Significance for basic research and medicine

With respect to biomedical research, hiPSCs offer great advantages compared to hESCs.
Firstly, their creation is free of any ethical concerns, since it does not require the destruction
of a human embryo. Secondly, since every individual can be a donor for cells to be
reprogrammed, hiPSCs open up possibilities that have never existed before: They can be
used for personalized medicine (cell-based regenerative therapies without risk of immune
rejection; in vitro drug efficacy and tolerability tests) as well as to create cellular model
systems to study diseases and their potential treatments (reviewed by Drews et al., 2012 and Okano et al.,
2013). For their discovery of cloning and iPS cells, Sir John B. Gurdon and Shinya Yamanaka
were jointly awarded the Nobel Prize in Physiology or Medicine in 2012.

1.3 Bone Morphogenetic Proteins (BMPs) as part of the
Transforming Growth Factor-beta (TGF-B) superfamily

1.3.1 Physiological functions of TGF-8 superfamily signaling

Ligands of the Transforming Growth Factor-beta (TGF-B) superfamily are biologically active
cytokines that bind to receptors on the cell surface to induce signals which finally lead to
cellular responses. They are present within a broad range of multicellular animals (from
nematodes to humans), evolutionarily highly conserved, and involved in the regulation of
numerous pivotal biological processes. These include cell fate determination (differentiation,
programmed cell death), cell proliferation, adhesion and migration (schmierer and Hill, 2007). The
ligands exert their functions during all stages of life, ranging from early embryonic patterning
by formation of morphogen gradients to adult tissue homeostasis and regeneration (reviewed by
Wu and Hill, 2009). Since malfunctions in TGF-B superfamily signaling can be lethal or result in
malformations and serious diseases (reviewed by Gordon and Blobe, 2008), it is critically regulated on all

possible levels (reviewed by Moustakas and Heldin, 2009).

1.3.2 Ligand members

The core members of ligands in mammals include genes for 3 isoforms of TGF-B, 4 Activin-8
chains, the protein Nodal and about 20 Bone Morphogenetic Proteins (BMPs) and related
Growth Differentiation Factors (GDFs) (Figure 1-3). All agonists are synthesized as dimeric
pre-pro-proteins, and the monomers share a cystine knot motif as a structural hallmark
(Schmierer and Hill, 2007). BMPs represent a large subfamily of cytokines within the TGF-B
superfamily. Originally discovered by their ability to induce bone formation, they were given
the name “Bone Morphogenetic Proteins”. Meanwhile it has become clear that BMPs exert
pleiotropic functions which affect the whole organism, thus the name “Body Morphogenetic
Proteins” has been suggested to be more adequate (wagner et al, 2010). BMPs are usually
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secreted as mature proteins into the extracellular space after proteolytic cleavage of their
inactive precursor forms. Homodimers are the prevalent form, but also heterodimeric
ligands exist in vitro and in vivo, which were described to be more potent activators of
signaling than their corresponding homodimers (sieber et al., 2009).
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Figure 1-3  Ligands, receptors and SMADs of the Transforming Growth Factor-beta (TGF-B) superfamily.
Phylogenetic trees derived from protein alignments (black: proteins in humans; grey: protein orthologs in the
fruit fly Drosophila melanogaster). For the ligands, the putative mature, fully processed forms were used for
alignments. Protein symbols are given with alternative names in parentheses. Abbreviations: ACVR = Activin
Receptor, ALK = Activin Receptor-like Kinase, BMP = Bone Morphogenetic Protein, BMPR = Bone
Morphogenetic Protein Receptor, GDF = Growth Differentiation Factor, Co-SMAD = Common-mediator SMAD,
[-SMAD = Inhibitory SMAD, R-SMAD = Receptor-regulated SMAD, TGF = Transforming Growth Factor, TGFBR =
Transforming Growth Factor-beta Receptor. (Figure modified from Schmierer and Hill, 2007.)

1.3.3 Receptor activation and intracellular signal transduction

Ligands of the TGF-B superfamily signal through serine/threonine kinase transmembrane
receptors. Two functional classes of receptors exist: Type-l and type-Il (Figure 1-3).
Canonical TGF-B superfamily signaling in mammalian cells acts via SMAD proteins (Figure
1-3) and takes place as follows (schmierer and Hill, 2007) (Figure 1-4): Binding of the dimeric ligand to
the extracellular domain of receptors causes the formation of a heterotetrameric active
receptor complex, consisting of one dimer of type-ll receptors, one dimer of type-l
receptors, and the bound ligand. The constitutively active intracellular kinase domain of
type-ll receptors then phosphorylates the type-l receptors within a strictly conserved
N-terminal domain, the GS-box. This leads to a conformational change and the activation of
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the intracellular kinase domain of type-I receptors, and enables the recruitment of receptor-
regulated SMADS (R-SMADs) which act as intracellular signal transducers. After
phosphorylation of R-SMADs by the kinase of type-I receptors at their C-terminal SSXS-motif,
two of these R-SMADs are enabled to associate and to form an active heterotrimeric
complex together with one SMADA4. This protein complex translocates to the nucleus where
the SMADs bind in cooperation with other proteins to specific promoters and activate the
transcription of target genes.

The abovementioned signal transduction can be split into two branches downstream of
type-| receptors: Signaling via the R-SMADs SMAD2 and SMAD3 or signaling via SMAD]1,
SMADS5 and SMADS. Both pathways are linked together via SMAD4, also called common-
mediator SMAD (Co-SMAD), for which the R-SMADs compete to bind. In general, with few
exceptions, TGF-Bs, Activins and Nodal signal via SMAD2/3 (activated through type-l
receptors ALK4, ALK5 and ALK7), and BMPs and related GDFs via SMAD1/5/8 (activated
through type-I| receptors ALK1, ALK2, ALK3 and ALK®6).

Ligands
::O - TGFBI, TGFB2, TGFP3
» activin -B,, -Ba. -Pe. -Be
» noda
« BMP2-7, BMP8A, BMP8B, BMPI10, BMPI5 Type Il receptors
+ GDFI-3, GDF5-11, GDFI5 I(é'FI'BRWl
« AMH (MIS
Rl Type | receptors gﬁ;ﬁl}l}ﬁ
ALK4 ALK1 R

ALKS ALK2
ALK7 ALK3
Receptors ALK6

Gene regulation Gene regulation

Figure 1-4  Canonical TGF-B superfamily signaling pathways in mammalian cells.
See text for description. Left side: TGF-B/Activin/Nodal branch (acting via SMAD2/3), right side: BMP/GDF
branch (acting via SMAD1/5/8). (Figure modified from schmierer and Hill, 2007.)
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1.3.4 Complexity of BMP signaling

Although much more individual ligands exist compared to the number of receptors through
which they signal, BMPs are able to induce different and specific signals that result in
different cell effects. This is possible due to the numerous potential combinations between
type-l and -ll receptors of the heterotetrameric receptor complex (Gilboa et al., 2000; Nickel et al., 2009):

Besides the canonical signaling via SMADs, BMPs can also signal via SMAD-independent
pathways, including different mitogen-activated protein kinase (MAPK) pathways (via
ERK1/2, p38 or SAPK/INK) and signaling via Akt (also known as Protein Kinase B) (calleaetal.,
2001; Guicheux et al., 2003; Gamell et al., 2008; Boergermann et al., 2010). The mode of receptor oligomerization is
decided by various factors, such as ligand-receptor affinities and the expression levels of
individual receptors on the cell surface (sieberetal, 2009). BMP type-l and type-Il receptors can
be present at the plasma membrane as monomers and as homomeric and heteromeric
complexes that can be stable or transient (Marom atal,, 2011; reviewed by Ehrlich etal,, 2011). They can exist
in preformed hetero-oligomeric complexes already prior to ligand binding, or be recruited
into hetero-oligomeric complexes after ligand binding, which can decide between SMAD-
dependent and SMAD-independent signaling (Nohe et al., 2002; Hassel et al., 2003). Moreover, BMP
receptors were proven to be able to take different endocytosis routes, depending on the
membrane domains in which they are localized (e.g. lipid rafts). This influences the type of
activated signaling pathway (SMAD versus non-SMAD), t00 (Hartung et al., 2006; reviewed by Sieber et al.,

2009).

1.4 BMPs in the context of human pluripotent stem cells

1.4.1 Known effects

TGF-B superfamily signaling is involved in the control of a wide range of early cell fate
decisions in hESCs (Greberetal, 2008). To maintain the undifferentiated state, SMAD2/3 signaling
needs to be active and SMAD1/5/8 signaling to be repressed (amesetal, 2005) (in the following
referred to as Activin/Nodal branch and BMP/GDF branch, respectively). Though, inhibition
of BMP signaling induces neuroectoderm differentiation (pera et al., 2004; itsykson et al., 2005), and
treatment with Activin A leads to definitive endoderm differentiation (srown et al,, 2011). This
indicates divergent roles for both pathways and implies that a certain balance between both
competing branches is a key in maintaining the undifferentiated phenotype.

BMP-mediated signaling is known to induce diverse differentiation fates in hESCs, and in
this context, to integrate inputs from other extrinsic signals (reviewed by Liand chen, 2013). Since the
initial study of Xu et al. in 2002 (xuetal, 2002), BMP-driven hESC differentiation has been the
focus of several investigations. The obtained cellular phenotypes after in vitro treatment of
hESCs with recombinant proteins comprised several lineages, including:

- Trophoblast (by BMP2, BMP4, BMP7, GDF5 (alias BMP14) (xuetal., 2002); BMP4 (zhangetal.,
2008); BMP2, BMP6, BMP2/6 heterodimers (valera et al., 2010));
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- extraembryonic endoderm (by BMP2, BMP7, BMP2/7 heterodimers (era et al., 2004);
BMP4 (zhang et al., 2008));

- mesoderm (by BMP4 (zhang et al., 2008));

- mesendoderm and definitive endoderm (by BMP2, BMP6, BMP2/6 heterodimers
(Valera et al., 2010)); and

- germ cells (by BMP4, BMP7, BMP8b (kee et al., 2006)).

The large discrepancies in differentiation outcome and poor reproducibility of results can be
explained due to variations in experimental conditions (cell culture media composition,
presence or absence of xenogeneic feeder cells, duration of exposure to BMPs, adherent or
embryoid body-based differentiation, etc.).

Most recent model studies using BMP4 revealed that the cellular fate following BMP
stimulation critically depends on whether Basic Fibroblast Growth Factor (bFGF), a standard
supplement of many cell culture media for human pluripotent stem cells to support their
self-renewal (McDevitt and Palecek, 2008), is present or absent during the treatment. It is now widely
accepted by the scientific community that BMP4 treatment in the presence of exogenous
bFGF induces hESCs to differentiate into primitive streak and its derivatives mesoderm and
endoderm (vuetal, 2011), and in its absence to the trophoblast lineage (vuetal, 2011; Amita et al.,, 2013).
The differentiation kinetics towards trophoblast is accelerated under normoxic compared to
hypoxic culture conditions and slowed down in the presence of bFGF (pasetal, 2007). Recent
experiments from our group demonstrated that inhibition of autocrine bFGF signaling is a
key in directing BMP4-mediated hESC differentiation to syncytiotrophoblasts (sudheer et al,, 2012).

However, in 2011 a study challenged the well-recognized trophoblast identity of the
BMP4-driven differentiated hESCs in general by claiming that they would resemble a
phenotype of (extra-)embryonic mesoderm (sernardo et al,, 2011). This has led to a controversial
debate (Greber, 2011) Which persists to this day (Roberts et al., 2014).

1.4.2 Questions raised

The majority of model studies investigating the effect of BMP-mediated signaling on hESCs
has been carried out using BMP4 as “standard ligand” for stimulation of these cells. This is
surprising for two reasons: Firstly, the large family of BMPs consists of about 20 members
that are divided into several subgroups depending on sequence homology (Figure 1-3).
Secondly, these cytokines are known for their enormous diversity in biological functions in
Vivo (Wagner et al, 2010). Studies with other progenitor and mature cells as model system have
shown that the response of cells to BMPs can differ significantly: Individual BMP family
members could induce different cell fates within a given cell line (Berasi et al., 2011; Brederlau et al.,
2002), but were also able to functionally compensate for each other both in vitro and in vivo
(Solloway and Robertson, 1999; Cheng et al., 2003; Ricard etal., 2012). It is even possible that one and the same cell
type shows distinct responses between mature ligands sharing over 90 % sequence identity
(e.g. BMP6 versus BMP7 (solloway and Robertson, 1999; Takeda et al., 2012; Huse et al,, 2011)), While others
respond identically to ligands sharing only 60 % sequence identity (e.g. BMP2 or BMP4
versus BMP7 (solloway and Robertson, 1999; Cheng et al., 2003; Larman et al., 2012)). It is obviously evident that
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there exists a gap in the knowledge and understanding of the function of individual ligands
with regard to the directed differentiation of human pluripotent stem cells.

Moreover, the majority of model studies concerning BMPs and human pluripotent stem
cells has been conducted using hESCs. Although there is growing evidence that hiPSCs - as
reprogrammed somatic cells — are relying on the same signaling pathways controlling
pluripotency and early cell fate decisions like hESCs from embryonic origins (valiier et al., 2009a),
in-depth studies investigating BMP signaling in hiPSCs remain to be done.

1.4.3 BMP5, BMP10 and BMP13 as to date untested ligands

BMP5, BMP10 and BMP13 are up to now members of untested BMPs, both in case of hESCs
and hiPSCs. All three cytokines are known to carry out diverse physiological roles, which are
briefly summarized below:

- BMP5: BMP5 contributes to limb development, bone morphogenesis (Bessa et al., 2008a)
and is involved in the development of several soft tissues (lungs, liver, ureter,
bladder, intestines (kingetal., 1994), kidney (Bramiage et al., 2011), Nervous system (Becketal, 2001)).
Homozygous loss-off-function mutations in Bmp5 are associated with a viable short
ear mouse phenotype that displays defects in skeletal development and soft tissues.
BMP5 and its subgroup member BMP7 can functionally compensate for one another
during murine development (solloway and Robertson, 1999).

- BMP10: BMP10 is insofar a special ligand as its expression and function seem to be
restricted to specific parts of the developing heart (Neuhaus et al.,, 1999; Chen et al., 2004; Zhang et
al, 2011; Huang et al, 2012). A rare exception is its involvement in postnatal vascular
remodeling of the retina, at which BMP10 can functionally replace its subgroup
member BMP9 (ricard et al,, 2012). Noteworthy, BMP9 is unable to substitute for BMP10 in
cardiac development, which confirms the exclusive function of BMP10 (chen et al., 2013a).
BMP10-deficient knockout mice (Bmp10~-) die due to lethal cardiac defects before
birth. A functional BMP10-specific receptor in the heart has not yet been identified.

- BMP13: BMP13 (also known as GDF6) is expressed in a variety of tissues such as
cartilage, tendon, intestines, skeletal muscle and placenta. It appears to be a
vertebrate-specific protein (reviewed by Williams et al.,, 2008). BMP13 is involved in skull joint
development during skeletal segmentation and supports cartilage formation,
chondrocyte development and hypertrophy (but unlike BMP5 not cell proliferation
(Mailhot et al., 2008)). BMP13 plays a role in eye development, tendon, ligament and
connective tissue formation and healing. In mesenchymal stem cells, BMP13 does not
support osteogenesis unlike many other BMPs, but instead induces tendon-like tissue

(Berasi et al., 2011).

In addition, all three ligands represent members of distinct BMP subgroups (Figure 1-3).
Sequence alignment of the mature ligands (Figure 1-5) reveals a homology of 46 % for
BMP5:BMP10, 42 % for BMP5:BMP13 and 53 % for BMP10:BMP13. All these properties
qualify them as ideal BMP candidates for hESC/hiPSC-related investigations.
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1-10 11-20 21-30 31-40 41-50 51-60
BMP5 AANKRKNQNR NKSSSHQDSS RMSSVGDYNT SEQKQACKKH ELYVSFRDLG WQDWIIAPEG 376
BMP10 ——mmm—m o e —mmm e NAKGNYCKRT ~LYIDF ' IG W SWIIAPPG 346
BMP13 ~  ——mmmmmmmm oo TA FASRHCKRHG KKSRLRCSKK ~LHVNF LG W DWIIAPLE 377
*-: *::-*:::* *:.*****
61-70 71-80 81-90 91-100 101-110 111-120
BMP5 YAAFYCDGEC SFPLNAHMNA TNHAIVQTLV HLMFPDHVPK PCCAPTKLNA ISVLYFDDSS 436
BMP10 Y A 'ECRG/C NYPLAEH! T~ TKHAI QALV HLKNSQKASK ACC PTKLE" IS LYLDK 'V 406
BMP13 Y AVHCEG/C DFPLRSHIE" TNHAI QTLM NSMDPGSTPP SEC/PTKLT  ISILYIDA'N 437
* *: * *x ok .:** *: *:***:*:*: **.**** **:**:*
121-130 131-138
BMP5 NVILKKYRNM VVRSCGCH 454 (138 aa)
BMP10 VTYKFKY! GM AVSECGC 424 (108 aa)
BMP13 NVVYKQY! DM VVESCGC 455 (120 aa)
:*. * .* .***:
Figure 1-5  Sequence alignment of BMP5, BMP10 and BMP13 (mature ligands).

The N-terminal signal- and pro-peptide were omitted from the alignment. The numbers on the right refer to
the amino acid residue of the protein entry stored in the UniProt resource database (Chapter 2.13, accession
numbers in Table 2-8). Lengths of the mature polypeptides are given in parentheses. Residues shared by
individual BMP pairs are highlighted in green, blue and orange. Red color and an asterisk (*) indicate positions
which have a single, fully conserved residue (consensus sequence); a colon (:) indicates conservation between
groups of strongly similar properties (scoring > 0.5 in the Gonnet PAM 250 matrix); a period (.) indicates
conservation between groups of weakly similar properties (scoring < 0.5). The highly conserved cysteines are
shaded in grey. These include the six cysteines forming the three disulfide bonds of the cystine knot as typical
structural motif of BMP monomers (light grey; bonds between positions 37/103, 66/135, 70/137) and the
cysteine contributing to the interchain disulfide bond between monomers of dimeric ligands (dark grey).
Homology was calculated based on the overlapping sequence regions of BMP pairs.

1.5 Aim of this PhD work

Based on the raised questions concerning the effects of BMPs on human pluripotent stem
cells, the objectives of the present study were:

I.  To comparatively test whether BMP5, BMP10 and BMP13 induce differentiation of
hESCs under chemically-defined conditions in the absence of exogenous bFGF; and if
so, to which cell lineage.

II. To identify similarities and differences in early cellular responses with respect to
signal transduction downstream of BMP receptors and genome-wide transcriptional
changes.

lll.  To investigate how comparable hiPSCs are to hESCs with respect to their signaling

properties and differentiation capabilities upon stimulation with the distinct BMPs.

Finally, to derive a hypothesis regarding the mechanism of action of individual ligands

on the regulation of self-renewal and pluripotency of hESCs and hiPSCs.
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2 Materials

All materials were stored according to the recommended conditions of the manufacturers.
These may include a certain temperature range, protection from light and preparation of
small aliquots. Companies are listed together with the country in which their headquarters is
located.

2.1 Inorganic and organic chemicals

Basic chemicals were of analytical grade (purity = 99 %), unless stated otherwise.

Table 2-1 List of inorganic and organic chemicals.
In alphabetical order.

Chemical Company Catalog #

Acetic acid (96 %) Merck, Germany 1.00062.2500
Acrylamide/bis-acrylamide (30 % / 0.8 %; 37.5:1) Carl Roth, Germany 3029.1
Agarose, standard Carl Roth, Germany 3810.3
Agarose, low range ultra Bio-Rad, USA 161-3106
Ammonium peroxydisulfate (APS) Carl Roth, Germany 9592.3
Ampicillin sodium salt Carl Roth, Germany HP62.1
B-27® Supplement minus vitamin A (50X), liquid Gibco/Invitrogen, USA 12587-010
Bacto™ agar Becton Dickinson, USA 214030
Bacto™ tryptone Becton Dickinson, USA 211705
Bacto™ yeast extract Becton Dickinson, USA 288620
Boric acid (H3BOs) Merck, Germany 1.00165.0500
Bovine serum albumin (BSA), lyophilized powder Sigma-Aldrich, USA A3059-50G
Bov;:(latzfgu/rgs/llkF)’ugr:;r(;él)BSA), solution (30 % in DPBS; cell Sigma-Aldrich, USA A9576
Bromophenol blue sodium salt Sigma-Aldrich, USA B5525-5G
Calcium chloride dihydrate (CaCl.¢2H20) Sigma-Aldrich, USA C7902-500G
Cha:ugpI;/:E:qlz:l‘;’ B (liquid basal) and C (lyophilized Irvine Scientific, USA T101-019
DAPI (4',6-diamidino-2-phenylindole dihydrochloride) Invitrogen, USA D1306
Dimethylformamide Sigma-Aldrich, USA D4551
Dimethyl sulphoxide (DMSO) Sigma-Aldrich, USA D2650
Disodium hydrogen phosphate dihydrate (Na:HPO4¢2H20) | Merck, Germany 1.06580.1000
Dithiothreitol (DTT) (1.25 M solution) New England Biolabs, USA B7703S
e |Ghcolmivogen Usn | arsssaas
DMEM/F-12 (1:1) (1X) Dulbecco’s Modified Eagle Medium

/ Ham’s F-12 Nutrient Mixture Gibco/Invitrogen, USA 31330-038

[+] L-glutamine, [+] 15 mM HEPES
DNase | set (1500 Kunitz units) Qiagen, Germany 79254
dNKZ?r:('\(/Ing%tIZE:_glcfg:_lszr:gzrﬁﬁ;hates) Jena Bioscience, Germany NU-1023S
DPEE]D(;‘;gifc[‘j;sl\iggiphate Buffered Saline (1X) Gibco/Invitrogen, USA 14190-094
Ethanol Merck, Germany 1.00983.2500
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Ethidium bromide (EtBr) solution (~ 1 % in H20) Sigma-Aldrich, USA 46067
Ethyl-enediaminetetraacetic acid (EDTA) tetrasodium salt Sigma-Aldrich, USA E6511

dihydrate
FACSFlow™ buffer BD Biosciences, USA 342003
Fetal bovine serum (FBS) Biochrom, Germany S 0115
Fetal bovine serum, embryonic stem cell-qualified (ES-FBS) | Gibco/Invitrogen, USA 10439-016
GeIaBtllc:]ofr;o)m bovine skin, type B (gel strength ~ 225 g Sigma-Aldrich, USA 69382
Glycerol (87 %) Merck, Germany 1.04094.1000
Glycine Merck, Germany 1.04201.1000
HEPES, free acid Calbiochem, USA 391338
Hexadimethrine bromide (Polybrene®) Sigma-Aldrich, USA 107689
Hydrochloric acid (HCI) (fuming 37 %) Merck, Germany 1.00317.2500
HyperLadder™ V DNA ladder (25-500 bp; 192 ng/ul) Bioline, Germany BIO-33031
IMDM Iscove’s Modified Dulbecco’s Medium (1X) Gibco/Invitrogen, USA 51980-032

[+] L-glutamine, [+] 25 mM HEPES

Isopropanol

Merck, Germany

1.09634.2500

KnockOut™ DMEM

[+] 4.5 g/I D-glucose, [+] sodium pyruvate, [-] L- Gibco/Invitrogen, USA 10829-018
glutamine
KnockOut™ Serum Replacement Gibco/Invitrogen, USA 10828-028
L-glutamine (200 mM in 0.85 % NaCl solution; 100X) Lonza, Switzerland BE17-605F
Matrigel™ basement membrane matrix, growth factor
reduced; source: Engelbreth-Holm-Swarm (EHS) mouse | BD Biosciences, USA 356231
sarcoma (~ 10 mg/ml)
2-mercaptoethanol (B-mercaptoethanol) (pure) Sigma-Aldrich, USA M7522
2-mercaptoethanol (50 mM in DPBS; 500X) Gibco/Invitrogen, USA 31350-010

Methanol

Merck, Germany

1.06009.2500

Minimum Essential Medium (MEM) Alpha (1X)

[+] GlutaMAX™, [+] ribonucleosides, [+] Gibco/Invitrogen, USA 32571-028

deoxyribonucleosides
Mitc2>r:wnygci+n4C8frrTc1>grnN.Zt(r:le)ptomyces caespitosus (per vial: Sigma-Aldrich, USA MO503
M-MLYV reaction buffer (5X) USB/Affymetrix, USA 71505
M-MLV reverse transcriptase (200 units/ul) USB/Affymetrix, USA 78306
N-2 Supplement (100X), liquid Gibco/Invitrogen, USA 17502-048
NEBuffer 3 (10X) New England Biolabs, USA B7003S
NEBuffer 4 (10X) New England Biolabs, USA B7004S
Non-essential amino acids (10 mM; 100X) Lonza, Switzerland BE13-114E
Notl restriction enzyme (10,000 U/ml) New England Biolabs, USA R0O189
PageRuler™ prestained protein ladder (10-170 kDa) Fermentas, USA SM0671
Paraformaldehyde (PFA) (16 % aqueous solution; EM Electron Microscopy Sciences,

grade) USA 15710
Penicillin/streptomycin (each 10,000 U/ml; 100X) Lonza, Switzerland DE17-602E
Perfect Plus™ 1 kb DNA ladder (0.25-10 kbp; 100 ng/ul) Roboklon, Germany E3131-01
Phosphatase inhibitor cocktail tablets PhosSTOP Roche, Switzerland 4906845001
Phusion® HF buffer (5X) Finnzymes, Finland F-518L
Phusion® Hot Start Il high-fidelity DNA polymerase (2 U/ul) | Finnzymes, Finland F-549S
Ponceau S Sigma-Aldrich, USA P3504

Potassium chloride (KCI)

Merck, Germany

1.04936.1000
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Potassium dihydrogen phosphate (KH2POa)

Merck, Germany

1.04873.1000

Protease inhibitor cocktail tablets cOmplete Mini, EDTA-

free Roche, Switzerland 11836170001
Ran:gxn;npz::;e;su(;/lﬁ;)deoxynbonucleotldes, mostly Invitrogen, USA 58875
RNaseZap® spray Ambion/Invitrogen, USA AM9782
Skim milk powder (non-fat dry milk powder) Gedimex, Belgium SKIM 23
Sodium chloride (NacCl) Merck, Germany 1.06404.1000
Sodium deoxycholate Sigma-Aldrich, USA D6750-100G
Sodium dodecyl sulfate (SDS) Bio-Rad, USA 161-0301
Sodium hydroxide (NaOH) Merck, Germany 1.06498.1000
Sodium pyruvate (100 mM; 100X) Gibco/Invitrogen, USA 11360-039
SYBR® Green PCR master mix (2X) Applied Biosystems, USA 4309155
Tetramethylethylenediamine (TEMED) Carl Roth, Germany 2367.3
Titanium™ Tag DNA polymerase (50X) Clontech, USA 639208

Tris(hydroxymethyl)aminomethane (Tris base)

Merck, Germany

1.08382.0500

Triton® X-100

Sigma-Aldrich, USA

T8532-100ML

Trypan blue solution (0.4 %)

Sigma-Aldrich, USA

T8154

Trypsin-EDTA (0.05 %; 1X) Gibco/Invitrogen, USA 25300-054
Tween® 20 Sigma-Aldrich, USA P1379-500ML
Valproic acid (VPA) sodium salt Calbiochem, USA 676380-5GM
Water, double-distilled (ddH20) Prepared at the Max-Planck- n/a
Institute
Water for injection (WFI; cell culture grade) Gibco/Invitrogen, USA A12873-01
Water, ultrapure (LiChrosolv®; HPLC grade) Merck, Germany 1.15333.2500
Xhol restriction enzyme (20,000 U/ml) New England Biolabs, USA R0146
X-ray film developer G 153, component A & B Agfa, Belgium HT536
X-ray film rapid fixer G 354 Agfa, Belgium 2828Q
2.2 Kits
Table 2-2 List of kits.
In alphabetical order.
Kit Company Catalog #
Alkaline Phosphatase Detection Kit Millipore, USA SCR0O04
Amzresah;emn:“KliEfL“" Prime Western Blotting Detection GE Healthcare, UK RPN2232
Human Chorionic Gonadotropin (HCG) ELISA Kit BQ Kits, USA BQ 047F
HumanHT-12 v4.0 Expression BeadChip Kit Illumina, USA BD-103-0604
HumanRef-8 v3.0 Expression BeadChip Kit Illumina, USA BD-102-0603
[llumina® TotalPrep™ RNA Amplification Kit Ambion/Invitrogen, USA AMIL1791
NucleoBond® Xtra Maxi EF Kit Macherey-Nagel, Germany 740424.50
Pierce® BCA Protein Assay Kit Thermo Scientific, USA 23227
Purle;Ir_lorlI;Tnj::oK?wlc DNA Mini Kit (including RNAse A and Invitrogen, USA K1820-02
RNeasy® Mini Kit Qiagen, Germany 74106
Senescence B-Galactosidase Staining Kit Cell Signaling Technology, USA | 9860
TRAPEZE® RT Telomerase Detection Kit Chemicon/Millipore, USA S7710
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2.3 Antibodies
Table 2-3 List of primary antibodies.
In alphabetical order.
I f i H Anti log # Application?
e B mmunogen used' or antibody os't 'ntlbody Clonality® T Catalog PP
production species isotype (Batch) IC WB
Syntheti tide at the C-terminal 4691
nthetic peptide a e C-termina . . .
Akt (pan) quuence e At Rabbit | 1gG C67E7 Cell Signaling, USA I(_Ref:111§/2010, X
ot:
Synthetic phosphopeptide corresponding 4051
phospho-Akt (Serd73) to residues surrounding Ser473 of mouse | Mouse | 1gG2b 587F11 Cell Signaling, USA (Ref: 08/2010, X
Akt Lot: 13)
E.coli-derived recombinant human
Brachyury Brachyury (amino acids 2-202) Goat IgG polyclonal R&D Systems, USA AF2085 X
Cytokeratin-7 Ovarian carcinoma cell line OTN 11 Mouse 1gG1, OV-TL 12/30 | Dako, Denmark M7018 X X
Synthetic peptide corresponding to the
E-Cadherin sequence surrounding residue 780 of Rabbit IgG 24E10 Cell Signaling, USA 3195 X
human E-Cadherin
Syntheti tide (KLH led) derived 4696
ynthetic peptide -coupled) derive . . .
ERK1/2 (p44/42) from the sequence of p42 MAPK Mouse |IgG1l L34F12 Cell Signaling, USA I(_Ref.s()JS/ZOIO, X
ot:
phospho-ERKl/Z (p44/42) Synthetic phosphopeptide (KLH-coupled) 4370
corresponding to residues surrounding Rabbit IgG D13.14.4E Cell Signaling, USA (Ref: 07/2010, X
(Thr202/Tyr204) Thr202/Tyr204 of human p44 MAPK Lot: 6)
. AFP (amino acids 500-610) partial . .
a-Fetoprotein (AFP) recombinant protein with GST tag Mouse IgG, K 1G7 Sigma-Aldrich, USA WH0000174M1 X
E.coli-derived recombinant human HNF-
FOXA2 (HNF-3B) 3B (amino acids 242-457) Goat IgG polyclonal R&D Systems, USA AF2400 X
Purified rabbit muscle Glyceraldehyde-3-
GAPDH Phosphate Dehydrogenase (whole Mouse IgG1 6C5 Ambion, USA AMA4300 X
molecule)
B-hCG f;”nr;‘;'ﬁ)d human native protein (full Mouse | IgG1 HCG-60 Abcam, UK ab763 X
Epitope corresponding to amino acids
KLF4 (GKLF) 1-180 mapping at the N-terminus of Rabbit IgG polyclonal Santa Cruz, USA sc-20691 X
GKLF of human origin
E.coli-derived human LIN28 GST fusion . .
LIN28 orotein (amino acids 1-209) Rabbit IgG polyclonal Proteintech, UK 11724-1-AP X
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. - Application?
YT G Immunogen used'for antibody Hos'.t A'ntlbody Clonality* S Catalog # PP
production species isotype (Batch) IC WB
Epitope corresponding to amino acids .
c-MYC 1-262 of ¢-MYC of human origin Rabbit IgG polyclonal Santa Cruz, USA sc-764 X
E.coli-derived recombinant human
NANOG NANOG (Trp153-Val305) Goat IgG polyclonal R&D Systems, USA AF1997 X X
Nestin L‘:S't"l;‘ protein corresponding to human | ;0 oo | 1oG1 10C2 Millipore, USA MAB5326 X
OCT4 g:giir:]o acids 1-134 of OCT4 of human Mouse |lgG2b c-10 Santa Cruz, USA sc-5279 X X
Syntheti tide (KLH led) derived not 9212
ynthetic peptide -coupled) derive . . . .
p38 from the sequence of human p38 MAPK Rabbit specified polyclonal Cell Signaling, USA (Ref: 06/2009, X
Lot: 16)
Synthetic phosphopeptide corresponding 4511
phospho-p38 (Thr180/Tyr182) to residues surrounding Thr180/Tyr182 | Rabbit IgG D3F9 Cell Signaling, USA (Ref: 01/2011, X
of human p38 MAPK Lot: 5)
Peptide (QVPGSEPDMSQYWPRLQ) not
PAX6 derived from the C-terminus of mouse | Rabbit . polyclonal Covance, USA PRB-278P X
PAXE specified
9258
SAPK/INK Human JNK2/MBP fusion protein Rabbit IgG 56G8 Cell Signaling, USA (Ref: 08/2010, X
Lot: 7)
Synthetic phosphopeptide (KLH-coupled) 4668
phospho-SAPK/INK (Thr183/Tyr185) corresponding to residues surrounding | Rabbit IgG 81E11 Cell Signaling, USA (Ref: 01/2011, X
Thr183/Tyr185 of human SAPK/INK Lot: 7)
Synthetic peptide corresponding to not 9743
SMAD1 residues surrounding Ser190 of human | Rabbit . polyclonal Cell Signaling, USA (Ref: 12/2010, X
SMAD1 specified
Lot: 2)
Synthetic phosphopeptide (KLH-coupled) 9516
phospho-SMAD1/5 (Ser463/465) corresponding to residues surrounding | Rabbit IgG 41D10 Cell Signaling, USA (Ref: 05/2011, X
Ser463/465 of human SMADS Lot: 2)
a-Smooth Muscle Actin N-terminal synthetic (.jecapemide of Mouse IgG2a, K 1A4 Dako, Denmark MO0851 X
a-Smooth Muscle Actin
Peptid i the C-termi f
SOX2 sgizl ;rjnazl:irr;;anr e Lermintis ol Goat IgG polyclonal Santa Cruz, USA sc-17320 X
E.coli-derived recombinant human
SOX17 SOX17 (amino acids 177-414) Goat IgG polyclonal R&D Systems, USA AF1924 X
SSEA-4 ;':g;’;embm”a' cardnomacellline | n1se  |1gG3, k| MC-813-70 | Millipore, USA 90231 X
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Catalog # Application?
(Batch) IC WB

Immunogen used for antibody Host Antibody
production species isotype

Human antigen Clonality* Company

Amino acids 33-312 mapping near the N-
Syncytin-1 terminus of Syncytin (HERV-W gene) of | Rabbit IgG polyclonal Santa Cruz, USA sc-50369 X
human origin

Human embryonal carcinoma cell line

TRA-1-60 2102Ep Mouse |IgM TRA-1-60 Millipore, USA 90232 X

TRA-1-81 gf(;’;’;embry”a' carcinoma cellline | \1ise | 1gM TRA-1-81 | Millipore, USA 90233 X
Synthetic peptide corresponding to the

Tubulin Beta-3 Chain (BllI-Tubulin) C-terminal sequence of human Blll- Mouse |IgG2b SDL.3D10 Sigma-Aldrich T8660 X

Tubulin coupled to BSA

1 For monoclonal antibodies: The name of the B cell hybridoma clone is mentioned below.

2 Antibody application for this PhD work: IC = immunocytochemistry, WB = western immunoblot.

The specificity of antibodies directed against phosphorylated (p-) species of protein kinases was confirmed by means of positive (+) and negative
(=) control cell extracts (all purchased from Cell Signaling, USA):

- p-Akt: Total cell extracts from Jurkat cells, serum starved overnight and then treated with calyculin A (+) or with 50 uM LY294002 (-) for
1 h (#9273; Ref: 03/2011, Lot: 19).

- p-ERK1/2: Total cell extracts from Jurkat cells treated with TPA at 200 nM for 10 min (+) or with U0126 (Mek1/2 inhibitor) at 10 uM for 1 h
() (#9194; Ref: 06/2011, Lot: 6).

- p-p38: Total cell extracts from C-6 glioma cells treated with anisomycin (+) or untreated (-) (#9213; Ref: 10/2011, Lot: 41).

- p-SAPK/JNK: Total cell extracts from 293 cells treated with UV light (+) or untreated (-) (#9253; Ref: 01/2011, Lot: 38).
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Table 2-4 List of secondary antibodies.
Antigen Hos't Antibody labeling Antibody conjugate Company Catalog # Application’
species IC WB
Goat IgG (Fc fragment) Rabbit n/a Horseradish peroxidase Calbiochem, USA 401504 X
Goat 1gG (H+L) Chicken | red-fluorescent Alexa Fluor® 594 n/a Invitrogen, USA A-21468 X
Goat 1gG (H+L) Donkey | green-fluorescent Alexa Fluor® 488 n/a Invitrogen, USA A-11055 X
Mouse I1gG Sheep n/a Horseradish peroxidase GE Healthcare, UK NA9310 X
Mouse 1gG (H+L) Chicken | red-fluorescent Alexa Fluor® 594 n/a Invitrogen, USA A-21201 X
Mouse I1gG (H+L) Goat green-fluorescent Alexa Fluor® 488 n/a Invitrogen, USA A-11001 X
Mouse 1gG (H+L) Goat red-fluorescent Alexa Fluor® 594 n/a Invitrogen, USA A-11005 X
Rabbit IgG Goat n/a Horseradish peroxidase Calbiochem, USA DCO3L X
Rabbit IgG (H+L) Chicken | red-fluorescent Alexa Fluor® 594 n/a Invitrogen, USA A-21442 X
Rabbit IgG (H+L) Donkey | green-fluorescent Alexa Fluor® 488 n/a Invitrogen, USA A-21206 X
Rabbit IgG (H+L) Goat orange-fluorescent Alexa Fluor® 546 n/a Invitrogen, USA A-11010 X

1 Antibody application for this PhD work: IC = immunocytochemistry, WB = western immunoblot.
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2.4 Plasmids

All plasmids were amplified in Escherichia coli (E.coli) bacteria and then purified (Chapter 3.6.1). The identity of the four plasmids encoding the

reprogramming factors (human OCT4, SOX2, KLF4 and c-MYC) was confirmed by diagnostic restriction enzyme digestion (Chapter 3.6.2).

Table 2-5 List of plasmids.
Diagnostic restriction enzyme digestion
Plasmid Company / Institute Encoded proteins for retroviral vector Bacterial antibiotic g - r zy ; & T
pany production resistance gene Restriction Expected DNA fragments
enzyme [bp]
pMXs-hOCT3/42 Addgene, USA3; #17217 human OCT4 ampR Xhol 5700 - 4930 + 400 + 370
pMXs—hSOXZ2 Addgene, USA3; #17218 human SOX2 ampR Notl 5560 - 4500 + 1060
pMXs—hKLF42 Addgene, USA3; #17219 human KLF4 ampR Notl 6020 - 4500 + 1520
pMXs-hc-MYC? Addgene, USA3; #17220 human c-MYC ampR Notl 5920 - 4500 + 1420
pLIB-EGFP Clontech, USA Enhanced Green Fluorescent Protein (eGFP) ampR
retroviral Gag-Pol
Packaging plasmid (core structural proteins and enzymes from ampR
Moloney murine leukemia virus (M-MLV))
retroviral VSV-G
Envelope plasmid (envelope glycoprotein from vesicular stomatitis | ampR

virus (VSV))

1 Lengths were calculated according to the individual plasmid maps under assumption of a 100 % complete digestion.

2 Transfer vector plasmids encoding the four reprogramming factors were generated by the Yamanaka lab (Kyoto University, Japan; Takahashi et al., 2007). They consist of the pMXs vector backbone

generated by Toshio Kitamura (University of Tokyo, Japan; Kitamura et al., 2003) with open reading frames of human OCT4, SOX2, KLF4 and c-MYC cloned into.

3 Addgene is a non-profit plasmid repository that collects, stores and distributes plasmids worldwide for use in scientific research (http://www.addgene.org).
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2.5 Primers

Primers were purchased from either Eurofins MWG Operon (Germany) or BioTeZ (Germany). Lyophilized primers were resuspended in ultrapure
water (HPLC grade) to generate stock solutions of 100 uM. Based on those stock solutions, working solutions containing 5 uM forward and 5 uM
reverse primer were prepared for all individual primer pairs. Stock and working solutions were stored at -20 °C.

Table 2-6 List of primers for PCR of human genomic DNA.

Primer pair ‘ Sequence (5’ - 3) ‘ Length [bp] ’ % GC ’ Tm [°C]* ’ Product length [bp]
For STR analysis of cell lines?:
forward TTGGTATTGGCCATCCTA 20 40.0 51.5 .
D7S5796 variable
reverse | GAAAGGAACAGAGAGACAGGG 21 52.4 54.8
forward | ATTGCCCCAAAACTTTTTTG 20 35.0 50.2 .
D10S1214 variable
reverse | TTGAAGACCAGTCTGGGAAG 20 50.0 54.1
forward | GCAACAGAGCAAGACTGTC 19 52.6 53.8 .
D1751290 variable
reverse | GGAAACAGTTAAATGGCCAA 20 40.0 51.2
forward | AACAGAACCAATAGGCTATCTATC 24 37.5 52.0
D21S2055 variable
reverse | TACAGTAAATCACTTGGTAGGAGA 24 37.5 52.8
For sex determination of cell lines:
AMEL forward | CCCTGGGCTCTGTAAAGAATAGTG 24 50.0 57.0 X chromosome (AMELX gene): 106 bp
reverse | ATCAGAGCTTAAACTGGGAAGCTG 24 45.8 57.0 Y chromosome (AMELY gene): 112 bp
SRY forward | ATAAGTATCGACCTCGTCGGAA 22 455 55.0 X chromosome: n/a
reverse | GCACTTCGCTGCAGAGTACCGA 22 59.1 61.5 Y chromosome (SRY gene): 93 bp

1 Melting temperature (Tn) of primers was calculated using OligoAnalyzer 3.1 (Table 2-16) based on the default settings of the software.
2 Primer reference: Park et al., 2008.
3 Primer references: Mannucci et al., 1994 (AMEL); Santos et al., 1998 (SRY).
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Table 2-7 List of primers for real-time qPCR of human cDNA.
In alphabetical order. Criteria for primer design and validation are described in Chapter 3.8.1.4.
Exon
< ) Product . . Intron size [bp] and
= — m k- o
Gene Primer Sequence (5’ - 3) 22| %Ge ;I' . | Transcript Accession numbzer B 8 ] length jum_:tlon intron location on
g = [°C] mRNA RefSeq template & @ location on . a
[bp] mMRNA® genomic DNA!
variant1 | NM_ 0011419451 |P\YS 1(1)22 12%
AcTaz | forward | GEGTGGCTATTCCTTCGTTACT 22 50.0 |57.1 minus 66 o/a 1530 (41505450-41503919 on
reverse | CACAGTTTCTCCTTGATGTCCC 22 50.0 |55.6 | NT_030059.13)
. plus 707 728
variant 2 NM_001613.2 X
minus 772 751
forward | CTTCTTTGGGCTGCTCGCTA 20 55.0 |57.6 plus 582 | 601
AFP reverse | CTGTTGCTGCCTTTGTTTGGAA 22 |455 |s6.7 NM_001134.1 minus 672 | 651 91| 662/663 n/a
forward | TGGCTGTCTTGGGCATCACT 20 55.0 |59.3 ) plus 1160 | 1179
Cb34 reverse | GGTTCCAGCTCCAGCCTTTC 20 |60.0 |sg5 |varantz | NM_001773.2 minus 1241 1222 82 | 1230/1231 n/a
forward | GGCAGCCAAGTGAAAACCAG 20 55.0 |57.1 plus 706 | 725
cbx2 reverse | CGGATGGTGATGTAGCGACT 20 55.0 |56.8 NM_001265.4 minus 815 | 796 110 715/716 n/a
variant1 | NM_001252383.1 | PIYS 417, 437
e forward | ATCCCACTCCACTAAGGTCCA 21 524 |57.4 minus 615| 594 19 ofa 416 (25915802-25915385 on
reverse | AGTCATCAAGACAGCACTTGGT 22 455 |56.4 | NT_007299.13)
) plus 324 | 344
variant 2 NM_000735.3 X
minus 522 501
plus 500 | 519 235 (21794911-21794675 on
CGBgene | NM_000737.3 minus 611 | 592 NT_011109.16)
plus 352 | 371 235 (21807611-21807375 on
CGBlgene | NM_033377.1 minus 463 | 444 NT_011109.16)
conrgene |Nm_ozsazan (P | 32| 235 (21804146-21804352or
cGB forward | GTGCATCACCGTCAACACCA 20 55.0 |58.2 minus 11 o/a NT_ -16)
genes reverse | CACATCGCGGTAGTTGCACA 20 55.0 58.1 ceB5 sene | NM 033043 1 plus 500 519 235 (21816219-21816455 on
g - : minus 611| 592 NT_011109.16)
plus 500 | 519 235 (21826316-21826080 on
GB7gene | NM_033142.1 minus 611 | 592 NT_011109.16)
plus 507 | 526 235 (21819680-21819444 on
GBS gene | NM_033183.2 minus 618 | 599 NT_011109.16)
DAZL forward | CCTGCCGCCATCATGTCTAC 20 60.0 |58.2 |variant2 NM_001351.3 plus 283 | 302 97| 297/298 n/a
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Exon
< ) Product . . Intron size [bp] and
= — k- o
Gene | Primer Sequence (5' - 3') 22| %Ge ;I'ml Transcript Accession numbzer Strand on I 8 length Junction intron location on
g = [°C] mRNA RefSeq template & & bp] location on enomic DNA*
P mRNA? g
reverse | CTTGGCTGGTTGCAGCTGAT 20 |55.0 |585 minus 379| 360
forward | TCCCTGCCGTGTTGAAGAGTT 21 |524 |s589 plus 5196 | 5216
FLk1 reverse | CATTGAACCTCCCGCATTCA 20 |50.0 |556 NM_002253.2 minus 5313 | 5294 118 n/a n/a
variant 1 NM_021784.4 plys §g§ ;ig
roxas | forward | GTATGCTGGGAGCGGTGAA 19 |579 |s75 minus % ofa 1037 (22504830-22503792 on
reverse | TCATGTTGCTCACGGAGGAG 20 |55.0 |57.0 NT_011387.8)
variant2 | NM_153675.2 plus 189 207
- ’ minus 284 | 265
variant1 | NM_002046.4 plus g‘z‘g ggg 81| 303/304 n/a
cappy | forward | CTGGTAAAGTGGATATTGTTGCCAT 25 40.0 |55.5 minus
reverse | TGGAATCATATTGGAACATGTAAACC 26 |346 |537 olus 72| 296
variant2 | NM_001256799.1 | P 2| 37 81| 327/328 n/a
forward | GCCCGACACCCCAATCTC 18 |67 |586 plus 1152 | 1169 39990 (4041788-4081779 on
GATA% | reverse | GCGTTGCACAGATAGTGACC 20 |55.0 |56.2 NM_002052.3 minus 1273 | 1254 122 n/a NT_077531.4)
forward | TGTGCGTTCATGGAGAAGATCA 22 |455 |s6.4 plus 2473 | 2494
GATA6 | verse | TTTGATAAGAGACCTCATGAACCGACT 27 |407 |575 NM_005257.4 minus 2555 | 2529 83 n/a n/a
forward | TCTCTTCACCTACGCCTCTCATC 23 |522 |s577 plus 1376 | 1398
GEML | Leverse | GATCCAAACCCAAGTATGTCATTTC 25  |40.0 |54.2 NM_003643.3 minus 1476 | 1452 101 n/a n/a
forward | AGGCTGAACTCAAGAAGGCG 20 |55.0 |57.5 plus 744 | 763 1555 (15019953-15018397 on
HANDL | o erse | CGGTGCGTCCTTTAATCCTCT 21 |524 |s70 NM_004821.2 minus 863 | 843 120 n/a NT_029289.11)
HERV- | forward | TTTGTCTCCTCTCGCCTTCAG 21 |524 |s67 plus 2010 | 2030
FRD reverse | AGGATTTCGCCTCTGTCGTG 20 |550 |57.2 NM_207582.2 minus 2149 | 2130 140 n/a n/a
variant 1 NM_014590.3 pl%ls igg; ;(2)(6)2
Erv.w | forward | CTGGCATTGGCGGTATCACA 20 550 |[579 minus 182 o/a o/a
reverse | TCCCCCTCTTTCAGCGGTTA 20 |55.0 |582
variant2 | NM_001130925.1 | P!YS 1765 1784
- : minus 1946 | 1927
forward | GAAAAGGAGGGAGCTACTCTC 21 |52.38 543 plus 1194 | 1214 357 (29738187-29738545 on
HLA-G | | overse | CAAAGAGGAGTCAGGGTTCTTG 22 |500 |553 NM_002127.5 minus 1296 | 1275 103 n/a NT_007592.15)
forward | AGATCGCCACCTACCGCAAG 20 |60.0 |59.6 plus 1290 | 1309 2544 (14782722-14785267 on
KRT7 reverse | ATTCACGGCTCCCACTCCAT 20 |55.0 |588 NM_005556.3 minus 1363 | 1344 74 n/a NT_029419.12)
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Exon .
Gene Primer Sequence (5’ - 3) E"E % GC [;r(31 Transcript A‘:;f;:’::g:;er i:‘:?;?a:: § g ﬁ;%‘;:;t Ioj:ant(i:ct)i:r;n I?:tr::ns:::a[zopi?;d
[bp] I genomic DNA
ns | SOOI AEEE R EEE D
e e o lE ] fwees || 23 ] e
e P polas o] e [ (mmEl e w
variant1l | NM_002701.4 Eﬁl?:us %g 532
et | | o 5120 (52 [arms [ o [22[50] | e s
variant3 | NM_001173531.1 qu?:us Zii zg;
variant1 | NM_000280.4 f;:fus 1222 1222
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Exon
< ) Product . . Intron size [bp] and
= — k- o
Gene | Primer Sequence (5’ = 3) 28| %aGe ;I'ml Transcript Accession numbzer L) I 8 length Junction intron location on
g = [°C] mRNA RefSeq template & & [bp] location on genomic DNA®
mRNA?
. plus 540 | 563
variant 1 NM_001177949.1 minus 661 638
forward | AGCAGTGGGATTTAGATATGCAGA 24 |41.7 |559 _ plus 536| 559 1908 (64270659-64268750 on
SYCP3 | reverse | TGTTTTCAATCTCTGGCTCTGAAC 24 |417 |s554 |VAMENt2 I NM_153694.4 minus 657 | 634 122 n/a NT_029419.12)
. plus 525 | 548
variant3 | NM_001177948.1 | P8 wae | or3
variantl | NM_003181.3 plus 1021 | 1043 113 | 1125/1126
; forward | CCTCGAATCCACATAGTGAGAGT 23 47.8 |55.8 minus 1133 | 1112 o/
reverse | GCTGTGATCTCCTCGTTCTGAT 22 50.0 |56.5 olus 928 | 950
variant2 | NM_001270484.1 |0 1040 | 1019 113 | 1032/1033
. plus 2094 | 2114
variant1 | NM_024415.2 s 5207 | 2187 114 | 2196/2197
variant2 | NM_001142549.1 | P1Y® 19921 2012 114 | 2094/2095
VASA forward | GGATGTTCCTGCATGGTTGGA 21 524 |57.7 minus 2105 | 2085 o/
reverse | GTGCTCTTGCCCTTTCTGGTA 21 52.4 57.3 plus 2034 | 2054
variant3 | NM_001166533.1 | P ° 2100 | 2197 114 | 2136/2137
. plus 1593 | 1613
variant4 | NM_001166534.1 | P ® 1706 | 1ege 114 | 1695/1696

1 Melting temperature (Tm) of primers was calculated using OligoAnalyzer 3.1 (Table 2-16) based on the default settings of the software.

2 Accession number for the human mRNA Reference Sequence (RefSeq) stored in the RefSeq collection database of the National Center for Biotechnology Information (NCBI) (Table 2-17).

3 For primers annealing on exon junctions: The location of the exon junction on the human mRNA RefSeq is mentioned below.

4 For intron-spanning primers: The size of the intron and its location on the human genomic DNA RefSeq stored in NCBI's RefSeq collection database is mentioned below.
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2.6 Recombinant human proteins

Table 2-8 List of recombinant human proteins.
In alphabetical order.

. Catalog # q Accession Region and MW e
Protein Company (Lot #) Source number? length [aa]? [kDaJ* Purity
bFGF . Ala135-Ser288 \
(FGF2) Peprotech, USA 100-18B E.coli P09038 (100) 171 |>95%
314-BP-010 Ser293-Arg408 .
BMP4 R&D Systems, USA Gemesiionn) | N P12644 116) 131 |>95%
615-BMC-020
(SXV0209062, Ala317-His454 .
BMPS R&D Systems, USA | o oer | CHO P22003 (138) 156 |>95%
SXV0310111)
120-06
Val397-His51
BMP6 Peprotech, USA (0609461-1 HEK293 | P22004 ( 1'31?)9 513 1931 |>o5%
(F1009))
120-03
(03075264 .
BMP7 Peprotech, USA (H4210), CHO P18075 ?1?2)16 His431 1131 |>08%
0711264
(G1811))
2926-BP-025 Asn317-Argd24 .
BMP10 | R&D Systems, USA (QaLo211021) | €O 095393 (108) 122 |>97%
120-04
BMP13 | peprotech, USA (0104272 E.coli Q6KF10 Thr336-Argd55 | 136 |5959%
(GDF6) (£054) (120)

1 Expression systems: NSO = murine myeloma cell line, CHO = Chinese hamster ovary cell line, HEK293 = human embryonic
kidney cells, E.coli = Escherichia coli bacteria. The mature protein forms of bFGF and BMP13 do not contain post-
translational modifications such as glycosylations, whose absence due to production in non-eukaryotic cells would impair
their biological activity.

2 Accession number for the protein entry stored in the Universal Protein (UniProt) resource database (Table 2-17).

3 Region (N- - C-terminus) and length of the recombinant human proteins correspond to their natural (wild-type)
biologically active mature forms which lack the signal- and pro-peptide as result of proteolytic cleavage of the inactive
precursors. Native BMPs are disulfide-linked homodimers.

4 Average molecular weight (MW) of the mature polypeptide chain (monomer) was determined using the Compute pl/Mw
tool (Table 2-16) based on the default settings of the software.

5 Purity and biological activity of the recombinant human proteins were certified via established standard assays by the
Quality Control of the companies.

Reconstitution and storage of recombinant human proteins:

Lyophilized proteins were reconstituted under aseptic conditions according to the
instructions of the manufacturers: bFGF (1 mg per vial) was first resuspended at 1 mg/ml in
0.2 um sterile-filtered 5 mM Tris-Cl (pH 7.6) and then further diluted to 8 pg/ml in DPBS (cell
culture grade) supplemented with 1 % BSA (cell culture / GMP grade) as a carrier protein.
BMP4 (10 ug per vial), BMP5 (20 pg per vial) and BMP10 (25 ug per vial) were resuspended
at 10 pg/ml in water for injection (WFI; cell culture grade) containing 4 mM HCl and 0.1 %
BSA. BMP6 and BMP7 (both 10 pg per vial) were first resuspended at 100 pg/ml in WFI and
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then further diluted to 10 pg/ml in DPBS supplemented with 0.1 % BSA. BMP13 (50 ug per
vial) was first resuspended at 200 pg/ml in WFI supplemented with 50 pug BSA carrier protein
per ug BMP protein and then further diluted to 100 pg/ml in DPBS containing 0.1 % BSA.
Small aliquots of 40-120 ul protein solution (bFGF: 500 pl) were prepared to avoid repeated
freeze-thaw cycles, immediately snap-frozen in liquid nitrogen and then stored at -80 °C.

2.7 Buffer and staining solutions

Only home-made buffer and staining solutions are described here. All commercially
purchased solutions are listed in Table 2-1. The solutions were prepared using ddH20 as

solvent and stored at room temperature, unless stated otherwise.

Table 2-9 List of compositions of buffer and staining solutions.
In alphabetical order. Component details can be found in Table 2-1 (chemicals).
Solution Composition GRS X worklrfg Comments
concentrate concentration
. 10 % (v/v) FBS
Blocking buffer (1X) FBS in PBS-T buffer in 1X PBS-T Stored at -20 °C.
(for immunocytochemistry)
buffer
o -
Blocking buffer (1X) Skim milk powder in TBS-T > A) (w/v) Sk”.n
(for western immunoblotting) buffer milk powder in | Always freshly prepared.
& 1X TBS-T buffer
Glycine 200 mM
Blotting buffer (1X) Tris base 25 mM Always freshly prepared.
Methanol 15 % (v/v)
Glycerol 30 % (v/v) 5% (v/v)
Blue DNA/RNA sample loading
buffer (6X) EDTA 60 mM 10 mM
Bromophenol blue 0.25 % (w/v) 0.04 % (w/v)
Tris-Cl buffer (pH 6.8) 187.5 mM 62.5 mM
. . Buffer w/o DTT stored at room
Blue protein sample loadin 509 6% (W) 2% (Wi temperature.
buffe’: (3%) P s Glycerol 30 % (v/v) 10 % (v/v) DTT stock solution stored at
Bromophenol blue 0.03 % (w/v) 0.01 % (w/v) -20°Cand added immediately
before use.
DTT (1.25 M stock solution) 10 % (v/v) 3.33 % (v/v)
Stock Stock concentrate stored in
DAPI dissolved in dimethyl- 10 mg DAPlin | concentrate aliquots at -20 °C protected
DAPI staining solution (50,000X) | formamide and further diluted | 2 mldimethyl- | diluted to from light. 1X staining solution
in PBS buffer formamide 100 ng/ml in stored at 4 °C protected from
PBS buffer light.
NaCl 281 mM 140.5 mM
HBS (2X) pH 7.12
HEPES-buffered saline HEPES 100 mM 50mM Stored at -20 °C.
Na;HPO4¢2H,0 1.5mM 0.75 mM
Paraformaldehyde fixing buffer . 4 % (w/v) PFA .
(1X) PFA in PBS buffer in 1X PBS buffer Stored at 4 °C.
NaCl 137M 137 mM
PBS (10X) KCl 27 mM 2.7 mM
. pH7.4
Phosphate-buffered saline Na2HPO4#2H,0 100 mM 10 mM
KH2PO4 20 mM 2mM
0.1 % (v/v)
PBS-T (1X) Triton® X-100 in PBS buffer Triton® X-100 in
1X PBS buffer
Phosphatase inhibitor cocktail Phosphatase |nh|p|tor COth.all 1 tabletiln 1ml | 1tablet per .| Stock concentrate stored in
(10X) tablet PhosSTOP in RIPA lysis RIPA lysis 10 ml RIPA lysis aliauots at -20 °C
buffer buffer buffer q )
Ponceau S 0.5 % (w/v ight.
Ponceau S staining solution (1X) b (i) Stored protected fron? light
Acetic acid 3% (v/v) Can be reused many times.
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Solution

Composition

Prepared stock

1X working

Comments

concentrate concentration
Protease inhibitor cocktail 1tabletin 2 ml | 1 tablet per Stock concentrate stored in
Protease inhibitor cocktail (25X) | tablet cOmplete Mini (EDTA- RIPA lysis 50 ml RIPA lysis aliquots at 20 °C
free) in RIPA lysis buffer buffer buffer q )
Tris-Cl buffer (pH 7.6) 50 mM
NacCl 150 mM
RIPA lysis buffer (1X) SDS 0.1% (w/v)
Bafﬂlolmmunogreupltatlon assay Triton® X-100 1% (v/v) Pure lysis buffer stored at 4 °C.
lysis buffer Inhibit ktails added
Sodium deoxycholate 0.5 % (w/v) .n ol c?r coc a'| s adde
immediately prior to usage.
(+ protease and phosphatase Protease inhibitor cocktail
inhibitors) (25X) 1/25 (v/v)
Phosphatase inhibiotor cocktail
(10X) 1/10 (v/v)
SB buffer (20X) H3BOs 800 mM 40 mM H8.0
Sodium borate buffer NaOH 200 mM 10 mM pr e
Glycine 2M 200 mM
SDS-PAGE running buffer (10X) Tris base 250 mM 25 mM
SDS 1% (w/v) 0.1 % (w/v)
Tris base 2M 40 mM
TAE buffer (50X) L
Tris-acetate-EDTA buffer Acetic acid iM 20mM pH 8.0
EDTA 50 mM 1mM
TBS (10X) Tris-Cl buffer (pH 7.6) 200 mM 20mM
Tris-buffered saline Nacl 1.37M 137 mM
0.1% (v/v)
TBS-T (1X) Tween® 20 in TBS buffer Tween® 20 in
1X TBS buffer
Tris base was dissolved in
ddH20 at the desired
concentration. pH value was
Tris-Cl buffers adjusted by stepwise addition
of smoking HCl under control
(0.5M / pH 6.8) Tris base, HCI individual individual of a properly pre-calibrated

(1.0M/ pH 7.6)
(1.5M/ pH 8.8)

pH meter at room temperature
while mixing using a magnetic
stirrer. The mixture was finally
adjusted to the desired volume
by ddH20.

2.8 Cell culture media

Cell culture media for eukaryotic cell culture were 0.2 um sterile-filtered using Filtropur V

vacuum filtration units. Prepared media were stored at 4 °C and used within 10 days or

aliquoted and stored at —20 °C or -80 °C for up to 3 months.

Table 2-10

List of compositions of cell culture media for eukaryotic cells.

In alphabetical order. Component details can be found in Table 2-1 (chemicals).

Final concentrations of

10 ml water for injection)

Medium Components Volumes
supplements

MEM Alpha (1X) ad 500 ml

ES-FBS 75 ml 15 % (v/v)
Penicillin/streptomycin (10,000 U/ml) 5ml 100 U/ml

Chang medium L-glutamine (200 mM) 5ml 2mM
Chang® B (liquid basal) 90 ml 18 % (v/v)
Chang® C (lyophilized supplement, dissolved in 10 ml 2 % (v/v)
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Medium Components Volumes AT IR 6
supplements

DMEM (1X) ad 500 ml
FBS 50 ml 10 % (v/v)

DMEM medium Penicillin/streptomycin (10,000 U/ml) 5ml 100 U/ml
L-glutamine (200 mM) 5ml 2mM
Non-essential amino acids (10 mM) 5ml 0.1 mM
Freeze Chang medium:
Chang medium ad 10 ml
ES-FBS 4.5 ml 51.75 % (v/v)
DMSO 1ml 10 % (v/v)
Freeze DMEM medium:

Freeze media DMEM medium ad 10 ml
FBS 4.5 ml 49.5 % (v/v)
DMSO 1ml 10 % (v/v)
Freeze hESC medium:
hESC medium ad 10 ml
KnockOut™ Serum Replacement 4.5 ml 54 % (v/v)
DMSO 1ml 10 % (v/v)
KnockOut™ DMEM ad 500 ml
KnockOut™ Serum Replacement 100 ml 20 % (v/v)
Penicillin/streptomycin (10,000 U/ml) 5ml 100 U/ml
L-glutamine (200 mM) 5ml 2 mM

hESC medium Non-essential amino acids (10 mM) 5 ml 0.1mm
Sodium pyruvate (100 mM) 5ml 1mM
2-mercaptoethanol (50 mM in DPBS) 1ml 0.1 mM
?%c;rensi;;mt human bFGF (8 pug/ml) 500 ul 8 ng/ml
IMDM (1X) ad 500 ml

Iscove’s medium FBS >0ml 10% (v/v)
Penicillin/streptomycin (10,000 U/ml) 5ml 100 U/ml
L-glutamine (200 mM) 5ml 2 mM

MEE-conditioned medium = hEStC medium pre—conditio.ne.cl on mitotically

(MEF-CM) inactivated mou§e ervbryomc fibroblasts
(MEFs) (as described in Chapter 3.1.2.8)
DMEM/F-12 (1X) ad 500 ml
N-2 Supplement (100X), liquid 5ml 1X
B-27® Supplement minus vitamin A (50X), 10 ml 1X
liquid

N2B27 medium Penicillin/streptomycin (10,000 U/ml) 5ml 100 U/ml
L-glutamine (200 mM) 5ml 2 mM
Non-essential amino acids (10 mM) 5ml 0.1 mM
2-mercaptoethanol (50 mM in DPBS) 1ml 0.1 mM
BSA (30 % in DPBS; cell culture / GMP grade) 800 ul 0.5 mg/ml

Table 2-11  List of compositions of cell culture media for prokaryotic cells.
Component details can be found in Table 2-1 (chemicals).

Medium Components Amounts Final:::;; r::::igns i
ddH20 ad 1l
LB medium (pure)?! Bacto™ yeast extract 5g 0.5 % (w/v)
Lysogeny broth medium Bacto™ tryptone 10g 1% (w/v)
NaCl 10g 1% (w/v)
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Medium Components Amounts AT IR
supplements
. . . L Ampicillin (50 mg/ml)2

LB medium (with selective antibiotic) in LB medium? 1/1000 (v/v) |50 pg/ml
LB r_‘r;(_adl_um (w/o selective 2d 250 ml

LB agar medium (with selective antibiotic)

antibiotic)* Bacto™ agar 3.75¢g 1.5 % (w/v)
Ampicillin (50 mg/ml)?2 250 pl 50 pg/ml

1pH ~ 7.0, then autoclaved.

2 Ampicillin stock solutions (50 mg/ml in ddH20; 1000X) were stored in aliquots at —20 °C.

3 Since ampicillin is heat-sensitive and instable once dissolved, it was added into the LB medium post-autoclaving at room

temperature immediately before use.

4 Preparation of LB agar plates for bacterial growth: LB medium with agar was heated in a microwave until the agar was
completely dissolved. Ampicillin was supplemented once the LB agar had cooled down to around 45 °C. The mixture was
poured into petri dishes (filling height approx. 5 mm) for polymerization. The dishes were sealed and stored at 4 °C for

maximum 1 week.

2.9 Cell lines

Ethics statement:

- Primary human chorionic villi cells were obtained after written informed consent. The
utilization of these cells was approved by the Ethics Commission of the Charité -

Universitatsmedizin Berlin, Germany.

- Human embryonic stem cell lines H1 and H9 were derived by James A. Thomson
(Thomson et al., 1998) at the University of Wisconsin, USA, from redundant human embryos
that had been produced by IVF. Both imported cell lines were derived in 1998, which
is before the cut-off date of 1* May 2007 as per the currently valid German laws
(“Embryonenschutzgesetz” (ESchG) and “Stammzellgesetz” (StZG)). The use of hESCs
by our laboratory for research purposes was approved by the Robert-Koch-Institute,

Berlin, Germany.

- All work involving living animals for production of mouse embryonic fibroblasts was

carried out by qualified personnel.

Table 2-12

List of eukaryotic cell lines.

Cell line

Tissue source

Obtained from

Chorionic villi cells
(CV cells)

Chorionic villus sampling during
routine prenatal diagnosis
(Wegner and Stumm, 2011);

no chromosomal abnormalities
were detected

Institut fiir Medizinische Genetik und
Humangenetik

Prof. Dr. Karl Sperling

Charité - Campus Virchow-Klinikum
Augustenburger Platz 1

13353 Berlin, Germany
http://genetik.charite.de

Zentrum fiir Pranataldiagnostik und
Humangenetik

Prof. Dr. Rolf-Dieter Wegner
Kurfurstendamm 199

10719 Berlin, Germany
http://www.kudamm-199.de

31



http://genetik.charite.de/

Chapter 2 Materials

Cell line Tissue source Obtained from

ATCC, USA?

HEK-293T Human embryonic kidney http://www.atcc.org

ICM of human male pre-

hESC line H1 implantation embryo at blastocyst
stage WiCell Research Institute, USA?
ICM of human female pre- http://www.wicell.org

hESC line H9 implantation embryo at blastocyst
stage

Derived by reprogramming of CV
cells via retroviral transduction of
human OCT4, SOX2, KLF4 and Generated in the course of this PhD
c-MYC (Chapter 3.2); both hiPSC project (Chapter 4.1)

lines are genetic clones which were
derived from the same CV cell line

hiPSC lines iPS1 and iPS2

Fibroblasts of mouse embryos of
pregnant female mice at day 13 or | Prepared at the Max-Planck-Institute
day 14 post-coitum3

Mouse embryonic fibroblasts
(MEFs)

1The American Type Culture Collection (ATCC) is a global non-profit bioresource center.
2 The WiCell Research Institute is a non-profit organization that distributes human stem cell lines worldwide.

3 Mouse strain CF-1® (Harlan Laboratories, USA). MEFs were isolated and prepared as demonstrated in this video published
by our laboratory (Jozefczuk et al., 2012).

Table 2-13  List of prokaryotic cell lines.

Cell line Company

Escherichia coli (E.coli) bacteria

i i Invit , USA
(strain TOP10; premade chemically competent cells) nvitrogen

2.10 Technical equipment

Table 2-14 List of technical equipment.

Equipment Company
Centrifuges
Centrifuge 5417 C Eppendorf, Germany
Centrifuge 5810 R Eppendorf, Germany

Savant SpeedVac concentrator centrifuge SVC100H

Th Scientific, USA
with refrigerated vapor trap RVT400 ermo Scientitic,

SORVALL® RC-5 superspeed centrifuge

Du Pont Inst ts, USA
with fixed-angle rotor type GS-3 urontinstruments,

Avanti® J-25 high-speed centrifuge

Beck Coulter, USA
with fixed-angle rotor type JA-12 eckman Loulter,

Beckman L7 ultracentrifuge

B
with swinging-bucket rotor type SW-28 eckman Coulter, USA

Electrophoresis and electroblotting systems

Horizontal electrophoresis system Fisherbrand, UK

Mini-PROTEAN® vertical electrophoresis 2-gel system (including 15-well-

. . Bio-Rad, USA
combs, glass plates, casting stands and casting frames)
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Equipment Company
Mini Trans-Blot® electroblotting system (including cassettes and fiber Bio-Rad, USA
pads)
PowerPac™ 300 power supply for electrophoresis & blotting Bio-Rad, USA

Microscopes and cameras

Inverted phase-contrast microscope Olympus CK2

Olympus, Japan

Stereo microscope Leica MZ9.5
with cold light source KL 1500 LCD

Leica Microsystems, Germany

Fluorescence microscope Axiovert 200M
with camera AxioCam MRm

Zeiss, Germany

Digital camera PowerShot A650 IS

Canon, Japan

PCR machines

Thermal cycler DNA Engine Dyad® (96-well blocks)

Bio-Rad, USA

7900HT Fast Real-Time PCR System (384- and 96-well blocks)

Applied Biosystems, USA

Pipettes

PIPETBOY (for 2-50 ml serological pipette tips)

Integra Biosciences, Germany

PIPETMAN Classic™ (P2, P20, P200, P1000; 0.1-1000 pl)

Gilson, USA

PIPETMAN M (P200M)

Gilson, USA

Multi-channel pipette DISCOVERY (12 channel; P200)

Abimed, Germany

Shaker and mixer

Vortex-Genie 2°® vortexer

Scientific Industries, USA

Magnetic stirrer IKA-Combimag REO

IKA / Janke & Kunkel, Germany

Rotating table G10 Gyrotory Shaker

New Brunswick Scientific, USA

Tilting table Rocky®

LTF Labortechnik, Germany

Spectrophotometers

NanoDrop® 2000 spectrophotometer

Thermo Scientific, USA

SpectraMax® 250 microplate spectrophotometer

Molecular Devices, USA

Temperature control devices

Liquid nitrogen tanks (-196 °C storage)

Linde, Germany

Ultra low freezer -86C (-80 °C storage; non-defrosting)

Forma Scientific, USA

Freezer (-20 °C storage; non-defrosting)

Bosch, Germany

Fridge (4 °C storage)

Bosch, Germany

ThermoStat Plus (24 x 1.5 ml block) (-5 °C to 99 °C)

Eppendorf, Germany

Water bath with circulation pump Julabo SW 20 (20 °C to 99 °C)

Julabo, Germany

Tissue culture hoods and incubators

HERAguard® HPH 9 laminar flow clean bench

Heraeus, Germany

HERAsafe® HSP 12 laminar flow clean bench

Heraeus, Germany

Innova® CO-170 CO: incubator

New Brunswick Scientific, USA

Other

Alphalmager™ gel imaging system

Alpha Innotech, USA

Bioruptor® sonication device (12 x 0.5 ml tube holder)

Diagenode, USA

Flow cytometer FACSCalibur™

BD Biosciences, USA

Microwave Privileg 1026

Quelle, Germany

pH meter MP220

Mettler Toledo, Switzerland

Precision balance BP 2100 S

Sartorius, Germany

X-ray film developing machine CURIX 60

Agfa, Belgium
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2.11 Consumables and disposables

If necessary, materials were autoclaved at the institute prior to usage or were purchased as

gamma-sterilized or DNA/RNA/DNase/RNase-free.

Table 2-15 List of consumables and disposables.
In alphabetical order.

Consumable / Disposable

Company

Cell scrapers and cell spatulas (cell lifters)

TPP, Switzerland

Centrifuge bottles with sealing cap, polypropylene; 500 ml

Beckman Coulter, USA

Centrifuge tubes, polyallomer; 25 x 89 mm

Beckman Coulter, USA

Clear optical reaction plates with optical adhesive films; 96 wells, 384
wells

Applied Biosystems, USA

Conical tubes; 15 ml, 50 ml

Sarstedt, Germany

Cryo 1°C freezing container Nalgene® “Mr. Frosty”

Thermo Scientific, USA

Cryo.s™ freezing tubes with screw cap; 2 ml

Greiner Bio One, Germany

Erlenmeyer flasks; 2 liter

Schott Duran, Germany

Film cassette BAS 2325

Fujifilm, Japan

Filtropur V vacuum filtration units; 0.2 um pore size, 500 ml

Sarstedt, Germany

Gloves, powder-free textured green nitrile with aloe vera internal
coating; M, L

Blossom / Mexpo International,
USA

Graduated cylinders FORTUNA®; 1000 ml

Poulten & Graf, Germany

Hypodermic needles BD Microlance™; 19 gauge

Becton Dickinson, USA

Laboratory glass bottles Duran®; 250 ml, 500 ml, 1000 ml

Schott Duran, Germany

Lumi-Film chemiluminescent detection films

Roche, Switzerland

Neubauer chamber (hemocytometer) with 20 x 20 mm coverslips

Marienfeld, Germany

Nitrocellulose membrane Amersham Hybond™; 0.45 um pore size

GE Healthcare, UK

Parafilm® M

Pechiney Plastic Packaging, USA

Pasteur pipettes, glass; 150 mm

VWR International, Germany

PCR tube strips with lids; 8 x 0.2 ml

Sarstedt, Germany

Petri dishes; 92 x 16 mm

Sarstedt, Germany

Pipette tips, standard; P2, P20/200, P1000 (white, yellow, blue)

Sarstedt, Germany

Pipette tips, with filter; P2, P20, P200, P1000

Biozym Scientific, Germany

Pipette tips, Diamond D200

Gilson, USA

Reaction tubes; 0.5 ml, 1.5 ml, 2.0 ml

Sarstedt, Germany

Round-bottom tubes BD Falcon™, polystyrene; 12 x 75 mm

Becton Dickinson, USA

Serological pipette tips; 2 ml, 5 ml, 10 ml, 25 ml, 50 ml

Sarstedt, Germany

Syringe-driven filters Acrodisc® (Supor® membrane, low protein
binding); 0.2 um pore size

Pall, USA

Syringe-driven filters MILLEX®-HV (Durapore® membrane, low protein
binding); 0.45 pum pore size

Millipore, USA

Syringes; 5 ml, 60 ml

Becton Dickinson, USA

Tissue culture dishes; 15 cm

TPP, Switzerland

Tissue culture flasks; 25 cm?, 75 cm?, 150 cm?

TPP, Switzerland

Tissue culture plates; 6 wells, 12 wells, 96 wells (8.960 cm?/well,
3.596 cm?/well, 0.335 cm?/well)

TPP, Switzerland

Ultra-low attachment dishes; 60 x 15 mm

Corning, USA

Whatman™ filter paper

GE Healthcare, UK
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2.12 Software

Table 2-16  List of software.

In alphabetical order.

Software

Company / Institute

AxioVision Rel. 4.8

Zeiss, Germany

CellQuest™Pro Version 4.0.2

BD Biosciences, USA

Clustal Omega Version 1.2.1

EMBL - European Bioinformatics Institute, UK
free online tool at:
http://www.ebi.ac.uk/Tools/msa/clustalo
Sievers et al., 2011

Compute pl/Mw

Swiss Institute of Bioinformatics (SIB), Switzerland
free online tool at:
http://web.expasy.org/compute _pi

Gasteiger et al., 2005

Cyflogic Version 1.2.1

© Perttu Terho / CyFlo Ltd, Finland
freeware to download at:
http://www.cyflogic.com

GenomeStudio™ V2011.1

Illumina, USA

IrvanView

© Irfan Skiljan
freeware to download at:
http://www.irfanview.com

MS Office® (Excel, Word, PowerPoint)

Microsoft, USA

Multiexperiment Viewer (MeV) Version 4.8.1

© MeV Development Team / TM4, USA
freeware to download at:
http://www.tm4.org

Saeed et al., 2006

OligoAnalyzer 3.1

Integrated DNA Technologies, USA
free online tool at:
http://eu.idtdna.com/analyzer/applications/oligoanalyzer

Photoshop®

Adobe, USA

Primer-BLAST

National Center for Biotechnology Information (NCBI), USA
free online tool at:
http://www.ncbi.nlm.nih.gov/tools/primer-blast

Ye etal., 2012

SDS 2.2.1 Applied Biosystems, USA
© Juan Carlos Oliveros / BioinfoGP / CNB-CSIC, Spain
VENNY free online tool at:

http://bioinfogp.cnb.csic.es/tools/Venny
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Chapter 2 Materials

2.13 Online databases

Data, information and knowledge used for this PhD work were up-to-date at the time this
work was performed.

Table 2-17  List of online databases.
In alphabetical order.

Database Organization / Website URL / Reference

LIB & DAVID Bioinformatics, USA
http://david.abcc.ncifcrf.gov
Huang et al., 2009a; Huang et al., 2009b

Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7

The International Gene Ontology Consortium
Gene Ontology (GO) database http://www.geneontology.org
Ashburner et al., 2000

. Kanehisa Laboratories / Kyoto University, Japan
Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway database http://www.genome.jp/kegg

Kanehisa and Goto, 2000

. ) . ) . © Paul Thomas / University of Southern California, USA
Protein ANalysis THrough Evolutionary Relationships

(PANTHER) pathway database http://www.pantherdb.org

Mi and Thomas, 2009

National Center for Biotechnology Information (NCBI),
U.S. National Library of Medicine, USA

http://www.ncbi.nlm.nih.gov/pubmed
Roberts, 2001

The International REACTOME Team
REACTOME pathway database http://www.reactome.org

Croft et al., 2011

PubMed scientific literature database

National Center for Biotechnology Information (NCBI), USA
Reference Sequence (RefSeq) collection database http://www.ncbi.nIm.nih.gov/refseq
Pruitt et al., 2005

The International UniProt Consortium
Universal Protein (UniProt) resource database http://www.uniprot.org
UniProt Consortium, 2011
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Chapter 3 Methods

3 Methods

3.1 Basic in vitro cell culture of eukaryotic cells

Work with cells (Chapter 2.9) was undertaken under aseptic conditions inside laminar flow
clean benches using cell culture grade reagents and sterilized consumables. All cells were
incubated in a tissue culture incubator at 37 °C in a humidified 5% CO, / 95 % air
atmosphere. Feeding was performed using pre-warmed cell culture media (Chapter 2.8). The
culture conditions which are required for the growth of human pluripotent stem cells are
fundamentally different and more challenging compared to those of somatic cells; hence,
these conditions are described separately in the following two subchapters.

3.1.1 Cell culture of somatic cell lines

3.1.1.1 Growth conditions

Somatic cell lines (Table 2-12) were grown adherent on conventional tissue culture plastic
surfaces. HEK-293T cells and mouse embryonic fibroblasts (MEFs) were cultured in
conventional DMEM medium (Table 2-10) containing 10 % fetal bovine serum (FBS).
Chorionic villi cells (CV cells) were cultured in Chang medium (Table 2-10) containing 15 %
embryonic stem cell-qualified FBS. This special medium formulation was developed for the
primary culture of cell and tissue samples isolated for the purpose of prenatal diagnosis, e.g.
amniotic fluid cells (pe coppi et al., 2007; Wolfrum et al,, 2010). The medium was routinely replaced by an
adequate volume of fresh medium every 2-3 days, depending on the color of the pH
indicator phenol red present in all media.

3.1.1.2 Trypsinization and passaging

Cells were routinely passaged by conventional trypsinization at an average splitting ratio
of 1:4. Passaging was performed every few days (depending on the cell line and passage
number), once a confluency of 80-90 % was attained. For passaging, the medium was
aspirated and the cells were quickly washed by rinsing with DPBS to remove traces of
remaining medium. Thereafter, 0.05 % trypsin-EDTA was added on the cells till the plastic
surface was completely covered and the cells were incubated at 37 °C for 3-5 min. During
the incubation, the tissue culture dishes or flasks were agitated from time to time to detach
the cells and inspected under a microscope. Once the cells were completely dissociated, the
trypsin solution was diluted 1:5-1:10 by adding normal cell culture medium containing FBS
to stop trypsin activity. The cell suspension was transferred into a 15 ml or 50 ml conical
tube and centrifuged at 500 x g for 5 min. After centrifugation, the supernatant was
decanted and the remaining cell pellet was resuspended in fresh medium. Upon mixing by
vortexing, the cells were seeded into new tissue culture dishes or flasks.
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3.1.1.3 Counting and adjustment of cell concentration

In case it was required to seed or freeze a defined number of cells, the amount present in
the suspension was determined using a Neubauer chamber. In some cases, e.g. after
thawing of cryopreserved cells, trypan blue was applied as a vital stain to mark death cells.
The cell concentration (cells/ml) was calculated by extrapolation based on the individual pre-
dilution factor. Adjustment of cell concentration was performed by either increasing the
volume of medium or centrifugation followed by resuspension of the cell pellet in less
volume.

3.1.1.4 Cryopreservation and thawing

For cryopreservation, cells were trypsinized and centrifuged as described for passaging
(Chapter 3.1.1.2). The cell pellet was resuspended in freeze medium (Table 2-10) containing
10 % dimethyl sulphoxide (DMSO) as a cryoprotectant. Aliquots of 0.5 ml or 1 ml were
transferred into cryo freezing tubes, which were immediately put in a cryo freezing container
filled with isopropanol. The container was directly placed in a freezer at -80 °C to let the
cells slowly cool down at a rate of -1 °C/min. The cryopreserved cells were transferred
within 3 days at the latest into a liquid nitrogen tank (-196 °C) for long-term storage. For
thawing, the tubes were placed in a 37 °C water bath. As soon as the ice inside the tubes had
disappeared, the cells were diluted 1:10 in normal cell culture medium to decrease the
cytotoxic effect of DMSO. The cell suspensions were centrifuged at 500 x g for 5 min to
sediment the cells, which were then resuspended in fresh medium for seeding.

3.1.2 Cell culture of human pluripotent stem cells

3.1.2.1 Growth on feeder layers of mitotically inactivated mouse embryonic fibroblasts
(MEFs)

For general maintenance and expansion, hESCs and hiPSCs (Table 2-12) were grown
adherent on a feeder layer of mitotically inactivated mouse embryonic fibroblasts (MEFs) on
Matrigel-coated 6-well tissue culture plates (Chapter 3.1.2.5 to 3.1.2.7) in hESC medium
(Table 2-10) supplemented with 8 ng/ml recombinant human Basic Fibroblast Growth Factor
(bFGF). This culture system is well-established for the long-term culture of human
pluripotent stem cells (reviewed by McDevitt and Palecek, 2008). bFGF supports the self-renewal of hESCs
(Levenstein et al., 2006; Greber et al., 2007a). MEFs, also commonly referred to as “feeder cells” or
“feeders” when mitotically inactivated, are known to secrete important biomolecules whose
presence in the medium is needed to maintain human pluripotent stem cells in an
undifferentiated state. Activin A can be seen as the key factor (jozefczuk et al,, 2012), but also
components such as heparan sulfate proteoglycans which stabilize bFGF in the medium and
mediate its binding to the surface of hESCs are supportive (Levenstein et al., 2008). The hESC
medium was replaced daily or every other day (at weekends) by fresh medium. The volume
of medium was gradually adapted depending on the confluency of the hESC/hiPSC colonies
and color of the pH indicator phenol red. It ranged from 2 ml per 6-well the day after
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passaging up to 6 ml the day before passaging. Due to the thermal instability of bFGF, only
the required volume of hESC medium was pre-warmed in a water bath.

3.1.2.2 Feeder-free growth using MEF-conditioned medium (MEF-CM)

For isolation of protein/DNA/RNA samples, human pluripotent stem cells were grown in
the absence of feeder layers, so as to avoid the presence of contaminating MEFs at cell lysis.
Feeder-free growth was performed on Matrigel-coated tissue culture plates (Chapter
3.1.2.5) using MEF-conditioned medium (MEF-CM) (Table 2-10) in order to compensate for
the missing feeder cells. MEF-CM corresponds to hESC medium which had been pre-
conditioned with the supportive factors secreted by MEFs via previous incubation on
mitotically inactivated MEFs (Chapter 3.1.2.8). MEF-CM was regularly replaced as described
for the feeder-dependent growth conditions (Chapter 3.1.2.1).

3.1.2.3 Removal of differentiated cells and passaging

A critical aspect for the successful expansion and experimental application of pluripotent
stem cells is their maintenance in an undifferentiated state. Since a small variable proportion
of cells undergoes spontaneous differentiation during in vitro culture, these cells need to be
regularly removed from the whole population. For removal of differentiated cells and
passaging of undifferentiated hESCs/hiPSCs, an exclusive mechanical method was applied.
Mechanical dissociation of hESC colonies, in comparison to dissociation involving proteolytic
enzymes, has been suggested to decrease the risk of acquiring chromosomal abnormalities
during long-term culture (McDevitt and Palecek, 2008). All mechanical manipulations described in the
following were performed manually under the control of a stereo microscope Leica MZ9.5
placed inside a HERAguard® HPH 9 laminar flow clean bench.

Passaging of human pluripotent stem cells grown on feeder layers was routinely done at a
splitting ratio of 1:3 every 7-10 days, once a confluency of > 80 % was reached. At first, the
whole plastic surface of each 6-well was uniformly scratched in a grid-like pattern using a
19 gauge hypodermic needle. The distance between the scratches was chosen to obtain
square colony fragments of nearly uniform size (approx. 200-400 cells per square). During
this process, areas of differentiated cells which stuck only weakly to the Matrigel were
detached. Remaining areas of differentiated cells were removed one by one using a P200
filter pipette tip. Differentiated areas of colonies were distinguished from the
undifferentiated areas by means of their non-homogeneous look and variance in contrast
(more transparent than whitish). The detached cell clumps floating in the cell culture
medium were removed from the wells by aspiration. The remaining adherent colony
fragments were detached using a cell spatula and finally collected in one 6-well using a
P1000 filter pipette tip. Since hESC/hiPSC colony fragments in suspension are very fragile and
do break easily, pipetting was performed gently. Cell debris and MEFs were removed by
discarding the medium supernatant of cell suspension as soon as the colony fragments had
sedimented to the bottom of the well (repeated three times by refilling the well with hESC
medium). Oversized fragments were separated by turning the plate a few times, which made
these fragments accumulate at the border of the well. The uniform-sized colony fragments
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which had accumulated in the center of the well were transferred into a 50 ml conical tube.
The suspension was diluted using the appropriate kind of fresh medium at the required
volume. Finally, the suspension was gently mixed by only inverting the tube, and the colony
fragments were seeded evenly distributed into new plates in a volume of 2 ml medium per
6-well.

3.1.2.4 Cryopreservation and thawing

Cryopreservation and thawing of human pluripotent stem cells were performed as
described for somatic cell lines (Chapter 3.1.1.4), with following differences: Instead of
trypsinization to single cells, colony fragments of hESCs/hiPSCs were obtained by mechanical
dissociation as described for passaging (Chapter 3.1.2.3), sedimented by centrifugation and
resuspended in freeze hESC medium (Table 2-10). Typically, the content of % to 1 nearly
confluent 6-well was cryopreserved in a volume of 0.5-1 ml per cryo freezing tube. Thawed
cells, upon removal of DMSO, were seeded onto a feeder layer of mitotically inactivated
MEFs. Usually, the content of % to 1 tube was seeded per 6-well. Thawed hESCs/hiPSCs
require up to 14 days for their recovery until they can be passaged, and many cells don’t
survive the process of cryopreservation. Extensive cell death of feeder cells can occur
towards the end of this period. This sometimes required a reseeding of feeder cells or switch
from hESC medium to MEF-CM.

3.1.2.5 Coating of tissue culture plates with Matrigel

hESCs/hiPSCs do not attach on conventional tissue culture plastic surfaces. This requires
coating of the plates to mimic the extracellular matrices which are underlying many cells in
their natural in vivo environments (xuetal, 2001a). Matrigel™ (registered trademark of Becton
Dickinson, USA) is a solubilized basement membrane preparation extracted from the
Engelbreth-Holm-Swarm mouse sarcoma, a tumor rich in ECM proteins such as laminins,
collagen type-1V and heparan sulfate proteoglycans (kieinman etal., 1982). For coating of plates, the
needed quantity of 0.5 ml (or 1 ml) 30X Matrigel stock concentrate aliquots was thawed at
room temperature and immediately diluted 1:30 using 14.5 ml (or 29 ml) of 4 °C cold
KnockOut™ DMEM per aliquot to obtain a 1X concentration. 1.5 ml of the mixture were
added per single well of a 6-well plate (8.960 cm?) or 600 pl per single well of a 12-well plate
(3.596 cm?). The plates were sealed with Parafilm® and immediately stored at 4 °C for at
least 2-3 days to enable a slow and complete polymerization to a homogeneous structure.
Stored plates were used within two weeks. For usage, the Parafilm was removed and the
plates were pre-warmed at 37 °C in the tissue culture incubator for at least 15 minutes.
Finally, the liquid was removed and the suspensions of feeder cells or hESCs/hiPSCs were
promptly seeded into the wells to avoid a dehydration of the ECM layer.

Preparation of 30X Matrigel stock concentrate: Matrigel (~ 10 mg/ml in 10 ml volume)
was kept frozen at -20 °C. For preparation of a 30X stock concentrate, it was slowly thawed
on ice at 4 °C overnight to avoid gel clumping. On the next day, the Matrigel was diluted 1:2
by adding 10 ml of 4 °C cold KnockOut™ DMEM and mixed well. The mixture was aliquoted
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into pre-cooled 15 ml conical tubes on ice (0.5 ml or 1 ml per tube). Aliquots were frozen and
stored at -20 °C.

3.1.2.6 Mitotic inactivation of MEFs

MEFs were mitotically inactivated to serve as feeder cells or for preparation of MEF-CM.
Only low-passage (passage 2-3) MEFs were used, since their age significantly affects the
efficiency of how these cells produce the hESC/hiPSC-supportive factors. MEFs were
expanded in 15 cm tissue culture dishes at a splitting ratio of 1:4 as described for somatic
cell lines (Chapter 3.1.1). Due to their origin (Table 2-12), the “quality” of MEFs can greatly
vary. Proliferation rate and morphology of MEFs served as important criteria to determine
the ideal moment for stopping expansion and starting inactivation. Generally, “good” MEFs
are fast proliferating and should not yet possess a flattened cell shape. Mitotic inactivation
of cells was achieved using mitomycin C, a cytotoxic antibiotic isolated from the bacterium
Streptomyces caespitosus. It acts as a potent cross-linker of DNA and leads to cell cycle
arrest, which makes it an important antitumor drug (Tomasz, 1995). 2 mg mitomycin C powder
were freshly resuspended in 2 ml DPBS, 0.2 um sterile-filtered and further diluted in 200 ml
DMEM medium to obtain a 10 ug/ml working concentration (protected from light). The cell
culture medium was removed from the dishes containing the MEFs to be inactivated and
replaced by the mitomycin C-containing medium (using 16 ml per dish). After incubation for
2 h at 37 °C, the medium was removed and the cells were washed three times by rinsing the
dishes with DPBS to completely remove mitomycin C. Finally, mitotically inactivated MEFs
were cryopreserved (Chapter 3.1.1.4) in small working aliquots (1-5 x 10° cells per tube) or
immediately used as needed.

3.1.2.7 Preparation of MEF feeder layers

Approximately 0.2 x 10° mitotically inactivated MEFs were seeded in a volume of 2 ml
hESC medium per Matrigel-coated 6-well. Cryopreserved feeder cells were freshly thawed
(Chapter 3.1.1.4) and counted using trypan blue as a vital stain (Chapter 3.1.1.3). The feeder
layer was prepared not earlier than 1 day and not later than 8 hours before the planned
seeding of the hESCs/hiPSCs. The medium was aspirated from the wells just before seeding
of the resuspended colony fragments onto the adherent growing feeder layer.

3.1.2.8 Preparation of MEF-CM

At first, the plastic surface of 150 cm? tissue culture flasks was coated with gelatin to
facilitate attachment of MEFs. 20 ml of 0.2 % (w/v) gelatin solution (from bovine skin, type B;
dissolved in DPBS and sterilized by autoclaving) were added per flask and incubated at room
temperature for 1-2 h. Thereafter, the liquid was removed and mitotically inactivated MEFs
were seeded at a density of 8.4 x 10° living cells per flask (56,000 cells/cm?) in 20 ml DMEM
medium. The following day, the medium was removed and the cells were washed twice by
rinsing with DPBS to remove traces of remaining FBS. Then, 75 ml of hESC medium, which
was supplemented with only 4 ng/ml instead of 8 ng/ml recombinant human bFGF
(= unconditioned medium, UM), were added per flask (0.5 ml/cm?). 24 h later, the
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conditioned medium (CM) was collected from the flasks and replaced by 75 ml of fresh UM
per flask. This procedure was repeated for the next 6 days. The daily collected CM was
stored at -20 °C. After 1 week, all collected CM batches were pooled together, 0.2 um
sterile-filtered and supplemented again with 4 ng/ml bFGF to obtain a final concentration of
8 ng/ml. This concentration is equal to that of hESC medium. The supplementation with
4 ng/ml bFGF already prior to the conditioning step is needed to boost the MEFs to release
the hESC/hiPSC-supportive factors, as discovered by our laboratory (Greber et al, 2007a). The
resulting MEF-CM was aliquoted into 50 ml conical tubes which were stored at —80 °C for up
to 3 months.

After the first year of this PhD project, the isolation, expansion, inactivation and
cryopreservation of MEFs, and the preparation of MEF-CM, were performed by our technical
assistant Elisabeth Socha.

3.2 Generation of human induced pluripotent stem cells (hiPSCs)

All work with viruses was carried out in a BSL-2 laboratory with adequate safety precautions
taken.

3.2.1 Production of retroviral vectors encoding human OCT4, SOX2, KLF4 and
c-MYC

3.2.1.1 Transient transfection of HEK-293T cells with plasmids for retroviral vector
production

VSV-G-pseudotyped Moloney-based retroviruses were produced in HEK-293T cells serving
as host cells (Table 2-12), similar as described before (Huangfu et al,, 2008b). For this purpose,
HEK-293T cells were transiently transfected with plasmids (Table 2-5) by the conventional
chemical-based calcium phosphate precipitation method. 24 h before transfections, low-
passage (passage 7) HEK-293T cells were seeded into 15 cm tissue culture dishes (9 x 10°
cells in 20 ml DMEM medium per dish) (Chapter 3.1.1). Two dishes were prepared for each
of the four different transgene-carrying retroviruses to produce (OCT4, SOX2, KLF4, c-MYC).
Two additional dishes were prepared to serve as positive and negative controls in order to
confirm the success of transfections. 3 h before transfections, the DMEM medium was
replaced by 22 ml Iscove’s medium (Table 2-10). Individual plasmid DNA mixtures were
prepared by adding 9 pg of envelope plasmid, 20 ug of packaging plasmid and 32 ug of
individual transfer vector plasmid into ddH20 (adjusted to 1125 ul volume). The transfer
vector plasmid was either encoding one of the four reprogramming factors or the reporter
gene Enhanced Green Fluorescent Protein (eGFP (cormacketal, 1996); used for the transfection
positive control dish). One plasmid DNA mixture was prepared per dish to be transfected.
Thereafter, 125 ul of 2.5 M CacCl, solution (0.2 um sterile-filtered) were added into each
mixture. The calcium phosphate precipitate with bound DNA was formed by a dropwise
addition (1-2 drops per second) of 1250 pl of 2X HBS buffer (0.2 um sterile-filtered) to the
1250 pl of DNA/CaCl; mixture while vortexing at full speed. The precipitate was added to the
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HEK-293T cells by spreading it on the entire surface of the Iscove’s medium. After 14 h
incubation, the Iscove’s medium was replaced by 16 ml DMEM medium per dish. After 36 h
incubation in DMEM medium, the cells of the transfection positive control dish and the
negative control dish (left untransfected) were fixed with paraformaldehyde fixing buffer
and analyzed by flow cytometry (Chapter 3.7.4) in order to determine the percentage of
GFP-expressing cells.

3.2.1.2 Isolation and enrichment of virus particles

After 36 h incubation in DMEM medium, the media supernatants containing the produced
virions were collected. Media of the two dishes containing the same type of transgene-
carrying retrovirus were pooled together and cleaned from cell debris using low protein
binding 0.45 um syringe-driven filters. The filtrates were transferred into polyallomer
25 x 89 mm centrifuge tubes and centrifuged at 72,100 x g for 2 h at 4 °C in vacuum using a
Beckman L7 ultracentrifuge with swinging-bucket rotor type SW-28. The supernatants were
discarded and each remaining virus pellet was resuspended in 400 ul pure KnockOut™
DMEM. Small working aliquots of 10 ul were stored at -80 °C.

3.2.2 Reprogramming of primary human chorionic villi (CV) cells by retroviral
transduction

Primary human chorionic villi (CV) cells (Table 2-12) were reprogrammed by classical
retroviral transduction of the four Yamanaka-factors OCT4, SOX2, KLF4 and c-MYC (takahashi et
al, 2007), similar as previously described for this cell type (veetal,2009). Cryopreserved CV cells
were thawed and expanded in Chang medium (Chapter 3.1.1). Passage 5 cells were seeded
into 6-well plates at a density of 1 x 10° cells in 2 ml Chang medium per well. The resulting
low confluency of approximately 25 % ensured that the cells were kept in a proliferative
state during infection. The next day, the medium was replaced by 2 ml of fresh Chang
medium per well and cells were transduced. Transduction was done by adding 40 ul of a
1:1:1:1 cocktail of 10 pl aliquots containing similar titers of the four retroviral vectors into
each well. Infection rate was supported by supplementation of the medium with 4 pg/ml of
the cationic polymer hexadimethrine bromide (Polybrene®) (pavis et al, 2004) and by
centrifugation of the tissue culture plates (sealed with Parafilm) at 2000 x g for 99 minutes.
After 24 h incubation, the viral medium was removed and the retroviral transduction was
repeated once more.

3.2.3 Cell culture conditions post-transduction

24 hours after beginning of the second transduction cycle, the viral medium was removed
and the adherent cells were washed three times with DPBS. This time point was defined as
day O post-transduction. After subsequent culture in Chang medium for 24 h, the CV cells
were trypsinized (Chapter 3.1.1.2) at day 1 post-transduction and splitted at a ratio of 1:3 on
MEF feeder layers (Chapter 3.1.2.7) growing in 6-well plates coated with Matrigel (Chapter
3.1.2.5). Alternatively, some wells were used to determine the transduction efficiencies by
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immunocytochemical staining (Chapter 3.7.5) for OCT4, SOX2, KLF4 and c-MYC. At day 3
post-transduction, the Chang medium was switched to hESC medium (Table 2-10). The hESC
medium was supplemented with 1 mM of the small molecule and known histone
deacetylase inhibitor valproic acid (VPA). VPA has been shown to enhance reprogramming
efficiency, which suggests that chromatin remodeling is a rate-limiting step in this process
(Huangfu et al., 2008a; Huangfu et al., 2008b). The hESC medium with VPA was replaced daily by fresh
medium. Upon onset of significant feeder cell death around day 15, the hESC medium was
switched to MEF-CM (Chapter 3.1.2.8). Supplementation with VPA was stopped at day 18
post-transduction.

3.2.4 Picking and expansion of CV cell-derived hiPSC clones

At day 31 post-transduction, hiPSC-like colonies which had emerged and increased in
diameter were manually picked. This work was conducted under the control of a stereo
microscope placed inside a tissue culture hood to ensure aseptic conditions. Selected
colonies were mechanically fragmented using a 19 gauge hypodermic needle. The dislodged
cell clumps of each individual colony were transferred into one well of a tissue culture plate
using a P20 filter pipette tip. Subsequent separate culture and expansion of the independent
clonal hiPSC lines were conducted as described for human pluripotent stem cells (Chapter
3.1.2).

3.3 Invitro and in vivo differentiation assays of hiPSCs

3.3.1 Embryoid body formation assay

For in vitro differentiation, iPS1 and iPS2 colonies were grown feeder-free using MEF-CM
(Chapter 3.1.2) and detached using a cell spatula. The detached colonies were subsequently
cultured in ultra-low attachment dishes in DMEM medium (Table 2-10) containing 10 % FBS.
Due to the special hydrophilic and neutrally charged dish surface, passive adsorption of
biomolecules was greatly reduced, which forced the cells to stay in suspension. The presence
of FBS in the medium, which was replaced every 2-3 days, induced their spontaneous
differentiation and formation of embryoid bodies (EBs). After 7 days, the floating EBs were
transferred into separate wells of 12-well plates, which had been coated with gelatin
(0.8 ml/well; as described in Chapter 3.1.2.8), allowing their attachment. After subsequent
culture in DMEM medium for additional 3 days and 14 days, the adherent growing random
differentiated cells were fixed with paraformaldehyde fixing buffer and analyzed by
immunocytochemistry (Chapter 3.7.5) for expression of lineage markers.

3.3.2 Teratoma formation assay

3.3.2.1 Teratoma induction in immunodeficient mice

For in vivo differentiation, iPS1 and iPS2 colonies were grown on MEF feeder layers
(Chapter 3.1.2) and dissociated into single cells by trypsinization, similar as described before
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(Chapter 3.1.1.2). After repeated washing/centrifugation steps with DPBS (3x), cell pellets
consisting of approximately 1-2 x 10° cells were resuspended in 50 pl DPBS and instantly
mixed at a ratio of 1:2 with Matrigel. The 100 pl mixtures were at once subcutaneously
injected into the right latus of the abdomen of immunodeficient NOD.Cg-Prkdcscd |[2rgtmiWil /
Szj mice, commonly known as NOD scid gamma (NSG) mice. One sample (cell line) was
injected per mouse to induce the formation of a teratoma. On day 43 post-transplantation,
once the developed teratomas had reached a critical volume in relation to the average body
weight of the mice (1 cm?® versus approx. 22 g), the mice were sacrificed. An autopsy was
performed at which the teratomas were dissected. The work involving animals was
conducted by qualified staff of the Experimental Pharmacology & Oncology (EPO) GmbH
(Robert-Rossle-Stralle 10, 13125 Berlin, Germany; http://www.epo-berlin.com).

3.3.2.2 Histology

The dissected teratomas were conserved in formalin and subsequently processed
according to standard protocols for paraffin embedding. Paraffin-embedded tissues were
sectioned by microtome and stained with hematoxylin and eosin (H&E) (Fischer et al., 2008; Chan,
2014). Histological analysis was conducted by the veterinary pathologist Dr. Wolfram Haider
(Institut far Tierpathologie, Schonhauser Strale 62, 13127 Berlin, Germany;
http://www.tierpathologie-berlin.de).

3.4 BMP treatments of human pluripotent stem cells

For BMP studies, the two hESC lines H1 and H9 (passage 40-55) and two hiPSC lines iPS1 and
iPS2 (passage 25-40) were used (Table 2-12). All experiments were carried out using the
established chemically-defined medium N2B27 (w/o vitamin A, w/o bFGF, w/o Activin A;
Table 2-10 (Liu et al, 2006a; Yao et al., 2006)), as described before for BMP4 signaling studies
concerning hESCs (sudheer et al, 2012). This aimed at avoiding the disadvantages of undefined
culture systems containing xenogeneic contaminants such as feeder cells and serum. For
instance, MEFs are subjected to biological batch-to-batch variations and known to secrete
Activin A, several BMP antagonists and bFGF (Greber et al., 2007a; Wang et al.,, 2005). All those factors
could obscure the effect of BMPs.

hESCs/hiPSCs were grown to at least 80 % confluency on MEF feeder layers (Chapter
3.1.2). After removal of differentiated cells and MEFs, colony fragments of relatively uniform
size (approx. 200-400 cells) were prepared as described (Chapter 3.1.2.3). Fragments were
seeded into Matrigel-coated 6-well plates (Chapter 3.1.2.5) under feeder-free conditions in a
volume of 2 ml MEF-CM (Chapter 3.1.2.8) per well. For each experimental series, aliquots of
equal volumes of gently mixed cell suspension were seeded, in order to guarantee alike
colony numbers per well. The seeding was performed at a low density to ensure enough
space between the colonies for their future expansion and differentiation. After incubation
overnight, the MEF-CM was substituted by 2 ml chemically-defined N2B27 medium per well,
upon gently rinsing the wells twice with DPBS. After adaptation of the cells to the N2B27
medium for 6 h in the incubator, appropriate doses (in 20 pl volume) of BMPs and controls
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(Table 2-8) were added into the wells as indicated and the plates were gently mixed. Thawed
aliquots of recombinant human proteins were never frozen again but stored at 4 °C for
maximum 48 hours under sterile conditions. For long-term BMP stimulation experiments,
media and supplements were replaced every 24 h by fresh media and supplements at a
volume of 2 ml per 6-well. At the indicated time points, the media supernatants of the wells
were collected for ELISA (Chapter 3.7.7) and the cells were washed twice with DPBS. Washed
cells were either fixed with paraformaldehyde fixing buffer for immunocytochemistry
(Chapter 3.7.5) or lysed for protein and RNA isolation (Chapter 3.7.6.1 and 3.8.1.1). Fixed
cells were stored in DPBS at 4 °C and media supernatants and whole cell lysates were stored
at -80 °C until further analysis.

3.5 Photo documentation of cell morphology

The morphology of cells was inspected by means of an inverted phase-contrast microscope
Olympus CK2 or a stereo microscope Leica MZ9.5 and photographed using the digital camera
Canon PowerShot A650 IS. Scale bars in the images were constructed based on the grid of a
Neubauer chamber serving as a reference for calibration. The grid was photographed under
identical conditions with regard to optical magnification of the microscope and digital zoom
mode of the camera.

3.6 DNA work and cytogenetics

3.6.1 Amplification of plasmids in E.coli bacteria and purification of plasmid
DNA

Plasmids (Table 2-5) were amplified in Escherichia coli (E.coli) bacteria serving as host cells.
Transformation of plasmid DNA into bacterial cells was conducted by heat shock
transformation. Chemically competent E.coli bacteria (Table 2-13) were stored at -80 °C and
thawed on ice. In order to provide a sterile atmosphere to prevent contamination with
airbone germs, all work which did not involve the usage of selective antibiotics was done
directly next to a gas flame. 1 ug of each individual plasmid DNA was added into 100 pl of
E.coli cell suspension and briefly mixed by vortexing. After being kept on ice for 10 min, the
cell/DNA suspensions were immediately heated at 42 °C for 1 min and then instantly cooled
down on ice for 5 min. Afterwards, 300 pl of LB medium (Table 2-11; w/o antibiotic) were
added into each suspension. The suspensions were incubated at 37 °C for 30 min while
shaking at 180 rpm to enable bacteria building up resistance to antibiotics. Afterwards, the
bacteria suspensions were evenly spread on LB agar plates (Table 2-11) supplemented with
ampicillin. The plates were incubated upside down at 37 °C overnight. The next day, a single
colony of each plate was picked using a sterile pipette tip and transferred into a 2 liter
Erlenmeyer flask containing 300 ml of LB medium supplemented with ampicillin. The
cultures were incubated at 37 °C while shaking at 180 rpm overnight. After 12-16 h, when
the cultures had reached an ODggo of ~ 4, bacteria were harvested by centrifugation for
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20 min at 4 °C at 4000 x g. Amplified plasmids were isolated and purified by Maxiprep using
the NucleoBond® Xtra Maxi EF Kit according to the manual of the kit. Retrieved plasmid DNA
was reconstituted in 300 ul of endotoxin-free H20 provided by the kit and stored at -20 °C.
Integrity of plasmids was assessed by agarose gel electrophoresis of 1 ug DNA aliquots
(Chapter 3.6.6).

3.6.2 Diagnostic restriction enzyme digestion

Diagnostic restriction enzyme digestion of OCT4, SOX2, KLF4 and c-MYC plasmids was
performed using appropriate restriction enzymes (Table 2-5). The buffer system for the
reactions was chosen following the manufacturer’s recommendations in order to ensure
optimal enzyme activity. 25 pl digestion reactions were prepared as stated below (restriction
enzyme added last):

Component, per reaction: Volume Final concentration (amount)

ddH20 ad 25 pl

BSA (10 mg/ml) 0.25 ul 100 ng/ul (2.5 pg)

Plasmid DNA (1 ug/ul) 5.00 ul 200 ng/ul (5 pug)

NEBuffer 3 (10X) 2.50 pl 1X

Notl (10,000 U/ml) 1.00 pl 0.4 U/ul (10 U; 2 U per ug DNA substrate)
or

NEBuffer 4 (10X) 2.50 pl 1X

Xhol (20,000 U/ml) 0.50 ul 0.4 U/ul (10 U; 2 U per ug DNA substrate)

The reaction tubes were incubated at 37 °C for 2 h, followed by heat inactivation of the
enzyme at 65 °C for 20 min. 5 pl of each reaction mixture (= 1 ug of digested plasmid DNA)
were subsequently analyzed by agarose gel electrophoresis (Chapter 3.6.6).

3.6.3 Isolation of genomic DNA

Genomic DNA of feeder-free human pluripotent stem cells and chorionic villi cells was
isolated using the Purelink® Genomic DNA Mini Kit according to the manufacturer’s
guidelines. An enzymatic digestion of RNA by RNase A and proteins by Proteinase K was
included. Purified DNA was eluted using 50 pl of the elution buffer provided by the kit and
stored at -20 °C.

3.6.4 Determination of quantity and quality of DNA

Plasmid and genomic DNA concentration and purity were assessed using the
spectrophotometer NanoDrop® 2000. All samples (1 ul aliquots) were blanked against the
liqguid which had been used for reconstitution or elution of DNA. Absorbance measurements
were made at 230, 260 and 280 nm wavelength. Azeo/A2s0 and Azeo/A230 ratios of ~ 1.8 were
generally accepted as “pure” DNA.
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3.6.5 Polymerase chain reaction (PCR)

Target regions of genomic DNA were amplified by polymerase chain reaction (PCR) (saikietal.,
1988). 30 ul PCR reactions were prepared as stated below, with items pipetted in the same
order:

Component, per reaction: Volume Final concentration (amount)
H20, ultrapure ad 30 ul

Phusion® HF buffer (5X) 6.00 pl 1X

dNTP mix (25 mM each) 0.24 pl 200 uMm

Forward/reverse primer mix (5 pM each) 3.00 pl 0.5 um

DMSO 0.90 ul 3% (v/v)

Phusion® DNA polymerase (2 U/ul) 0.30 ul 0.02 U/ul (0.6 U)

DNA template (50 ng/ul) 2.00 pl 3.33 ng/ul (100 ng)

The PCR tube strips were placed into the thermal cycler DNA Engine Dyad® and the following
PCR program was applied:

Step Temperature Time Cycles
Initial denaturation 96 °C 1 min 1x

1. Denaturation 96 °C 30s

2. Annealing 56 °C 30s 35x

3. Extension 72°C 30s

Final extension 72°C 5 min 1x
Hold 4°C oo 1x

3.6.6 Agarose gel electrophoresis

Agarose gel electrophoresis was employed for separation of nucleic acids. The gel matrix was
prepared by dissolving agarose powder in the selected buffer. The mixture was heated in a
microwave until the agarose was completely melted, leading to a clear solution without
visible smears. Then, 5 pl of 1 % ethidium bromide (EtBr) solution were added per 100 ml.
The mixture was briefly shaken and immediately poured into the chamber of a horizontal
electrophoresis system with a comb attached to generate the pockets for sample loading.
After the gel had polymerized, the chamber was filled with buffer and the comb was
removed. The DNA samples were mixed at a ratio of 6:1 with 6X blue DNA/RNA sample
loading buffer and loaded into the pockets. Alternatively, selected markers were loaded:
HyperLadder™ V (leading to a DNA ladder consisting of 12 fragment lengths ranging from
25-500 bp) or Perfect Plus™ 1 kb DNA ladder (leading to a DNA ladder consisting of 13
fragment lengths ranging from 250-10,000 bp). Finally, voltage was applied for varying
periods of time and the EtBr-stained DNA bands were visualized under UV light and
photographed using the Alphalmager™ gel imaging system.

48



Chapter 3 Methods

Depending on the DNA samples, different gel/buffer systems and running parameters
were chosen, so as to achieve the desired band resolution:

- For purified plasmids and digested plasmids: 1.5 % standard agarose gel of 20.8 cm
length, 1X TAE buffer, 1 ug plasmid DNA or 500 ng marker load (Perfect Plus 1 kb
DNA ladder), 3.5 h running time at constant 70 V (3.4 V/cm field strength).

- For PCR products of DNA fingerprinting analysis and real-time gPCRs: 3.5 % standard
agarose gel of 20.8 cm length, 1X TAE buffer, 5 ul PCR reaction products or 576 ng
marker load (HyperLadder V), 60 min running time at constant 40 V (1.9 V/cm field
strength).

- For PCR products of sex determination analysis: 3.5 % low range ultra agarose gel of
7.2 cm length, 1X SB buffer (low conductivity), 3 ul PCR reaction products or 480 ng
and 960 ng marker load (HyperLadder V), 40 min running time at constant 100 V
(13.9 V/cm field strength).

3.6.7 DNA fingerprinting analysis and sex determination

Genomic regions containing STRs and X-/Y-chromosomal loci were amplified by PCR (Chapter
3.6.5) using established primer sets from forensic science (Table 2-6). The resulting PCR
products were subsequently analyzed by agarose gel electrophoresis (Chapter 3.6.6).

3.6.8 Chromosome analysis

Cytogenetic GTG-banding chromosome analysis (Bickmore, 2001; Moore and Best, 2001) Of feeder-free
iPS1 and iPS2 cells was conducted by the human geneticist Prof. Dr. Gundula Thiel (Praxis flr
Humangenetik, Friedrichstrale 147, 10117 Berlin, Germany; http://www.humangenetik-
berlin.de). Of each sample, 18 metaphases were counted and 10 karyograms were analyzed.

3.7 Protein analyses (expression, phosphorylation and enzyme
activity)

3.7.1 Alkaline phosphatase staining

Alkaline phosphatase staining was performed using the Alkaline Phosphatase Detection Kit
following the recommended protocol.

3.7.2 B-Galactosidase staining

B-Galactosidase staining was performed using the Senescence B-Galactosidase Staining Kit
following the recommended protocol.

3.7.3 Telomerase activity assay
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Telomerase activity in individual cell lines was measured using the TRAPEZE® RT Telomerase
Detection Kit (ueharaetal, 1999) according to the manufacturer’s recommendations. The assay is
based on fluorometric detection of telomerase activity in whole cell extracts using energy
transfer-labeled Amplifluor® primers. These primers only emit a fluorescence signal if they
are incorporated into a double-stranded PCR product (Nazarenko et al., 1997).

In short: Telomerase substrate oligonucleotides, Amplifluor primers, dNTPs and DNA
polymerase were added to the cell extracts (closed-tube format). In the first step, the
telomerase enzyme present in the cell extracts was given time and optimum temperature to
add telomeric repeats on the 3’-ends of substrate oligonucleotides. Afterwards, the
extended oligonucleotides were amplified via real-time gPCR reactions (similar as described
in Chapter 3.8.1.5) by means of the DNA polymerase in combination with Amplifluor primers
and dNTPs. The detected fluorescence emission (C: value; C: = threshold cycle) for the
individual samples was directly proportional to the amount of PCR products generated by
the polymerase enzyme. The C; values were then converted into copy numbers (= amount of
substrate oligonucleotides extended by the telomerase) on the basis of a standard curve.
The standard curve was created by means of C: values of real-time qPCR reactions containing
a 1:10 serial dilution of control templates of known quantity (0.004-40 amoles). 300 ng of
total proteins from CV cells, undifferentiated feeder-free human pluripotent stem cells and
telomerase positive control cells provided by the kit were used for the reactions (all samples
with and without preliminary heat treatment). The protein concentrations were quantified
as described (Chapter 3.7.6.2) and adjusted to 150 ng/ul with CHAPS lysis buffer provided by
the kit. Alternatively, equivalent volumes (2 pl) of CHAPS lysis buffer and RNAse-free H20
were used instead of protein extracts. The reactions were operated in technical triplicates in
a 96-well optical reaction plate using the 7900HT Fast Real-Time PCR System and
recommended Titanium™ Tag DNA polymerase. The following parameters had been
optimized: Heat treatments of cell extracts serving as negative controls were carried out at
95 °C instead of 85 °C in order to ensure a complete destruction of the telomerase enzyme;
the last 45 °C step of the PCR program was extended from 10 s to 30 s.

3.7.4 Flow cytometry

3.7.4.1 Cell sample preparation

Flow cytometry (Fulwyler, 1965; Hulett etal., 1969) Was applied for measurement of GFP expression
in HEK-293T cells to determine the transfection efficiency of plasmids for retroviral vector
production (Chapter 3.2.1.1). Transfected and non-transfected cells were trypsinized and
transferred as single cell suspensions into 15 ml conical tubes. The cells were spun down at
2000 x g for 5 min, resuspended in DPBS and spun down again. After this washing step, the
cell pellets were fixed with paraformaldehyde fixing buffer for 15 min at room temperature,
while vortexing every few minutes. This fixing step ensured the inactivation of any hazardous
viral particles which had been produced in the transfection positive control cells. After two
additional washing steps with DPBS, the cell pellets were resuspended in DPBS and
transferred into BD Falcon™ round-bottom tubes.
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3.7.4.2 Data acquisition and analysis

For flow cytometric analysis, cell suspensions in round-bottom tubes were further diluted
in FACSFlow™ buffer. The flow cytometer FACSCalibur™ and software CellQuest™ Pro
Version 4.0.2 (Table 2-16) were used for data acquisition. A total of 10,000 events were
counted for each sample. The raw data were processed using the software Cyflogic Version
1.2.1 (Table 2-16). Calculation of green fluorescent cells was restricted to the main cell
population based on light scatter properties.

3.7.5 Immunocytochemistry

3.7.5.1 Immunofluorescence staining of cells

Adherent growing cells were briefly washed twice by rinsing the wells with 1X PBS buffer
and then fixed with paraformaldehyde fixing buffer for 15 min at room temperature.
Pipetting was performed slowly to avoid detachment of cells. After removal of PFA, the wells
were rinsed twice with PBS. Unless stated otherwise, all subsequent steps were performed
with the tissue culture plates being gently shaked. The cells were permeabilized and blocked
for 1 h with blocking buffer at room temperature. Thereafter, primary antibodies (Table 2-3)
were diluted at 1:100-1:300 in blocking buffer and either incubated for 2 h at room
temperature or overnight at 4 °C, followed by 3x 10 min washing with PBS. Then,
appropriate fluorescence-labeled secondary antibodies (Table 2-4) were diluted at 1:300 in
blocking buffer and applied under the same conditions (plates stored out of light). After 3x
10 min washing with PBS, the nuclei were counterstained with DAPI staining solution for
3 min at room temperature. After removal of DAPI, the wells were rinsed twice with PBS and
then filled with PBS. The fluorescence-stained cell samples were either immediately analyzed
or stored at 4 °Cin the dark (without shaking).

3.7.5.2 Fluorescence microscopy

Fluorescence microscopy and imaging was carried out using the fluorescence microscope
Zeiss Axiovert 200M with camera AxioCam MRm. Images were saved as Zeiss Vision Image
file (*.zvi). Image processing was performed using the software AxioVision Rel. 4.8 (Table
2-16).

3.7.6 Western immunoblotting

3.7.6.1 Protein isolation

Adherent growing cells in 6-well plates were washed twice with DPBS and then lysed on
ice in 200 pl pre-cooled RIPA lysis buffer (including protease and phosphatase inhibitors) per
well using a cell scraper. The lysates were transferred into 0.5 ml reaction tubes and
subjected to Bioruptor® ultrasonic treatment for homogenization and release of nuclear
proteins. The ultrasonication program included repeated cycles of 30 s on (highest level) /
30 s off, for a total period of 10 min, while rotating the tubes in 4 °C pre-cooled water.
Afterwards, cellular debris was removed by means of centrifugation (10,000 rpm at 4 °C for
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10 min). The protein supernatants were transferred into new tubes, briefly vortexed and
stored at -80 °C.

3.7.6.2 Protein quantification

Protein concentration in cell lysates was measured by the colorimetric bicinchoninic acid
(BCA) method (smith et al, 1985) using the Pierce® BCA Protein Assay Kit as per protocol. The
reactions were carried out in technical duplicates in a clear 96-well tissue culture plate. 10 pl
of samples (lysate aliquots, pure lysis buffer as a background reference, and BSA protein
standards) were applied in a total reaction volume of 210 ul. Absorbance at 562 nm
wavelength was measured using the microplate spectrophotometer SpectraMax® 250.
Samples, whose protein concentration exceeded the capacity of the assay’s reaction or the
linear range of the Lambert-Beer law, were pre-diluted with lysis buffer. The averaged Ase:
values were background-subtracted and converted into protein concentrations based on the
BSA standard curve and pre-dilution factor.

3.7.6.3 Sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE according to the discontinuous Laemmli method (Laemmli, 1970) was employed for
separation of proteins.

Gel preparation: Polyacrylamide gels of 1.5 mm thickness were prepared in advance
using the equipment of the Mini-PROTEAN® vertical electrophoresis 2-gel system. A 10 %
resolving gel was prepared by mixing (in this order): 4.1 ml ddH20, 2.5 ml 1.5 M Tris-Cl
buffer (pH 8.8), 100 ul 10 % (w/v) SDS, 3.3 ml acrylamide/bis-acrylamide (30% / 0.8 %;
37.5:1), 50 pul 10 % (w/v) APS and 5 pl TEMED. Immediately after initiation of the free radical
polymerization, the mixture was poured into the assembled casting chamber, until the filling
height was 1.5 cm below the bottom of the future comb wells. The mixture was covered
with 1 ml isopropanol to ensure formation of an even surface and to avoid dehydration of
the gel. Once the mixture had solidified, a 5 % stacking gel was prepared by mixing (in this
order): 2.8 ml ddH20, 1.2 ml 0.5 M Tris-Cl buffer (pH 6.8), 50 ul 10 % (w/v) SDS, 0.8 ml
acrylamide/bis-acrylamide (30 % / 0.8 %; 37.5:1), 50 ul 10 % (w/v) APS and 10 pl TEMED.
Immediately after initiation of the reaction, the isopropanol was completely discarded, the
mixture was poured onto the resolving gel, and a 15-well-comb was attached on top.

Protein sample preparation: 8-20 ug of total proteins (but uniform amount for all
samples) were adjusted to 19 ul volume by RIPA lysis buffer on ice. Then, 11 ul of 3X blue
protein sample loading buffer were added. Upon mixing, the 30 ul samples were heated at
95 °C for 5 min to denature proteins, and instantly chilled on ice.

Gel electrophoresis: To guarantee identical conditions, all protein samples of a given
experimental series were electrophoresed simultaneously in the same gel chamber. The
solidified gels were placed into the cell of the electrophoresis system and the anode and
cathode chambers were filled with 1X SDS-PAGE running buffer. Upon removal of the combs,
the 30 ul protein samples were loaded into the wells. Alternatively, 3 pl of the marker
PageRuler™ were loaded, which led to a protein ladder with colored reference bands that
covered 10 molecular weights ranging from 10-170kDa. The gels were initially

52



Chapter 3 Methods

electrophoresed at constant 80 V. Once the dye front had passed the interface between
stacking and resolving gel, the voltage was increased to 150 V. Once an adequate resolution
of the reference bands had been achieved, the electrophoresis was stopped. The resolving
gels containing the separated proteins were further processed by western blot.

3.7.6.4 Western blot

Western blots were conducted using the Mini Trans-Blot® electroblotting system
according to the wet sandwich method. The proteins were blotted onto nitrocellulose
membranes with 0.45 um pore size. To guarantee identical conditions, gels containing all
samples of a given experimental series for a given antigen to detect were simultaneously
blotted onto the same membrane. The cassettes were assembled in 1X blotting buffer as
follows (direction: anode(+) side - cathode(-) side): One fiber pad, one Whatman™ filter
paper, one entire gel or two truncated gels, one membrane, one filter paper, one fiber pad.
Up to two cassettes were inserted into the electrode module of the cell, which was filled
with 1X blotting buffer. Protein transfer was executed at a constant current of 400 mA for
150 min while the whole system was cooled on ice. Preliminary stainings of test gels with
Coomassie Brilliant Blue had determined these parameters as ideal. The membranes with
immobilized proteins were further processed by immunodetection.

3.7.6.5 Immunodetection

Reversible Ponceau S staining: At first, uniform protein loading and transfer was
confirmed by reversible Ponceau S staining (Romero-calvo et al., 2010). Each membrane was soaked
in Ponceau S staining solution for 30 s at room temperature and then briefly rinsed with
ddH20 to visualize the pattern of protein bands. The staining was removed by washing the
membrane 1x 3 min in ddH20 while gently shaking, followed by washing the membrane 1x
3 min in TBS-T buffer.

Antibody labeling: All steps were carried out while gently shaking. Nitrocellulose
membranes were blocked in blocking buffer for 1 h at room temperature. Primary antibodies
(Table 2-3) were, according to the manufacturers’ instructions, diluted either at 1:1000 or
1:2000 (GAPDH 1:20,000) in TBS-T buffer containing either 5 % (w/v) skim milk powder or
5 % (w/v) BSA, and applied at 4 °C overnight. Afterwards, membranes were washed 3x 5 min
in TBS-T buffer. Then, appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies (Table 2-4) were diluted at 1:5000 in TBS-T buffer containing 5 % (w/v) skim milk
powder and applied at room temperature for 1 h. Upon removal of secondary antibodies,
the membranes were washed 3x 10 min in TBS-T buffer.

Chemiluminescence detection: HRP enzyme activity was determined using the
Amersham™ ECL™ Prime Western Blotting Detection Reagent Kit according to the
manufacturer’s instructions. Great care was taken to ensure a consistent treatment of the
whole membrane surface. Chemiluminescence signals were detected on Lumi-Film
chemiluminescent detection films placed inside a film cassette. The films were developed
using the X-ray film developing machine CURIX 60. The exposure times ranged from 0.5 s up
to 10 min. In case of very strong signals (e.g. for GAPDH), up to three films stacking on top of
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each other were used. For each membrane, the positions of the reference bands were
marked on the film. To ensure quantitative results, membranes were never stripped.

3.7.7 Enzyme-linked immunosorbent assay (ELISA)

Human Chorionic Gonadotropin (hCG) hormone present in cell culture media supernatants
was quantified using the Human Chorionic Gonadotropin ELISA Kit, which is based on a
direct solid phase sandwich ELISA method (cole, 1997). The assay (96-well format) was
conducted according to the manual of the kit using a P200 12-channel pipette. Prior to use,
the -80 °C-stored media samples were completely thawed and homogenized by vortexing.
Absorbance reads were made at 450nm wavelength using the microplate
spectrophotometer SpectraMax® 250. The concentrations were calculated by means of a
calibration curve which was obtained by applying the serial dilution of hCG standards of
known concentration provided by the kit. Since equal numbers of colony fragments of
human pluripotent stem cells were initially seeded per well, no normalization for either
number of cells or DNA content was necessary.

3.8 Gene expression analyses

3.8.1 Gene expression analysis by real-time quantitative polymerase chain
reaction (real-time qPCR)

Real-time gPCRs (kubista et al., 2006) were employed for expression analysis of selected single
genes.

3.8.1.1 Isolation of total RNA

Total RNA of cells was isolated using the RNeasy® Mini Kit following the procedure of the
kit’s manual. Adherent growing cells in 6-well plates were washed twice with DPBS and then
lysed on ice in 350 ul pre-cooled RLT lysis buffer (provided by the kit and supplemented
1:100 with B-mercaptoethanol) per well using a cell scraper. On-column digestion of DNA
was done by enzymatic DNase | digestion according to the manual of the kit. Purified RNA
was eluted by 40 pl RNase-free water into RNase-free 1.5 ml reaction tubes. The eluates
were gently vortexed and stored at -80 °C. All subsequent work with RNA was performed
using RNaseZap® spray and RNase-free consumables to avoid RNase contamination.

3.8.1.2 Determination of quantity and quality of RNA

Concentration and purity of RNA were determined using the spectrophotometer
NanoDrop® 2000 as described (Chapter 3.6.4). Azso/A2s0 and Azeo/Az30 ratios of ~ 2.0 were
generally accepted as “pure” RNA. Since the integrity of RNA is a very critical requirement
for obtaining meaningful gene expression data (fleige and Pfaffl, 2006), RNA integrity was confirmed
by 2 % standard agarose gel electrophoresis (Chapter 3.6.6) of 1 pl aliquots using 1X TAE
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buffer. Non-degraded total RNA showed two sharp bands without smear, comprising
28S rRNA (5070 nt length) and 18S rRNA (1869 nt length), at an intensity ratio of ~ 2:1.

3.8.1.3 Reverse transcription of RNA to cDNA

Reverse transcription from quality-checked total RNA for generation of cDNA was carried
out with random hexamer primers. The reactions were conducted using the thermal cycler
DNA Engine Dyad® and PCR tube strips. 25 ul reverse transcription reactions were prepared
onice in a 2-step protocol as stated below:

In the first tube, RNA and primers were combined:

Component, per reaction: Volume or amount Final concentration
RNase-free H20 ad 10 ul
RNA template 0.5-2 ug 20-80 ng/ul

(but uniform amount for all samples)

Random hexamer primers lug 40 ng/ul

RNA/primer mixes were heated to 75 °C for 5 min and then immediately chilled on ice to
prevent RNAs from folding secondary structures. In the meantime, a reverse transcription
mix was prepared as master mix for all single reactions (enzyme added last):

Component, per reaction: Volume Final concentration (amount)
RNase-free H20 ad 15 pl

M-MLV reaction buffer (5X) 5.00 pl 1X

dNTP mix (25 mM each) 0.50 pl 500 um

M-MLV reverse transcriptase (200 U/ul) 0.25 ul 2 U/ul (50 U)

Then, 15 pl of the master mix were added into each 10 ul RNA/primer mix on ice. The 25 pl
reactions were first kept at room temperature for 10 min to allow an early primer extension
by the enzyme and thus to circumvent a preterm dissociation of hexamers from RNA. Then,
the temperature was increased to 42 °C and the tube strips were incubated for 45 min,
followed by heat inactivation of the enzyme at 95 °C for 5 min. The cDNA samples were
briefly vortexed and finally stored at -20 °C.

3.8.1.4 Design and validation of primers for real-time qPCR

Design of primers: Specific primers for mRNA targets (Table 2-7) were designed using the
software Primer-BLAST (Table 2-16). This program uses Primer3 to design PCR primers and
then uses BLAST and global alignment algorithm to screen primers against user-selected
databases in order to avoid primer pairs (all combinations, including forward-reverse,
forward-forward and reverse-reverse pairs) that can cause non-specific amplifications. The
default settings of the program were used, with the following parameters modified:

As PCR template, the database “RefSeq mRNA” for the organism Homo sapiens was
chosen, which contains mRNA only from NCBI’s Reference Sequence collection database
(Table 2-17). Preference was set for annealing on exon junctions or spanning of introns.
Primers were not allowed to bind on regions known to contain single-nucleotide
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polymorphisms (SNPs). The maximum PCR product (amplicon) size was reduced to 250 bp.
Primers were designed to detect all distinct transcripts in case a gene was known to lead to
alternatively spliced mRNA variants. All primers were in silico evaluated to possess
thermodynamic properties which do not significantly facilitate the formation of secondary
structures. These include hairpin structures within a primer, self-dimers between two same-
sense primers and heterodimers between forward/reverse primer of a given primer pair.
This analysis was done using the software OligoAnalyzer 3.1 (Table 2-16) based on the
default settings of the program. For hairpins, an estimated AG value (G = Gibbs free energy)
of not less than -3 kcal/mol, and for self- and heterodimers of not less than -6 kcal/mol, was
tolerated.

Validation of primers: The suitability of all primer pairs (Table 2-7) for a common
annealing temperature of 60 °C was confirmed in practice by using a heterogeneous cDNA
mixture of random cell types for real-time qPCR test reactions (Chapter 3.8.1.5 and 3.8.1.6).
Specificity of primer pairs was certified by means of a single dissociation peak (melting
curve) obtained for the reactions. Analysis of the corresponding reaction products by
agarose gel electrophoresis (Chapter 3.6.6) must have led to a single band of expected
amplicon size (Table 2-7). Applicability of primer pairs for relative quantification of gene
expression over a wide range was certified by means of C: values obtained for reactions
containing a 1:10 dilution series of cDNA (undiluted, 1:10, 1:100, 1:1000). The C: values must
have differed ~ 3.3 among the dilutions, in agreement with an assumed exponential
amplification of PCR products. It was also ensured that no substantial falsification of the
results by primer-related side products, which are typically favored at low mRNA target
concentrations, occurred. For this reason, primer pairs should not have led to C: values < 37
when the reactions were carried out using an equal volume of ultrapure water instead of
cDNA.

3.8.1.5 Real-time qPCR

Real-time gPCR reactions were carried out in 384-well optical reaction plates. The 8 pul
reactions were set up on ice as stated below:

Component, per reaction: Volume Final concentration (amount)
H20, ultrapure ad 8 ul

SYBR® Green PCR master mix (2X) 3.00 pl 0.75X

Forward/reverse primer mix (5 UM each) 1.00 i 0.625 uM

cDNA template (1:5-1:20 diluted with ultrapure 2.00 pl 2 0.25-4 ng/ul (2-32 ng) of
H20; but uniform dilution for all samples) reverse-transcribed RNA

The reactions were initially prepared based on master mixes (one per individual primer pair)
without cDNA template. 6 ul aliquots were added per well using the electronic repetitive
pipette PIPETMAN M (P200M) with Diamond D200 pipette tips. Then, 2 pl individual cDNA
template were added to each single well using the pipette PIPETMAN Classic™ (P2) with
filter tips. The reactions were operated in technical triplicates with additional no-template-
controls for all individual primer pairs (cDNA substituted by 2 pl ultrapure water). To
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guarantee identical conditions, all samples of a given experimental series (cell line, time
point) were processed on the same plate in respect of a given target gene. The plate was
sealed with optical adhesive film and centrifuged at 2000 x g for 2 min. Afterwards, the
following program parameters were applied using the 7900HT Fast Real-Time PCR System
with fluorescence detector set for SYBR® Green:

Stage Temperature Time Cycles
50 °C 2 min
Initial 1x
95 °C 10 min
1. Melt 95 °C 15s
40x
2. Anneal & extend 60 °C 1 min
95 °C 15s
Dissociation curve 60 °C 15s 1x
95 °C 15s
Hold 4°C oo 1x

3.8.1.6 Data analysis

Dissociation curves and C; values (C: = threshold cycle) of acquired data were generated
using the software SDS 2.2.1 (Table 2-16). C; values were exported to Excel and the analysis
of relative gene expression was performed according to the comparative threshold cycle
method (AAC:) (schmittgen and Livak, 2008). GAPDH was chosen as an appropriate endogenous
internal standard (Murphy and Polak, 2002). For each individual cell sample (treatment, time point),
the AC; value for a given gene was calculated by subtracting the average C: value of GAPDH
from the average C: value of the gene:

Act, gene = Ct, gene — Ct, GAPDH

The AC: value was then normalized against the AC: value of the solvent/carrier-treated
reference cells of the corresponding time point, leading to a AAC: value for the gene:

AACt, gene = Act, treated cells — Act, reference cells

The AAC: value was converted into a fold change value under the assumption of PCR product
doubling for each PCR cycle:

Fold change = 272A¢t

This value indicates the fold change of gene expression relative to the reference cell sample.
The ratios were transformed into log, values and displayed together with their standard
deviation (STDEV) in bar charts created in Excel.

3.8.2 Gene expression analysis by microarray

Microarrays (schena et al, 1995) were employed for whole-genome (global) gene expression
analysis, since this technique allows the monitoring of thousands of genes in parallel.
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3.8.2.1 cRNA synthesis, BeadChip hybridization and scanning

For analysis of the transcriptional signature of the two generated hiPSC lines iPS1 and
iPS2 (Chapter 4.1), the total RNA of undifferentiated human pluripotent stem cells (H1, H9,
iPS1, iPS2) growing feeder-free on Matrigel in MEF-CM (Chapter 3.1.2.2) and the total RNA
of parental CV cells growing in Chang medium (Chapter 3.1.1.1) were used. For analysis of
BMP-treated H1 hESCs (Chapter 4.2), the total RNA of H1 cells growing feeder-free on
Matrigel in N2B27 medium (Chapter 3.4) was used. Isolation and assessment of total RNA
were performed as aforementioned (Chapter 3.8.1.1 and 3.8.1.2).

cRNA synthesis: 400 ng of quality-checked total RNA served as input for preparation of
biotinylated cRNA using the Illumina® TotalPrep™ RNA Amplification Kit. The kit is based on
the RNA amplification protocol developed in the laboratory of James Eberwine (van Gelderetal,
1990). Briefly, total RNA was primed with an oligo(dT) primer bearing a T7 RNA polymerase
promoter (TTTT-Pr7). mRNA was reverse transcribed using ArrayScript™ reverse transcriptase
to generate first- and second-strand full length cDNA. Then, RNA molecules were degraded
and cDNA was purified to serve as template for T7 RNA polymerase. In vitro transcription of
cDNA was carried out using MEGAscript™ T7 RNA polymerase along with biotin-UTP to
generate hundreds to thousands of biotin-labeled antisense cRNA copies of each mRNA in a
sample.

BeadChip hybridization and scanning: The cRNA was purified and directly hybridized onto
lumina® BeadChips (whole-genome gene expression arrays). The BeadChips consist of
bead-linked single-stranded DNA oligonucleotides (50-mer gene-specific probes) which are
held in microwells on the surface of the chip. Each bead type contains hundreds of
thousands of copies of a covalently attached 50-mer probe. Data quality and reproducibility
are supported by the high level of bead redundancy: Several copies of a bead type exist on
every array on the BeadChip. In addition, distinct 50-mer probes can be present for an
individual gene (one probe type per bead type), whereat the probes represent distinct
sequence-specific regions of the gene’s transcript. 29-mer address sequences present on
each bead are used to map the array, identifying the location of each bead. For analysis of
hiPSCs, one HumanRef-8 v3 BeadChip (8-sample format) was used and samples were
hybridized in one biological and one technical replicate. For analysis of BMP-treated cells,
two HumanHT-12_v4 BeadChips (12-sample format) were used and samples were
hybridized in two biological and one technical replicates. Hybridized samples were washed,
blocked and stained with Streptavidin-Cy3 using reagents and following protocols supplied
by lllumina. BeadChips were scanned to obtain array images which contain fluorescence
intensities for all spotted beads (data points).

cRNA synthesis, BeadChip hybridization and scanning were performed by the ATLAS
Biolabs GmbH (FriedrichstraBe 147, 10117 Berlin, Germany; http://www.atlas-biolabs.com).

3.8.2.2 Raw data processing

All subsequent data analyses were carried out using the software GenomeStudio™
V2011.1 (Table 2-16), unless stated otherwise.
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Raw data were processed using the content descriptor / annotation file “HumanRef-
8 V3 0 R3 11282963 A.bgx” (for HumanRef-8 v3_BeadChip) or “HumanHT-
12_V4_0_R2_15002873_B.bgx” (for HumanHT-12_v4_BeadChips). The “Direct Hyb” (direct
hybridization) mode was selected. Raw data were normalized using the “Rank Invariant”
algorithm with background subtraction (schmidetal, 2010) and were then filtered for significant
expression on the basis of signal intensities of negative control beads that have no
corresponding target in the sample, as described by Kuhn et al. (kuhnetal, 2004). Data of two
biological replicates were grouped together as one sample.

3.8.2.3 Basic expression analysis

For one-replicate-samples, the detected signal intensity (arbitrary units) of each gene was
calculated together with the corresponding standard error (SE) of the gene’s bead replicates.
For grouped biological duplicate samples, the average (AVG) detected signal intensity of
each gene was calculated together with the corresponding standard deviation (STDEV) of
both arrays. For each individual gene a “Detection P-value” (Ppet) Was calculated by the
program. The P-value (P) is a measure for the likelihood that the data has occurred by
chance, assuming the null hypothesis is true. Its scale ranges from 0 to 1. A Pper of 0 (1)
indicates a 100 % (0 %) probability that a gene is expressed and the null hypothesis to be
rejected. A gene was considered as being significantly expressed in a given cell sample, if its
Ppet was < 0.01. All data were exported to Excel.

3.8.2.4 Pearson’s correlation coefficient and hierarchical cluster analysis

Pearson’s correlation coefficient analysis (r? values) was done among paired combinations
of individual samples. Genes were filtered to be only included in this analysis if their Ppet was
< 0.01 for both samples to be compared. Dendograms of hierarchical cluster analysis, based
on Pearson’s correlation coefficients, were prepared choosing “Metric Correlation” for the
samples.

3.8.2.5 Differential expression analysis

Differential expression analysis of BMP samples was performed choosing the error model
“lllumina Custom” (kuhn et al,, 2004) and application of multiple testing corrections using the
Benjamini & Hochberg “False Discovery Rate” (FDR) algorithm (enjamini and Hochberg, 1995). The
resulting “Differential P-value” (Ppi), which was calculated by the program for each
individual gene, indicates the probability that a gene is differentially expressed between a
sample of interest and a reference sample. The BMP-treated cell samples were compared
against the solvent/carrier-treated cell sample of the corresponding time point (= reference
sample). Then, all data were exported to Excel and all AVG signal intensity values of < 10
were defined as 10. This arbitrary cut-off value should eliminate negative gene expression
signals which might have occurred as result of the background subtraction during raw data
processing. The fold change values (ratios) of gene expression were calculated by dividing
the AVG signal intensity of a given sample by the AVG signal intensity of the reference
sample. This calculation was done for each individual gene and sample (ligand, time point).
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A gene was considered as being significantly differentially expressed between BMP sample
and reference sample, if the following three criteria were fulfilled: 1.) The gene was
significantly expressed in at least one of both samples (Ppet < 0.01 for BMP and/or reference
sample). 2.) Its Ppirr was < 0.05. 3.) Its fold change value was > 1.5 or < 0.66 (= set threshold
values for upregulated and downregulated gene expression, respectively).

Error analysis: To display the ratios of significantly differentially expressed genes in bar
charts, the error bars were calculated as follows:

o @y (@

X = ratio of AVG signal intensities (BMP-treated versus reference sample)

dX = STDEV of X

A = AVG signal intensity (BMP sample)

dA = STDEV of A

B = AVG signal intensity (reference sample)

dB = STDEV of B

Heatmaps: Heatmaps for color-coded visualization of signal intensities and gene
expression ratios (independent of P-values and thresholds) were created using the software
Multiexperiment Viewer (MeV) Version 4.8.1 (Table 2-16).

Venn diagrams: Venn diagrams displaying total numbers of unique and common
significantly differentially expressed genes among BMP samples were created using the
software VENNY (Table 2-16), which compares lists with Venn diagrams.

3.9 Bioinformatics

3.9.1 Insilico predictions based on large gene lists

In-depth analyses of microarray-based gene lists were performed using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) v6.7 (Table 2-17). DAVID
provides a comprehensive set of functional annotation tools for investigators to understand
the biological meaning behind large gene lists (Huang et al.,, 2009a; Huang et al., 2009b). Gene lists with
official gene symbols were run as queries against the background of Homo sapiens. Unless
stated otherwise, all studies were executed based on the default parameter settings of
DAVID. Data outputs were exported to Excel.

3.9.1.1 Tissue correlation analysis

Tissue correlation analysis was performed using the UP_TISSUE tool implemented in
DAVID for significantly upregulated and downregulated genes, respectively. For individual
BMP samples (ligand versus HCI/BSA reference sample of the same time point), the following
criteria were applied: Only major tissues and anatomical compartments which were
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identified as enriched (versus the whole genome) by the UniProt database (Table 2-17) for at
least one gene list by at least 2 distinct genes with a correlation P-value of <0.05 were
accepted. Heatmaps for color-coded visualization of correlation P-values were prepared
using the software MeV Version 4.8.1 (Table 2-16). For shared genes between day 5 samples
(BMP5 n BMP10 n BMP13 versus reference), the analysis was done as described for the
cellular component analysis.

3.9.1.2 Global pathway analysis

Global pathway analysis for individual BMP samples was done as described for the tissue
correlation analysis using the PATHWAYS tool implemented in DAVID. The KEGG, PANTHER
and REACTOME pathway databases (Table 2-17) were chosen as references.

3.9.1.3 Cellular component analysis

Gene Ontology (GO)-term analysis regarding cellular components (CCs) was performed
using the GOTERM_CC tool implemented in DAVID, which uses the GO database (Table 2-17)
as a reference. The analysis was performed for commonly upregulated and for commonly
downregulated genes (BMP5 n BMP10 n BMP13 versus reference) of day 5 samples. The
lists of genes to input were obtained using the software VENNY (Table 2-16). CC outputs
were only considered, if they represented in at least one case (up- or downregulated genes)
> 1 % of the input genes. All correlation P-values were accepted, because this analysis was
not focused on the enrichment of CCs in relation to the whole genome.

3.9.2 Alignment of protein sequences

Multiple sequence alignment of protein sequences in FASTA format was done using Clustal
Omega Version 1.2.1 (Table 2-16) based on the default settings of the program.
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4 Results

This results chapter is divided into two parts. The first part (Chapter 4.1) shows the results of
the creation of human induced pluripotent stem cells (hiPSCs), which served — beside human
embryonic stem cells (hESCs) — as a model system for studying BMPs. The second part
(Chapter 4.2) comprises the main part and topic of this PhD project and shows the results of
the BMP signaling and differentiation studies on human pluripotent stem cells.

4.1 Generation and verification of the human induced pluripotent
stem cell lines iPS1 and iPS2 to be used for the BMP studies

4.1.1 Generation of hiPSCs from primary human chorionic villi (CV) cells

Primary human chorionic villi (CV) cells were reprogrammed by classical retroviral
transduction of the four Yamanaka-factors OCT4, SOX2, KLF4 and c-MYC (rakahashi et al., 2007). For
this purpose, retroviral vectors had to be prepared. Plasmids used for retrovirus production
were initially amplified in Escherichia coli (E.coli) bacteria. The integrity of the purified
plasmids was confirmed by agarose gel electrophoresis (Figure 4-1A). In addition, the
identity of the four plasmids encoding the reprogramming factors was confirmed by
diagnostic restriction enzyme digestion, followed by separation of the resulting DNA
fragments by agarose gel electrophoresis (Figure 4-1B).
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Figure 4-1  Confirmation of integrity and identity of the plasmids used for retroviral vector production.
(A) Plasmids were amplified in E.coli bacteria and isolated by Maxiprep. Aliquots containing 1 ug DNA of each
purified plasmid were analyzed by agarose gel electrophoresis. The main bands indicate that the plasmid DNA

62



Chapter 4 Results

was predominantly present in its supercoiled, covalently closed circular form, which possesses a faster
electrophoretic mobility than linear and relaxed open-circle conformations. (B) Aliquots of purified plasmids
encoding the transgenes OCT4, SOX4, KLF4 and c-MYC were subjected to diagnostic restriction enzyme
digestion and analyzed by agarose gel electrophoresis. The positions of the obtained bands are in agreement
with the expected fragment lengths according to the individual plasmid maps (Table 2-5).

Transgene-carrying retroviruses were produced in HEK-293T host cells by co-transfection
of envelope plasmid, packaging plasmid and individual transfer vector plasmid (OCT4, SOX2,
KLF4 or c-MYC). The success of transfections was confirmed by means of a negative and a
positive control. As positive control, the cells were co-transfected using a transfer vector
plasmid that encodes Enhanced Green Fluorescent Protein (eGFP) as reporter gene. At 36 h
post-transfection, a transfection efficiency of about 51 % GFP* cells was determined by flow
cytometry (Figure 4-2).
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Figure 4-2  Determination of transfection efficiency of transfer vector plasmids into HEK-293T host cells
used for retrovirus production.

36 h post-transfection, cells were fixed with PFA and analyzed by flow cytometry. (A) Dot plot based on light
scatter properties of untreated HEK-293T cells (negative control). FSC = forward scatter, SSC = side scatter. The
bordered area represents the selected main cell population which was considered for further analysis in (B) for
both samples. A total of 10,000 events were counted. (B) Histogram: Cell count versus detected green
fluorescence intensity (FL1; logi). Overlay of untreated HEK-293T cells serving as reference for
autofluorescence background (grey) and cells co-transfected with GFP transfer vector plasmid (green). Counts
of both samples were normalized to fit in scale (maxima represent 67 counts (grey) and 37 counts (green)).
About 51 % of transfected cells were GFP*.

A 1:1:1:1 cocktail of produced OCT4, SOX2, KLF4 and c-MYC retroviruses was used for
transduction of CV cells. The transduction efficiency was determined for each of the four
reprogramming factors at 72 h post-infection. Immunocytochemistry was applied, since this
method not only allows quantitative conclusions regarding protein expression, but also
provides information about the subcellular localization of proteins. 70 % of cell nuclei were
stained as OCT4", 72 % as SOX2*, 75 % as KLF4* and 46 % as c-MYC* (Figure 4-3).
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72 hours post-transduction
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Figure 4-3  Determination of transduction efficiency of CV cells infected with retroviral vectors carrying the
transgenes OCT4, SOX2, KLF4 and c-MYC.

72 h post-infection, cells were fixed with PFA and stained by immunocytochemistry using specific antibodies
directed against these factors. Nuclei were counterstained with DAPI. Stained cells were visualized by
fluorescence microscopy (green channel, blue channel and overlay). At least 2 x 100 cells, which were localized
in different areas, were counted to calculate the percentage of transduced (factor*) cells. The higher magnified
image sections confirm the nuclear location of the four transcription factors. The presence of nuclei which
were only positive for DAPI excludes the possibility of an endogenous expression of these factors by CV cells or
a non-specificity of the used fluorescence-labeled secondary antibodies. Scale bars represent 100 um.

The transduced CV cells were subsequently grown under culture conditions for human
pluripotent stem cells on feeder layers of mitotically inactivated mouse embryonic
fibroblasts (MEFs). First morphological changes of CV cells were observed at day 12 post-
transduction. At some places, tiny granulated cell aggregates appeared between the CV cells
and MEFs (Figure 4-4A). This indicated the onset of mesenchymal-to-epithelial transition, the
reverse process of EMT during gastrulation (Chapter 1.1.1.2). In the following weeks, those
structures grew and transformed into cell colonies which were looking like typical hiPSC
colonies, as described before (rakahashi et al, 2007): Similar to hESCs (Thomson et al, 1998),
undifferentiated hiPSCs possess a small round shape due to their high nucleus-to-cytoplasm
ratio, and grow densely packed in colonies with clearly defined borders. At day 31 post-
transduction, individual colonies (Figure 4-4B) were manually picked for separate expansion
of the distinct clonal cell lines.

On average, 19 colonies developed per 6-well. Based on an initial input of 1 x 10° CV cells
per well, and after adjustment for one splitting step of 1:3, this yields a reprogramming
efficiency of 0.057 %.
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A 12 days post-transduction B 31 days post-transduction

Figure 4-4  Morphological transformation of transduced CV cells during their reprogramming to hiPSCs.
(A) Arrows indicate emerged small, tightly packed cell clusters located between somatic cells at day 12 post-
transduction. (B) Typical hiPSC-like colony at day 31 post-transduction. Scale bars represent 1 mm.

4.1.2 Verification of the two clonal lines iPS1 and iPS2 as being hiPSCs

Two of the separately expanded clonal cell lines, which were named iPS1 and iPS2, were
entirely and successfully characterized as being hiPSCs according to the standard protocols

(Takahashi et al., 2007; Ohnuki et al., 2009).

4.1.2.1 Expression of pluripotency markers on the level of proteins, glycolipids and
sulfated carbohydrates

At first, the expression of typical pluripotency markers that are known to be associated
with the undifferentiated state of hESCs was confirmed.

hESCs can be characterized by a high expression level of Tissue-nonspecific Alkaline
Phosphatase (AP) on their cell membranes (thomson et al., 1998; International Stem Cell Initiative, 2007). This
hydrolase enzyme is responsible for removing phosphate groups from many types of
substrates and works most efficient in alkaline environments. Staining of iPS1 and iPS2
colonies for AP enzyme activity confirmed both cell lines as AP* (Figure 4-5A).

Immunocytochemical staining of PFA-fixed iPS1 and iPS2 colonies (Figure 4-5B) showed
that both cell lines were positive for the proteins OCT4, SOX2, NANOG and LIN28. The
transcription factors OCT4, SOX2 and NANOG belong to the core gene regulatory network
required to maintain the pluripotent phenotype of hESCs (Boyeretal., 2005). NANOG, which was
not part of the reprogramming factors, is a downstream target of OCT4 and SOX2 due to the
presence of OCT4/SOX2 binding sites in the promoter region of its gene (Rodda etal, 2005). LIN28
is a cytoplasmic mRNA-binding protein involved in regulating self-renewal of hESCs and
proposed to enhance the translation of OCT4 mRNA (qiuetal, 2010). Moreover, iPS1 and iPS2
cells were stained positive for the glycolipid antigens SSEA-3 and SSEA-4 (stage-specific
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embryonic antigens) and the keratan sulfate antigens TRA-1-60 and TRA-1-81 (Trafalgar
antigens), known to be expressed on the surface of hESCs (Thomson et al., 1998).
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Figure 4-5  Expression of pluripotency markers on the level of proteins, glycolipids and sulfated
carbohydrates by iPS1 and iPS2 cells.

(A) Alkaline Phosphatase (AP) activity (ruby red color) of iPS1 and iPS2 colonies which are growing between
feeder cells (AP-negative). Scale bars represent 1 mm. (B) Immunocytochemical staining of PFA-fixed iPS1 and
iPS2 colonies for several hESC markers as indicated (fluorescence microscopy). Nuclei were counterstained with
DAPI. Transcription factors are labeled with red fluorescent dye, leading to a violet overlay color. Cytoplasm- or
cell membrane-located antigens are labeled with green fluorescent dye. Scale bars represent 100 um. (Figure
modified from Lichtner et al., 2013.)
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4.1.2.2 Expression of pluripotency markers on the level of mRNA

The expression of previous five proteins was further inspected on mRNA level by means
of microarray analysis for the two clonal cell lines iPS1 and iPS2, the parental CV cells from
which they were derived, and the two independent hESC lines H1 (male) and H9 (female)
(Figure 4-6). mRNA of Tissue-nonspecific AP (ALPL gene) was significantly expressed in iPS1,
iPS2, H1 and H9 cells (Ppet = 0), and also in original CV cells (Ppet = 0.003), but in the latter at
least 57.6-fold weaker. The genes OCT4, SOX2, NANOG and LIN28 were significantly
expressed in iPS1, iPS2, H1 and H9 cells (Ppet =0), but not in CV cells (Ppet 2 0.556). The
expression levels of these genes in iPS1 and iPS2 cells were in the range of hESCs.
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Figure 4-6  Gene expression levels of pluripotency markers in iPS1 and iPS2 cells, H1 and H9 hESCs and CV
cells prior to their reprogramming.

Levels of gene expression in parental CV cells, CV cell-derived hiPSCs (clonal lines iPS1 and iPS2) and hESCs
(lines H1 and H9) were determined by microarray analysis of cRNA samples. *: Ppet < 0.01. Error bars indicate SE
of the bead replicates.

4.1.2.3 Reactivation of telomerase activity and bypassing of cellular senescence
Reactivation of telomerase activity:

A key feature of hESCs, germline cells and many cancer cells is their potential immortality
due to a high telomerase activity — in contrast to normal human somatic tissues where this
enzyme is repressed (Thomson et al., 1998; kim et al., 1994). The telomerase is a ribonucleoprotein and
functions as reverse transcriptase by de novo addition of repetitive DNA sequences on the
3’-end of DNA strands of the telomeres (Greider and Blackburn, 1989). Telomeres are the end regions
of the linear chromosomes of eukaryotes. They are continually shortened with each cell
division due to the incapability of the DNA polymerase to synthesize the outside 5’-end of
the lagging strand. In humans, telomeres consist of thousands of non-coding tandem repeats
of the six bases 5-TTAGGG (Blackburn, 1991). The telomere length is a critical factor which
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influences the life span of cells. Once a critical chromosome length is reached, genomic
instability (Lundblad, 2000), cellular senescence and programmed cell death occur (urquidiet al., 2000;
Mondello and Scovassi, 2004).

Hence, the telomerase activity in whole cell extracts of iPS1/iPS2 cells, parental CV cells
and H1/H9 hESCs was measured. The method applied directly quantifies the number of
synthetic substrate oligonucleotides that had been added to the cell extracts and were
subsequently extended by the present enzyme with telomeric repeats on their 3'-ends.
The results clearly confirmed a reactivation of telomerase activity in iPS1/iPS2 cells upon
reprogramming of CV cells (Figure 4-7): The quantified copy numbers of extended
oligonucleotides measured for iPS1 and iPS2 cells were similar to the levels measured for H1
and H9 cells serving as references (logio 7.05 and 7.28 versus 7.74 and 6.86). In contrast, the
measured activity in CV cell extracts did not exceed the background levels of the negative
control samples (logio range 4.62-4.82).
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Figure 4-7  Reactivation of telomerase activity in iPS1 and iPS2 cells.

The telomerase activity was low in CV cells. Upon reprogramming, the enzyme activity was reactivated.
References for high telomerase activity: hESC lines H1 and H9 and the telomerase-positive cell extract (TPC)
provided by the kit. Negative controls: Minus-telomerase control (MTC, only CHAPS lysis buffer), no-template
control (NTC, only RNase-free H20) and heat-treated cell extracts. Average values, error bars indicate STDEV
(technical triplicates). (Figure modified from Lichtner et al., 2013.)

Bypassing of cellular senescence:

In agreement with the non-detection of telomerase activity in CV cells, thawed passage 5
CV cells acquired typical signs of cellular senescence after additional 5-7 weeks in culture.
These included a big and flat “fried egg” cell shape, accompanied by a strong decrease in
their proliferation rate (sherwood et al,, 1988) (Figure 4-8A-B). In addition, the cells were stained
positive for the senescence marker B-Galactosidase (Figure 4-8C). This pH-dependent
lysosomal enzyme catalyzes the hydrolysis of beta-galactosides into monosaccharides and is
known to be overexpressed and accumulated in senescent cells (Dimri et al., 1995; Lee et al., 2006).
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Extensive cell death of senescent cells occurred after around 12-13 weeks (Figure 4-8D).
The observed phenomenon can be explained by the “Hayflick limit” (Hayfiick, 1965), which is the
maximum number of times a normal somatic cell population can divide in in vitro culture,
until the cells remain in a post-mitotic state. This ultimate destination will be reached, even
if the cell culture medium contains serum to stimulate mitosis, and no contact inhibition
exists. In contrast, iPS1 and iPS2 cells were able to bypass cellular senescence and did not
show any signs of aging after 10 months of non-stop maintenance in culture (Figure 4-8E).

Retroviral
transduction
(OCT4, SOX2,
KLF4, c-MYC)

Time of in vitro culture

Figure 4-8  Bypassing of cellular senescence by iPS1 and iPS2 cells.

(A) Fast proliferating, low-passage primary human CV cells were either reprogrammed to hiPSCs or left
untreated. Cells were maintained non-stop in culture, regularly fed and routinely passaged when confluent.
(B) Senescent CV cells with large flattened morphology and decreased proliferation rate. (C) Senescent CV cells
stained positive for B-Galactosidase (turquoise color). (D) Decay of senescent CV cells after 3 months.
(E) Typical colonies of CV cell-derived iPS1/iPS2 hiPSCs after 10 months. Scale bars represent 200 um.

4.1.2.4 Pluripotency under in vitro conditions

The differentiation capacity of iPS1 and iPS2 cells was assessed under in vitro conditions
by applying the “embryoid body formation assay” (itskovitzEldor et al, 2000. Colonies of
undifferentiated cells were at first forced to spontaneously differentiate in suspension,
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leading to the formation of three-dimensional structures called embryoid bodies (EBs)
(Figure 4-9A). Afterwards, the EBs were allowed to attach and to further spontaneously
differentiate (Figure 4-9B). Finally, the adherent outgrowth of random differentiated cells
was evaluated by immunocytochemistry using specific antibodies directed against selected
lineage markers, in order to find out whether they represented all three germ layers
(ectoderm, mesoderm and endoderm; Chapter 1.1.1.2). Two time points of differentiation
were evaluated: 7 days in suspension + 3 days and 14 days adherent growth. This is because
some lineage markers are known to be expressed exclusively throughout early development,
while others are known to be expressed only in more advanced differentiated cells.

SOX17, FOXA2 and Alpha-Fetoprotein (AFP) were chosen as endoderm markers. The
transcription factors SOX17 and FOXA2 are expressed in definitive endoderm cell
populations (king et al, 2008). AFP is a marker of extraembryonic endoderm (= primitive
endoderm) cell populations (Hyslop et al, 2005) and hepatic (progenitor) cells, which belong to
definitive endoderm (jozefczuk et al,, 2011) and can become binucleated and tetraploid as they
mature (Gentricetal.,, 2012). The transcription factor Brachyury (also known as Protein T) is specific
for cells belonging to the primitive streak (= mesendoderm) (Herrmann et al., 1990; Rivera-Pérez and
Magnuson, 2005). Alpha-Smooth Muscle Actin (a-SMA) was chosen as a mesoderm marker and
labels the thin actin filaments of smooth muscle cells, myofibroblasts and myoepithelial cells
(Perrin and Ervasti, 2010). Ectoderm cell fate was determined by staining for PAX6, Nestin and
Tubulin Beta-3 Chain (Blll-Tubulin). The transcription factor PAX6 is expressed in neural
progenitor cells (ericson et al, 1997). The intermediate filament protein Nestin is expressed in
neural and glial cells in the developing human central nervous system (Messam et al.,, 2000). BllI-
Tubulin is a constituent of the cylindrical bundles of microtubules of neurites. Neurites are
projections that extend from the cell body of immature neurons and can become axons or
dendrites (da Silva and Dotti, 2002).

Fluorescence microscopy revealed positive subpopulations within random differentiated
iPS1 and iPS2 cells for each of the tested marker proteins (Figure 4-9C). Thus, both clonal cell
lines were rated as being pluripotent under in vitro conditions.
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(continued on next page)
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Figure 4-9  Embryoid body formation assay of iPS1 and iPS2 cells.

(A) Embryoid bodies (EBs) after 7 days in suspension (immediately before plating on gelatin). (B) Randomly
differentiated EB cells after 14 days adherent growth on gelatin. (C) Fluorescence microscopy photos of
immunocytochemical-stained PFA-fixed cells for lineage markers representing endoderm, mesendoderm,
mesoderm and ectoderm as indicated. Nuclei were counterstained with DAPI. Transcription factors are labeled
with red fluorescence dye, leading to a violet color in combination with DAPI. Scale bars represent 1 mm (black)
and 100 um (white). (Figure modified from Lichtner et al., 2013.)
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4.1.2.5 Pluripotency under in vivo conditions

In the next step, the pluripotency of both cell lines was confirmed under in vivo
conditions by applying the “teratoma formation assay” (Groppetal,2012). Undifferentiated iPS1
and iPS2 cells were injected into mice with depleted immune system to prevent a rejection
of the xenografts. The injected cells continued to grow and led to the formation of an
encapsulated tumor referred to as teratoma, which consisted of randomly differentiated
cells. Induced tumors could be felt starting from day 26 post-transplantation and grew
exponentially from that day on. After 43 days, both teratomas had reached a critical size of
> 1 cm? in relation to the average body weight of the mice (approx. 22 g) (Figure 4-10A). The
mice were sacrificed for dissection of teratomas (Figure 4-10B). Histological analysis of tissue
sections revealed that both teratomas contained complex tissue structures, e.g. tubular
structures and cartilage islands, which represented all three germ layers (Figure 4-10C).
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(continued from previous page)
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Figure 4-10 Teratoma formation assay of iPS1 and iPS2 cells.

(A) Rate of tumor growth in mice. Tumor volume (TV; solid line) and body weight (BW; dashed line) as
indicated. (B) Photos of dissected teratomas (metric scale ruler). (C) Histological analysis of paraffin-embedded
H&E-stained tissue sections representing structures of all three germ layers as indicated. I: Respiratory
epithelium; II: Tubular structure, gland-like; Ill: Collagenous connective tissue; IV: Adipose and collagenous
connective tissue; V: Cartilage and connective tissue; VI: Cartilage islands; VII: Lumen with high prismatic
epithelium; VIII: Epithelium with melanin; IX: Cysts with cuboidal epithelium; X: Cyst with endothelial lining; XI
and XlI: Pigmented neuroepithelial structures. (Figure modified from Lichtner et al., 2013.)
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4.1.2.6 Karyotype

Retroviral-based reprogramming can lead to genomic instability, since each hiPSC
genome can contain multiple copies of each reprogramming factor (shao et al, 2009), and the
proviral integration site selection can occur randomly (paniel and Smith, 2008; Nowrouzi et al., 2011). It is
known that in particular hiPSC lines derived from aged donors frequently harbor
chromosomal aberrations such as aneuploidy and translocations, which were de novo
acquired during reprogramming (prigione et al, 2011a). In order to verify that iPS1 and iPS2 cells
possess a normal karyotype, a standard cytogenetic GTG-banding chromosome analysis was
performed. The karyograms showed a normal human female karyotype (46,XX). No
abnormalities in chromosome number or structural rearrangements were observed under

optical microscope at the given resolution (Figure 4-11).
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Figure 4-11 Karyograms of iPS1 and iPS2 cells.
GTG-banding chromosome analysis of metaphase cells revealed a normal female karyotype (46,XX) for both

retroviral-derived hiPSC lines. (Figure modified from Lichtner et al., 2013.)
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4.1.2.7 DNA profile

The genetic origin of iPS1 and iPS2 cells was confirmed by means of DNA fingerprinting
analysis. Genomic DNA of individual cell lines was isolated and short tandem repeat (STR)
loci were analyzed. STRs are satellite DNA sequences which consist of tandem repeats of
usually 2-6 bp short units, whereat the copy number often varies between individuals. Four
distinct STR loci were analyzed by PCR using established primer pairs that are flanking these
genomic regions (Park et al, 2008). The resulting amplicons were separated by agarose gel
electrophoresis dependent on their length. A comparison of the obtained band patterns
confirmed that both hiPSC lines iPS1 and iPS2 were genetic clones of the CV cells (Figure
4-12A).
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Figure 4-12 DNA fingerprinting analysis and sexing of iPS1 and iPS2 cells.

(A) Analysis of four STR loci as indicated confirmed the CV cells as origin of the derived hiPSC lines iPS1 and
iPS2. In contrast, other independent cell lines such as hESC line H1 showed DNA profiles distinguishable from
CV/iPS1/iPS2 cells. (B) Analysis of an X-Y homologous gene region (AMEL) and Y-associated gene region (SRY)
confirmed the CV/iPS1/iPS2 cells as female (no PCR product for SRY; only one band for AMEL at 106 bp,
representing the X chromosome). Positive control for male gender: hESC line H1, which was derived from a
male embryo (one 93 bp PCR product for SRY; two bands for AMEL at 106 and 112 bp). (Figure modified from
Lichtner et al., 2013.)
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Two additional loci were analyzed for sexing: 1.) A segment of the X-Y homologous gene
of Amelogenin, which is involved in the development of tooth enamel and located on the X
and Y chromosomes, leading to 106 bp (AMELX) and 112 bp (AMELY) long PCR products,
respectively (Mannuccietal, 1994). 2.) A segment of the SRY gene, which encodes a transcription
factor involved in testis development and is only located on the male Y chromosome, leading
to a 93 bp long PCR product. The SRY test should exclude the possibility of an incorrect
typing of male as female in consequence of a known deletion polymorphism which can occur
in AMELY (santosetal.,, 1998). The results confirmed the female gender of CV, iPS1 and iPS2 cells
(Figure 4-12B).

4.1.2.8 Transcriptional signature

Finally, the global gene expression in iPS1/iPS2 cells, CV cells and H1/H9 hESCs was
compared by means of microarray analysis of cRNA samples. Hierarchical clustering of
transcriptomes between the samples (Figure 4-13A) based on Pearson’s correlation
coefficients (Figure 4-13B) revealed that both hiPSC lines cluster together with hESCs and
apart from the CV cells from which they were derived (r? at best 0.9555 for hiPSCs compared
with hESCs versus 0.6133 compared with CV cells). This demonstrates that in the course of
reprogramming, iPS1 and iPS2 cells underwent a change in overall gene expression from an
originally somatic transcriptome profile (CV cells) back to a pluripotent transcriptome profile
(hESCs). Furthermore, iPS1 and iPS2 cluster closer to H9 than to H1, probably due to the fact
that H1 is of male origin and H9 of female origin.

A —
iPS2
iPS1
H9
Ccv

0.25 020 0.15 0.10 0.05 0

B cv iPS iPS2 Hi Ho =
cv 1.0000 1.00
iPS1 06133 1.0000 0.90
iPS2 0.6017 0.9701 1.0000 0.80
H1 0.5898 0.9294 0.9555 1.0000 0.70
H9 0.6162 0.9429 0.9308 0.9056 1.0000 0.60

Figure 4-13 Microarray-based hierarchical cluster analysis of transcriptomes between iPS1 and iPS2 hiPSCs,
their parental CV cells and H1 and H9 hESCs.

(A) Dendrogram based on Pearson’s correlation coefficients. (B) Tabulated Pearson’s correlation coefficients
between samples. Conditional formatting: yellow = high correlation, green = low correlation. (Figure modified
from Lichtner et al., 2013.)
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4.2 BMP signaling and differentiation studies on human pluripotent
stem cells

4.2.1 Morphological changes of hESCs/hiPSCs induced by treatment with
distinct BMPs

At first it was investigated whether BMP5, BMP10 and BMP13 influence the self-renewal and
undifferentiated state of hESCs and hiPSCs.

As positive controls for BMP-induced differentiation of these cells, BMP6 and BMP7 were
chosen. Both ligands belong to the same subgroup like BMP5, the so-called “BMP7
subgroup” (Figure 1-3), and have already been tested on hESCs, but not hiPSCs under
chemically-defined conditions (Chapter 1.4.1). All ligands were purchased as recombinant
human proteins (homodimers of mature ligands; Table 2-8). Feeder-free colonies of
undifferentiated human embryonic stem cells (line H1) growing adherent on Matrigel in
chemically-defined N2B27 medium (w/o vitamin A, w/o bFGF, w/o Activin A) were treated
with BMPs for 5 days. The medium and BMPs were replaced every 24 h. An initial dose of
100 ng/ml was chosen for all ligands. This is in the range of the concentrations used in other
published hESC-related BMP studies and corresponds to 3.21-4.10 nM of homodimeric
BMP5, BMP6, BMP7, BMP10 and BMP13. As reference for comparison with BMP-stimulated
cells, H1 hESCs were instead incubated with an equivalent volume of solvent which was used
for reconstitution of the lyophilized proteins (20 ul of 4 mM HCl + 0.1 % BSA carrier protein,
hereinafter also referred to as “HCI/BSA”). Culture in N2B27 medium only should ensure that
the solvent had no effect on the cells per se. Culture in N2B27 medium supplemented with
20 ng/ml bFGF served as an additional control to indicate the extent of any spontaneous
differentiation which might have occurred in the reference samples due to the absence of
exogenous bFGF in the cell culture medium.

Treatment of H1 hESCs with BMP5, BMP6, BMP7, BMP10 (all at 100 ng/ml) or BMP13 (at
high concentration of 1 ug/ml, not significant at 100 ng/ml) induced differentiation of these
cells. The differentiation was apparent due to changes in cell morphology: Cells located at
the border of hESC colonies enlarged, flattened and expanded into the surrounding Matrigel-
coated space, but they still remained connected in cell-cell contact. All colonies of a given
ligand-treated sample were affected simultaneously from differentiation and retained their
nearly symmetric shape. This excludes spontaneous random differentiation as potential
cause. Similar morphological observations have been described before for hESCs which were
treated with BMP4 under culture conditions lacking bFGF supplementation (pasetal,, 2007; Amita et
al, 2013). However, the time points of induced differentiation and its progression towards the
colony centers were highly ligand-dependent. The onset of differentiation was at first
observed at 24 h with BMP10. At 48 h, significant differences in differentiation kinetics
became obvious, with BMP10 clearly being the most and BMP13 the least potent ligand. The
activity of BMP5 was similar to its both subgroup members BMP6 and BMP7 (Figure 4-14).
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Figure 4-14 Morphological changes of hESCs (line H1) in response to 48 hours treatment with BMP5/6/7,
BMP10 and BMP13.

Feeder-free hESC colonies were treated with recombinant human BMP5, BMP6, BMP7, BMP10, BMP13 or
equivalent volume of 20 pl solvent/carrier protein (= undifferentiated reference cells) as indicated in N2B27
medium on Matrigel. Media and supplements were replaced every 24 h. Phase-contrast images of
representative colonies at 48 h of treatment (ligands and controls). Scale bars represent 0.5 mm. (Figure
modified from Lichtner et al., 2013.)

At day 5, the morphology of H1 hESCs treated with members of the BMP7 subgroup and
BMP13 were similar: An aggregate of densely packed cells remained in the center of most
colonies. In contrast, cells within BMP10-treated colonies mainly lacked central aggregates
(Figure 4-15A). Instead, they featured randomly distributed flat structures that were several
times larger than the surrounding differentiated cells. Within these structures, no shape of
individual (mononuclear) cells could be observed (Figure 4-15B). This suggests that these
structures were fused cells, which is characteristic of multinucleated syncytiotrophoblasts.
Formation of syncytiotrophoblasts, among other trophoblast cell types, is known to be
induced upon treatment of hESCs with BMP4 in the absence of exogenous bFGF (sudheeretal,
2012; Amita et al, 2013). H1 hESCs of the HCI/BSA reference sample remained predominantly
undifferentiated. This was indicated by the enduring presence of small cells with high
nucleus-to-cytoplasm ratio that were growing tightly packed in colonies. These
homogeneous monolayer colonies had increased in diameter due to ongoing proliferation
(Figure 4-15B). Differentiation of cells only occurred at few sporadic locations, which is
characteristic of spontaneous differentiation leading to random cell types. No differences in
the degree of spontaneous differentiation, i.e. in the ratio of colonies affected from
differentiation and in the extent of differentiation within individual colonies, could be
visually observed among the non-BMP-treated controls (Figure 4-15A). This indicates that
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Figure 4-15 Morphology of differentiated hESCs (line H1) after 5 days treatment with BMP5/6/7, BMP10
and BMP13.

(A) Overview of individual samples in 6-well plates at day 5. Cells were treated as described in Figure 4-14.
Areas of differentiated cells can be identified on the basis of their high translucency. In contrast,
undifferentiated cells appear more white. Note the little white spots which remained in the center of most
colonies of all BMP samples except BMP10. Scale bars represent 1 cm (6-well diameter: 34.5 mm). (B) Close-up
view of representative colonies (novel tested ligands and HCI/BSA reference). White frames mark the magnified
areas, white arrows indicate structures looking like fused cells. Scale bars represent 1 mm. (Figure modified
from Lichtner et al., 2013.)
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neither the solvent nor the absence of exogenous bFGF had an effect on the
undifferentiated state. The latter observation is in agreement with a previous study
demonstrating that hESCs can be maintained in N2B27 medium lacking bFGF for up to 4
passages (Liu et al., 2006a).

The BMP treatments were repeated for the human embryonic stem cell line H9 and the
two generated (Chapter 4.1) human induced pluripotent stem cell lines iPS1 and iPS2. The
results were similar regarding the appearance of induced morphological differentiation and
the observed hierarchy of ligand potency. However, in contrast to both hESC lines, the two
hiPSC lines showed an increased tendency to spontaneous differentiation when cultured in
N2B27 medium without BMP treatment. This phenomenon appeared after approximately
3-4 days, regardless whether bFGF was supplemented or not.

4.2.2 Determination of cell lineage identity of differentiated hESCs/hiPSCs
obtained by treatment with distinct BMPs

Next, the cell lineage identity of the differentiated cells obtained by treatment of H1 hESCs
with the novel tested ligands was determined. Three time points were analyzed: 18 h, 3 d
and 5d (early response, intermediate and late differentiation). Microarray-based
transcriptome analysis was employed to compare cells treated with either BMP5, BMP10 or
BMP13 with the HCI/BSA-treated cells serving as reference for the undifferentiated state.
The fold changes in gene expression of markers representing the undifferentiated state of
hESCs and of differentiation markers representing all major cell lineages (Chapter 1.1.1)
were investigated. These included:

- Definitive endoderm, mesoderm and ectoderm as the three somatic germ layers
which constitute the embryo;

- primitive streak as an interim state (= mesendoderm) of early differentiated ICM cells
at the initiation of gastrulation, whose further differentiation capacity is restricted to
mesoderm and endoderm;

- extraembryonic endoderm (alias primitive endoderm) and trophoblast as
extraembryonic lineages; and

- germline-related cells leading to gametes.

Extraembryonic mesoderm and extraembryonic ectoderm were excluded from this analysis,
because to this day there are no markers identified which are specific to characterize these
lineages. Several genes were monitored for each lineage. This took into account that many
lineage markers are not pan-markers and are therefore only representative for
subpopulations of cells within a given major cell lineage. Such examples are the cluster of
differentiation antigen CD34, which is expressed on hematopoietic stem cells of mesoderm
(Furness and McNagny, 2006), and the transcription factor PDX1, which is expressed in pancreatic
progenitor cells of definitive endoderm (Huiand perfetti, 2002). Thus, the absence of upregulation
of individual markers does not necessarily mean the absence of the whole major cell lineage
in the sample, but rather the absence of particular lineage-associated cell types. In addition,
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some of the absent cell types could require more than 5 days - the time frame investigated
in this study - for their in vitro formation. Moreover, not all established and commonly used
lineage markers are exclusively restricted to derivatives of a certain major cell lineage. Some
can also be related to specific cell types of additional lineages, which makes these markers
incompetent to clearly distinguish between the concerned lineages. For instance, the
transcription factors OCT4, SOX2 and NANOG are pan-markers of pluripotent stem cells (goyer
et al, 2005), but SOX2 is also expressed by distinct subtypes of neural progenitor cells
(ectoderm) (Hutton and Pevny, 2011), and OCT4 and NANOG by primordial germ cells (germline)
(Gaskell et al.,, 2004; Clark et al, 2004b). The transcription factor HAND1 is a marker of trophoblast
lineage, but also expressed in the heart (mesoderm) (knéfler et al., 1998; Riley et al., 1998). The plasma
protein AFP is a marker of extraembryonic endoderm (Hysiop et al, 2005) and hepatocytes
(definitive endoderm) (ozefczuk et al, 2011). B-hCG (encoded by CGB), as constituent of the
glycoprotein hormone hCG, marks trophoblast lineage, but is also made by multiple primary
non-trophoblastic malignancies (cole, 2010). Therefore, a combination of various markers is
indispensable when the identity of uncharacterized cells needs to be accurately determined.

Figure 4-16 shows the fold changes in expression of numerous marker genes representing
all major cell lineages. It reveals that H1 hESCs responded to all BMPs in a similar manner -
namely, they predominantly differentiated to trophoblast lineage, but also showed a
marginal co-differentiation to mesendoderm.

The exit of H1 hESCs from their undifferentiated state was confirmed by the strong
downregulation of all pluripotency-associated markers, consistent with the morphological
changes (Chapter 4.2.1). Typical hESC-related genes such as OCT4, SOX2, NANOG, ZSCAN10,
ZIC3, DNMT3B, PRDM14, TDGF1 and DPPA2 were among the top of downregulated genes
identified in this microarray analysis (Table A-2 in Appendix).

The emergence of trophoblast lineage was marked by the early (18 h, 3 d) activation of
transcription factors characteristic of placenta development in vivo and ex vivo. These
include MSX2 (quinn etal., 2000), CDX2 (Niwa et al., 2005; Strumpf et al., 2005), HAND1 (Riley et al., 1998; Kndfler et al.,
1998; Knofler et al,, 2002), GATA2 and GATA3 (Maetal, 1997), TFAP2A (Cheng et al., 2004; Handwerger, 2010), DLX3
(Peng and Payne, 2002; Gupta et al., 2012) @and DLX5 (Kato et al., 2008), ELF4 (Aryee etal., 1998) and GCM1 (Baczyk et al.,
2004). During the course of proceeding differentiation of hESCs, which was indicated by the
reduction in expression of pluripotency markers at 3 d and 5 d, numerous genes known to be
expressed in placenta tissue in vivo were upregulated. Among these were genes encoding

- structural proteins such as basement membrane-associated collagens (COL4A1
(Colorado et al., 2000), COL4A2 (Brazel et al.,, 1988)) and cytoskeletal-associated keratins (KRT7,
KRT8, KRT18 (miihlhauser et al., 1995));

- calcium-binding proteins (S100P, S100A3, S100A11 (Becker et al., 1992; Assou et al., 2012; Lafond and
Simoneau, 2006));

- transporters (SLC39A2 (peters et al., 2007), SLC13A4 (Girard et al., 1999), SLC22A11 (Cha et al., 2000),
SLC40A1 (ponovan et al., 2000));

- secreted hormones or growth factors (CGA, CGB (Muyan and Boime, 1997), CRH (Thomson, 2013),
INSL4 (Laurent et al., 1998), [GF2 (Hamilton et al., 1998), PGF (vrachnis et al., 2013)); and the

- long non-coding RNA H19 (H19 (jinno et al., 1995)).
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Figure 4-16 Cell lineage identity of H1 hESCs after treatment with BMP5, BMP10 and BMP13 for 18 h, 3 d
and 5 d. (Microarray)

Cells were treated as described in Figure 4-14. Gene expression levels of pluripotency and differentiation
markers as indicated were determined by microarray analysis of cRNA samples. The heatmap visualizes the fold
changes in gene expression (ligand versus HCI/BSA reference cells of the same time point), calculated as ratios
of average signal intensities (grouped biological duplicates). Red = UP, green = DOWNJ,. Abbreviations: DE =
definitive, EX = extraembryonic, PS = primitive streak. The intensity raw data on which the ratios are based on
are visualized in Figure A-1 (in Appendix) for all genes and samples. (Figure modified from Lichtner et al., 2013.)
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Many of these placenta-associated genes have also been reported to be associated with
the emergence of trophoblast cells from hESCs treated with BMP4 in vitro (xu etal, 2002; Marchand
etal,, 2011; Ezashi et al., 2012; Sudheer et al,, 2012). In accordance with the observed morphological changes
of cells (Chapter 4.2.1), BMP10 induced the fastest and BMP13 (at 10 times higher dose) the
slowest kinetics in terms of upregulation of trophoblast markers and corresponding
downregulation of pluripotency markers. In addition, the degree of upregulation and
downregulation of these markers was most significant for BMP10 and least significant for
BMP13. At 18 h, when BMP10-treated H1 hESCs still looked morphologically
undifferentiated, the expression of more than half of the assessed pluripotency markers was
already reduced in these cells to 0.50-fold or less compared to their basal expression levels.

The co-differentiation of H1 hESCs to mesendoderm was indicated by upregulation of the
transcription factors and primitive streak markers T (encoding Brachyury) (Herrmann et al., 1990;
Rivera-Pérez and Magnuson, 2005) anNd MIXL1 (Pearce and Evans, 1999; Robb et al., 2000). It is remarkable that the
time frame of mesendoderm formation differed among the ligands: In the case of BMP10,
induction of T and MIXL1 was detected exclusively at the early 18 h time point (5.0-fold and
2.2-fold). At 3 d, expression of both genes was already lower relative to the HCI/BSA-treated
reference cells. This indicates that after a short initial promotion of mesendoderm
differentiation concurrently with trophoblast differentiation, the triggered differentiation by
BMP10 in the remaining undifferentiated hESCs had a tendency away from mesendoderm
and exclusively favored trophoblast lineage. This is in contrast to the weaker ligands BMP5
and BMP13. Here, induction of T and MIXL1 was delayed (first detection at day 3), but
persisted until day5 (up to 7.5-fold). However, in the case of all BMPs, the degree of
induction of T and MIXL1 was in general much lower compared to trophoblast-associated
transcription factors, whose upregulation often exceeded 20.0-fold. Moreover, only a small
number of the monitored markers representing mesoderm and endoderm were
subsequently upregulated, and if so, then rather on a weak level compared to placenta-
associated markers: Inter alia SOX7 and GATA4 for extraembryonic endoderm (Hyslop et al., 2005;
Brown etal., 2010) (maximum 11.2-fold), SOX17 and CXCR4 for definitive endoderm (o'Amour et al., 2005;
King et al,, 2008) (maximum 8.7-fold), and MESP1 (chan et al, 2013) and FOXF1 (Mahlapuu et al. 2001) for
mesoderm (maximum 10.5-fold). The gene expression levels of the majority of mesoderm
and endoderm markers remained unchanged or were even downregulated. In contrast,
trophoblast-associated markers were among the top of upregulated genes identified in this
microarray analysis (Table A-1 in Appendix). A significant development of primitive
streak/mesendoderm cell population would have led to a stronger upregulation of T and
MiIXL1, closely followed by a strong upregulation of a widely diversified portfolio of
derivatives belonging to mesoderm and endoderm.

No evidences for ectoderm differentiation or the existence of cells belonging to the
germline were found:

Ectoderm was examined by means of KRT15, a marker of skin epidermis (waseem etal., 1999)
and hair follicle stem cells (al-Rrefu et al, 2000) as structures of the surface ectoderm, and
numerous early and late markers of the neuroectoderm. The early markers include genes
which are involved in neural stem cell self-renewal and early neurogenesis (PAX6, NEUROG2,
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ASCL1 (sansom et al., 2009)) as well as markers of immature neurons (NES (Messam etal., 2000), TUBB3 (da
silva and Dotti, 2002)). Among the assessed late markers were those of synaptic neurons, such as
genes encoding enzymes involved in neurotransmitter biosynthesis (DBH (Rush and Geffen, 1980),
CHAT (0da, 1999), GAD1 (iin et al, 2003)), voltage-dependent calcium channels involved in the
release of neurotransmitters (CACNA1B (wiliams et al, 1992)), and transporters involved in the
uptake of neurotransmitters (SLC6A1/GAT1 (Deken et al, 2000), SLCO6A4/SERT (Fuller, 1994),
SLC17A7/VGLUTI (Takamori et al., 2000)).

Germ cell lineage was examined by means of markers representing all stages of gamete
development: DAZL for primordial germ cells and VASA for gonocytes and gonia (= pre-
meiotic stages); SYCP1, SYCP3, MLH1, BOLL for undifferentiated spermatocytes/oocytes,
TEKT1 for sperm and GDF9 for mature oocytes (= post-meiotic stages) (Clark et al., 2004a).

The microarray data of Figure 4-16 were confirmed by real-time qPCR for all samples at
18 h, 3d and 5d using specific primers for 27 selected marker genes covering all major
lineages (Figure 4-17). In addition, it was confirmed that the differentiation outcome induced
by BMP6 and BMP7 in H1 hESCs with respect to the obtained cell lineage identity was
equivalent to the novel tested BMPs. The potency of BMP6 and BMP7 was similar to BMP5,
indicated by comparable levels of upregulation of trophoblast markers and downregulation
of pluripotency markers at a given time point. As expected from the morphological
observations (Figure 4-14; Figure 4-15), both additional non-BMP-treated controls (N2B27
medium +/- bFGF) showed no significant differences in overall marker gene expression
relative to the HCI/BSA-treated reference cells.

The differentiation experiments were repeated under the same conditions using the hESC
line H9 and the two clonal hiPSC lines iPS1 and iPS2. cDNA of reverse-transcribed total RNA
of day 5 samples was subjected to real-time gPCR analyses for the same set of 27 markers.
Due to the increased tendency of hiPSCs to spontaneous differentiation in N2B27 medium,
day 3 samples instead of day 5 samples served as a reference for undifferentiated iPS1 and
iPS2 cells (= non-BMP-treated controls). As observed for H1 hESCs, all three independent
human pluripotent stem cell lines differentiated to trophoblast lineage upon treatment with
distinct BMPs (Figure 4-18). The differences in potency among individual ligands were clearly
reproducible for all tested cell lines (BMP10 > BMP5 = BMP6 = BMP7 >>BMP13). This was
assessed based on the degree of downregulation of pluripotency-associated genes (OCT4,
NANOG) and the degree of upregulation of late trophoblast markers (HERV-W, HERV-FRD,
CGA, CGB). However, co-differentiation towards primitive streak/mesendoderm was less
obvious compared to hESC line H1 (Figure 4-17).
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Figure 4-17 Cell lineage identity of H1 hESCs after treatment with BMP5/6/7, BMP10 and BMP13 for 18 h,
3 d and 5 d. (Real-time qPCR)

Confirmation of the microarray data (Figure 4-16) for 27 selected markers covering all major cell lineages as
indicated. Fold changes in gene expression of markers were determined by real-time qPCR of cDNA samples
according to the comparative threshold cycle method AAC: (relative to the HCI/BSA-treated reference cells of
the corresponding time point). Values were normalized against the housekeeping gene GAPDH. Error bars
indicate STDEV (biological duplicates, technical triplicates). (Figure modified from Lichtner et al., 2013.)
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Figure 4-18 Cell lineage identity of H9 hESCs and iPS1/iPS2 hiPSCs after treatment with BMP5/6/7, BMP10
and BMP13 for 5 d. (Real-time qPCR)

Cells were treated in N2B27 medium on Matrigel as indicated. Media and supplements were replaced every
24 h. Fold changes in gene expression of pluripotency and differentiation markers covering all major cell
lineages as indicated were determined by real-time qPCR of cDNA samples (AAC: method). Data were
normalized against the HCI/BSA-treated reference cells of day 5 (H9) or day 3 (iPS1 and iPS2) and GAPDH as
endogenous internal standard. Error bars indicate STDEV (biological duplicates, technical triplicates). (Figure
modified from Lichtner et al., 2013.)
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4.2.3 Global gene expression profiling of BMP-induced differentiated hESCs

4.2.3.1 Transcriptional signature

The global gene expression in BMP5-, BMP10-, BMP13- and HCI/BSA-treated H1 hESCs
was compared by means of microarray analysis of cRNA samples. The used bead chips target
more than 47,000 probes, which provide genome-wide transcriptional coverage of well-
characterized genes, gene candidates and splice variants derived from NCBI’s RefSeq
collection database (Chapter 2.13; Release 38, 7 November 2009). All genes which were
detected as significantly expressed in the samples were processed for hierarchical clustering
of transcriptomes between the samples.

The results revealed that the BMP10-treated cells cluster further apart from the reference
hESCs than any of the other BMP-treated cells at all time points investigated (18 h, 3d, 5d)
(Figure 4-19A). At 18 h, the BMP10 sample already forms an independent branch apart from
the main cluster consisting of the BMP5, BMP13 and reference sample. At day 5, all BMP
samples cluster together, indicating that the differentiated cells had acquired a similar
transcriptome; unlike the undifferentiated reference cells which now form an independent
branch. In the course of progressing differentiation (day 3 samples), BMP5 showed a faster
kinetics in shifting towards the BMP10 branch than BMP13. Further evidence for this can be
seen from the corresponding Pearson’s correlation coefficients (Figure 4-19B-C). The similar
nature of the differentiated cells with respect to their transcriptional signature is in
agreement with a common differentiation fate, which was determined as being
predominantly trophoblast lineage (Chapter 4.2.2). The chronology of acquisition of the
cells’ similar transcriptomes reflects the observed strong variations in biological activity
among the ligands (Chapter 4.2.1 and 4.2.2).
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Figure 4-19 Transcriptional signature of H1 hESCs after treatment with BMP5, BMP10, BMP13 or HCI/BSA
(= reference) for 18 h, 3 d and 5 d.

(A) Dendograms displaying microarray-based hierarchical cluster analysis of transcriptomes (samples of Figure
4-16; grouped biological duplicates). (B) Tabulated Pearson’s correlation coefficients between samples.
Conditional formatting: yellow = high correlation, green = low correlation. (C) Exemplary dot plot showing the
pairing of two samples (BMP10 versus HCI/BSA control at 18 h) for determination of their Pearson’s correlation
coefficient. Each dot represents one gene transcript which was probed on the array. All genes which were
significantly expressed (Ppet < 0.01) in both samples were considered for the analysis (blue dots). Logarithmic
scales represent the detected average (AVG) signal intensity of each gene for both samples. Dots above the
upper red line represent genes which were upregulated > 1.5-fold in the BMP10 sample relative to the
reference sample (£ downregulated < 0.66-fold in the reference sample relative to the BMP10 sample). The
opposite applies for dots below the lower red line. The middle line indicates equal AVG signal intensities among
samples (2 unchanged gene expression; r? = 1). (Figure modified from Lichtner et al., 2013.)

4.2.3.2 Statistics of differentially expressed genes

In this step, all significantly expressed genes were filtered for genes which were
significantly differentially expressed in ligand-treated H1 hESCs relative to the HCI/BSA-
treated reference cells of the same time point. The filtered genes were statistically analyzed
regarding the following three criteria to gain general information about whole-genome
temporal gene expression changes of the differentiating hESCs:

1.) Count of significantly differentially expressed genes in BMP samples
(bar chart and table in Figure 4-20).

89



Chapter 4 Results

2.) Fold change distribution of significantly differentially expressed genes
(scatter diagrams in Figure 4-21).

3.) Count of overlapping and unique significantly differentially expressed genes between
BMP samples (Venn diagrams in Figure 4-22).

At all three time points (18 h, 3 d, 5 d), treatment with BMP10 led to the strongest influence
with respect to the numbers of up- and downregulated genes (Figure 4-20), as well as the
corresponding ratio ranges (Figure 4-21), followed by the ligands BMP5 and BMP13. This is
most evident at 18 h, when BMP10 treatment already led to an upregulation of 889 genes
(up to 28.3-fold) and downregulation of 497 genes (up to 0.07-fold) compared to their basal
expression levels in non-BMP-treated hESCs. In contrast, treatment with BMP5 led to an
upregulation of only 21 genes (up to 2.9-fold) and downregulation of 10 genes (up to 0.50-
fold); treatment with BMP13 at 10 times higher dose to an upregulation of 7 genes (up to
1.8-fold) and no significant downregulation of any gene. Towards the end of the
differentiation period (day 3-5), the quantity and proportion of differentially expressed
genes which were affected in common by BMP5, BMP10 and BMP13 continually increased
(Figure 4-22). This is in conformance with the shift of BMP branches in the dendograms
(Figure 4-19A). At day 5, 1198 genes were significantly up- and 1408 genes were significantly
downregulated in common (BMP5 n BMP10 n BMP13). In fact, many of the genes which
were identified as members of the top 100 lists of differentially expressed genes in BMP10-
treated cells at 18 h, such as pluripotency-associated proteins (down) and trophoblast-
associated transcription factors (up) (Chapter 4.2.2), can be found in the corresponding
top 100 lists of BMP5- and BMP13-treated cells at 3 d and/or 5d (see Table A-1 and Table
A-2 in Appendix).

These statistics of differentially expressed genes once more underline that the main
difference between individual BMP samples is the kinetics of induced differentiation rather
than the fate of induced differentiation.
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Figure 4-20 Count of significantly differentially expressed genes in differentiating BMP5-, BMP10- and
BMP13-treated versus reference H1 hESCs at 18 h,3d and 5 d.

Significantly up- and downregulated genes in BMP-treated versus HCI/BSA-treated cells of the same time point
(microarray samples of Figure 4-16; grouped biological duplicates). Criteria: > 1.5-fold up or < 0.66-fold down,
Poiff < 0.05, Ppet < 0.01 for at least one of both samples (ligand and/or reference). (A) Bar chart. (B) Tabulated
numbers. (Figure modified from Lichtner et al., 2013.)

90



Chapter 4 Results

mBMP5

e

= B B O_
=]

S S o

‘ 1
25 | mBMP5 { mBMP5
160
2 20 BMP10 5101 BMPI0 2 BMP10
5 g 804 5 120
UP 255 ABMP13 2 ; ABMP13 2 ABMP13
= = 60 = g0
(>15) 2w @40] 3
: “ L — ’ L
0 ) T 0 . : 0 e —
0 200 400 600 800 1000 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Count Count Count
1.0 4
09 -
08 4
@ 0.7 @
o (=21 | —
506 5
DOWN $os - 5
Z 04 =
(<0.66) 2 03 - &
0.2 -
0.1 4
0.0 - i J
0 100 200 300 400 500 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Count Count Count

Figure 4-21 Fold change distribution of significantly differentially expressed genes in differentiating BMP5-,
BMP10- and BMP13-treated versus reference H1 hESCs at 18 h, 3 d and 5 d.

Further processing of the microarray data of Figure 4-20. The top 100 up- and downregulated genes of all
ligands and time points are listed in Table A-1 and Table A-2 (in Appendix).
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Figure 4-22 Count of unique and common significantly differentially expressed genes between
BMP5/BMP10/BMP13 samples versus the HCI/BSA reference samples at 18 h, 3 d and 5 d of treatment of H1

hESCs.
Further processing of the microarray data of Figure 4-20. (Figure modified from Lichtner et al., 2013.)
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4.2.4 Tissue correlation analysis of differentiated hESCs after exposure to
individual BMP family members for increasing periods of time

The determination of trophoblast lineage as leading differentiation fate for BMP-treated
hESCs and hiPSCs was based on the gene expression levels of selected lineage markers
(Chapter 4.2.2). These markers (113 in total) only represented a small minority of all
differentially expressed genes (as little as 2.3 % in case of BMP10, 5d). It was therefore
highly recommended to verify the identity of the obtained cells by means of an additional
independent bioinformatics approach that is capable of considering all differentially
expressed genes. For this purpose, an in silico-based tissue correlation analysis was
performed, which permits the input of large gene lists containing thousands of genes. These
gene lists are then allocated to major tissues and anatomical compartments. The allocations
are based on the information stored in the UniProt resource database (Chapter 2.13) about
each individual gene regarding the tissues in which it has been found to be expressed. Lists
of genes that were identified as significantly differentially expressed in H1 hESCs treated
with either BMP5, BMP10 or BMP13 relative to the undifferentiated control cells of the
same time point were run as queries. The outputs and corresponding P-values are
summarized in Figure 4-23.

Exclusively placenta was identified with the clearly lowest P-values for the lists of
upregulated genes:

- At 18 h:1.20 x 10 (BMP10), no identification for BMP5 and BMP13
- At3d:4.96 x 102! (BMP10), 5.06 x 10713 (BMP5), 6.56 x 1073 (BMP13)
- At5d:6.99 x 10°% (BMP10), 1.07 x 10722 (BMP5), 6.66 x 10~2° (BMP13)

This means that placenta-associated genes were clearly most overrepresented in the BMP
samples. In contrast, the analogous analysis for the lists of downregulated genes yielded no
clear identification of a single major tissue or anatomical compartment. Instead, the hits
were spread across several terms, with epithelium, eye and teratocarcinoma being on top.
Teratocarcinoma was to be expected, because hECCs, which reside as stem cells inside of
these germ cell tumors, are the malignant counterparts of hESCs (andrews, 1988). They express
typical hESC-associated genes (sperger et al., 2003; Liu et al., 2006b; Josephson et al., 2007) and underly similar
gene regulatory networks (Greber etal., 2007b; Jung et al,, 2010). Epithelium might have been identified
because hESCs resemble epithelial cells (Baum etal., 2008).
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Figure 4-23 Tissue correlation of hESC-derived (line H1) differentiated cells obtained by treatment with

P-value of tissue correlation (log,; scale)
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The microarray data of the samples of Figure 4-16 were further processed by bioinformatics analysis. Lists of
significantly up- and downregulated genes (ligand versus reference cells of the same time point; numbers
shown in Figure 4-20) were used as input for computer-based allocations to major tissues and anatomical
compartments by means of the UniProt database. Accepted outputs (threshold: P <0.05) are listed in
alphabetical order and the corresponding correlation P-values are color-coded visualized for all samples (ligand,
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Next, a tissue correlation analysis was performed for the significantly differentially
expressed genes that were shared by the differentiated H1 hESCs (BMP5/BMP10/BMP13
versus HCI/BSA) of the latest time point (day 5). The goal was to reveal common overall
tissue-related properties acquired by the cells upon treatment with any of the three ligands.
As this analysis was not focused on the enrichment of tissue-associated gene groups versus
the whole genome, all P-values were accepted for the outputs. The pie charts in Figure 4-24
display the identified major tissues and anatomical compartments together with the
percentage of genes that were found to be associated with them. The following tissues were
identified as top 5 outputs:

For the upregulated genes (BMP5 N BMP10 n BMP13; count: 1198):

Brain (44.1 %, 485 genes)
Placenta (30.9 %, 340 genes)
Testis (18.2 %, 200 genes)
Epithelium (15.5 %, 170 genes)
Lung (15.1 %, 166 genes)

iAW e

For the downregulated genes (BMP5 N BMP10 n BMP13; count: 1408):

Brain (43.1 %, 536 genes)
Testis (20.5 %, 255 genes)
Placenta (16.1 %, 200 genes)
Epithelium (15.8 %, 197 genes)
Lung (15.0 %, 186 genes)

e wnN e

It is obvious that the top 5 outputs for both gene lists comprise the same terms, with brain
as the leading tissue. However, the placenta-associated gene group was almost twice as high
for the upregulated genes compared to the downregulated genes (30.9 % versus 16.1 % of
all genes). In contrast, the gene groups which were associated with brain, testis, epithelium
and lung were in comparable ranges for both lists. For instance, brain (lung) represented
44.1 % (15.1 %) of upregulated genes and 43.1 % (15.0 %) of downregulated genes, i.e. these
matches seem to “neutralize” each other. Since many genes, unless they are specific lineage
markers, are known to be expressed by a broad range of tissues, such neutralizing tissue
allocations most likely occurred by chance and can therefore be regarded as meaningless for
cellular phenotyping. This assumption is supported by the fact that the shared
downregulated genes in day 5 differentiated cells, which led to a variety of identified tissues
(Figure 4-24), represent those genes which were upregulated in HCI/BSA-treated reference
H1 hESCs relative to the ligand-treated cells, and have therefore to be significantly expressed
in these cells (Ppet <0.01). The undifferentiated phenotype of the reference cells was
confirmed by means of morphology (Figure 4-15) and high expression levels of pluripotency
markers (Figure 4-16). Remarkable, none of the other allocated tissues appeared as
outstanding as did placenta for the upregulated genes compared to the downregulated
genes in day 5 differentiated cells (Figure 4-24).
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Figure 4-24 Tissue correlation of overlapping

relative to undifferentiated cells.

The microarray data of the samples of Figure 4-16 were further processed by bioinformatics analysis. Shared
significantly upregulated genes (1198) and shared significantly downregulated genes (1408) between BMP

95

(BMP5 n BMP10 n BMP13)

DAdipose tissue
EAmygdala
OAorta

OAaorta endothelial cell
mB-cell

oBlood

mBone marrow
OBrain
mCajal-Retzius cell
mCerebellum
oCenvix

OCervix carcinoma
mColon

mColon carcinoma
mDuodenum
mEmbryo
EEpithelium
OEye

OFetal brain
OFetal brain cortex
OFetal kidney
oFibroblast
OHeart
OHepatoma
EHippocampus
BKeratinocyte
OKidney
OlLeukocyte
Bliver

Blung

BLymph

BLymph node
mlammary gland
BMelanoma
mMuscle
mleuroblastoma
|Ovary
mPancreas
BPCR rescued clones
OPlacenta
mFPlasma
mPlatelet

mBPNS

mProstate
mRetina

O Skeletal muscle
mSkin

oSmall intestine
mSpleen

B Stomach

mT-cell
mTeratocarcinoma
mTestis
mThalamus
OThymus
EThyroid
oTongue
@Trachea
OUmbilical cord blood
oUrinary bladder
@lterus

significantly up-
downregulated genes in hESC-derived (line H1) differentiated cells obtained by 5 days treatment with ligands




Chapter 4 Results

samples (BMP5 n BMP10 n BMP13) versus the HCI/BSA reference samples (Venn diagrams of Figure 4-22)
were allocated to major tissues and anatomical compartments by means of the UniProt database. The
identified terms (threshold: representation of at least 1 % of input genes for one list) are displayed clockwise in
alphabetical order together with the percentage of genes that were found to be associated with them. The
percentages of pie sectors may exceed 100 % in total, because a single gene can be expressed in more than one
tissue.

Taken together, all in silico prediction approaches indicate that the differentiated cells
represented a placenta-like phenotype. The predictions were based on the global gene
expression of individual BMP samples (ligand, time point) as well as on the global gene
expression that all BMP samples of day 5 had in common. Because placenta is the tissue to
which cells of the trophoblast lineage are dedicated to develop in vivo (Chapter 1.1.2), these
results strongly support the assumed trophoblast identity of the hESC-derived cells.

4.2.5 Investigation of trophoblast subtype identity of BMP-driven hESC-
derived trophoblast cells

All previous analyses revealed trophoblast cells / placenta-like tissue as outcome of BMP-
induced differentiation in human pluripotent stem cells under the chosen experimental
conditions. The relevance of other major cell lineages could be excluded (Chapter 4.2.2 and
4.2.4). Consequently, further investigations concentrated on this particular lineage. During
pregnancy, the villous cytotrophoblast cells of the human placenta are progenitor cells that
further specialize by either fusing to form multinucleated syncytiotrophoblast cells or by
developing to an invasive phenotype of extravillous cytotrophoblast cells (Chapter 1.1.2.2).
In order to determine the subtype identity of the trophoblast cells obtained by the three
novel tested ligands, the emphasis was placed on trophoblast markers that are known to be
restricted to one of both terminal differentiation pathways. The knowledge of function,
chronology and subcellular location of these markers is important to understand the
purpose of the subsequent studies and drawn conclusions; hence, they are briefly described
in the following two paragraphs (human gene names are written in italicized capital letters
as per the international conventions).

1.) Monitored markers involved in specialization of villous cytotrophoblast cells to
multinucleated syncytiotrophoblast cells (SCTs):

Villous cytotrophoblasts differentiating to SCTs express the transcription factor Glial Cell
Missing Homolog 1 (GCM1) (Baczyk et al.,, 2004). GCM1 activates expression of the HERV envelope
glycoproteins Syncytin-1 (HERV-W) (vu et al, 2002) and Syncytin-2 (HERV-FRD) (Liang et al., 2010),
which are responsible for the morphological transformation due to their membrane-
fusogenic activities (oren-suissa and Podbilewicz, 2007; Sapir et al., 2008). Multinucleated SCTs are known to
secrete several peptide and steroid hormones to regulate pregnancy, such as the pregnancy
hormone Human Chorionic Gonadotropin (hCG) (malassiné and cronier, 2002). hCG is a heterodimer
that consists of two peptide subunits, a-hCG (CGA) and B-hCG (encoded by 6 CGB genes and
pseudogenes, but predominantly transcribed from CGB5). Among those, the B-subunit is
unique to hCG, whereas the a-subunit is also a common constituent of other glycoprotein
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hormones (Lu and Roberts, 1996). Expression of the a-subunit already starts in villous
cytotrophoblasts prior to cell fusion, however the B-subunit is only co-expressed in SCTs.
Therefore, formation of dimeric hCG exclusively occurs in SCTS (Hoshina et al., 1982; Muyan and Boime,
1997). Enzymes involved in the biosynthesis of steroid hormones by SCTs are ‘P450 Cholesterol
Side Chain Cleavage Enzyme’ (CYP11A1) and ‘3beta-Hydroxysteroid Dehydrogenase Isoform
Type I’ (HSD3B1) for progesterone (Malassiné and Cronier, 2002; Peng et al., 2004), and ‘Cytochrome P450
Aromatase, Family 19, Subfamily A, Polypeptide 1’ (CYP19A1) and ‘17B-Hydroxysteroid
Dehydrogenase Isozyme Type |’ (HSD17B1) for estrogens (cross et al., 2002; Fournet-Dulguerov et al., 1987).
The transporter Ferroportin-1 (SLC40A1) is a transmembrane protein expressed by SCTs and
involved in iron exchange between maternal and fetal blood circulation (ponovan et al., 2000).

2.) Monitored markers involved in specialization of villous cytotrophoblast cells to invasive
extravillous cytotrophoblast cells (EVTs):

Characteristic of EVTs is the secretion of several protease systems, consisting of ECM-
degrading proteases and their corresponding inhibitors, which mediate the cells’
autoregulated invasive properties. The protease systems include Matrix Metalloproteinases
(MMPs) and their inhibitors, Tissue Inhibitor of Metalloproteinase (TIMPs). MMP2 (MMP2)
and MMP9 (MMP9) are known as the key MMP enzymes (staun-Ram and shalev, 2005), but also other
MMPs, including MMP10 (MMP10), have been associated with trophoblast invasion (pangand
Xing, 2003; Williams et al., 2011). Among the expressed TIMPs are TIMP1 (TIMP1), TIMP2 (TIMP2) and
TIMP3 (TIMP3) (Huppertz et al., 1998; Higuchi et al., 1995; Bass et al, 1997). TWO other involved protease
systems are Urokinase-type Plasminogen Activator (PLAU) and its inhibitor Plasminogen
Activator Inhibitor (PAI1) (chou et al., 2002; knéfler, 2010), and Cathepsin L1 (CTSL1) (varanou et al., 2006;
knsfler, 2010) and its inhibitor Cystatin C (CST3) (songetal., 2010a). Invading EVTs express high levels
of Human Leukocyte Antigen G (HLA-G) on their cell membrane, which provides maternal
immune tolerance of the fetal semi-allograft (eiis et al, 1990; McMaster et al., 1995). Expression of
HLA-G mRNA already occurs in not yet invasive cytotrophoblast cells, but its translation is
delayed by post-transcriptional regulation (copeman et al, 2000). EVTs express the maternally
imprinted gene IGF2, which encodes Insulin-like Growth Factor-Il, to support fetal growth
(Han et al., 1996; Hamilton et al., 1998; Constancia et al., 2002). Their cell surface is positive for the cluster of
differentiation antigen CD9 (CD9) (Hirano et al., 1999a; Hirano et al., 1999b).

4.2.5.1 Classification based on gene expression

Figure 4-25 shows the fold changes in gene expression of aforementioned SCT/EVT-
related markers between BMP5-, BMP10- and BMP13-induced day 5 trophoblast cells and
undifferentiated H1 hESCs. Most of the markers were significantly upregulated to varying
degrees, at least upon BMP10 treatment. This means that the hESC-derived trophoblast cells
were able to enter both terminal differentiation pathways, and accordingly passed through a
precursor state which resembles an in vitro counterpart of placental villous cytotrophoblast
cells. Further evidence for this can be seen from Figure 4-17, which reveals that the timing of
induction of genes involved in SCT differentiation reflected the chronology known from
in vivo placentation (GCM1 - HERV fusogenes - CGA -> CGB). It is worth noting that the

97



Chapter 4 Results

expression patterns of individual SCT/EVT markers of day5 trophoblast cells were
comparable among the BMP samples and only differed in the level of upregulation
(BMP10 > BMP5 > BMP13) (Figure 4-25). This implies that none of the distinct ligands
promoted the emerged trophoblast cells to mature more to either SCTs or EVTs compared to
the other ligands. It is only the kinetics of differentiation that varied. BMP10 was the most
potent, as judged by expression of CGA (190.0-fold), HSD3B1 (61.9-fold) and SLC40A1 (41.6-
fold) as top 3 upregulated markers representing SCT differentiation, and TIMP3 (36.5-fold),
CDH5 (13.2-fold) and MMP2 (10.4-fold) as top 3 upregulated markers representing EVT
differentiation.
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Figure 4-25 Microarray-based determination of cellular subtype identity of day5 trophoblast cells
generated by treatment of H1 hESCs with BMP5, BMP10 and BMP13.

Terminal maturation to either multinucleated syncytiotrophoblasts (SCTs) or invasive extravillous
cytotrophoblasts (EVTs) was investigated for the day 5 samples of Figure 4-16 by monitoring the gene
expression levels of cell fate-specific markers. Shown are the fold changes (BMP versus HCI/BSA reference
cells), calculated as ratios of average signal intensities (microarray data). Horizontal axis = 1-fold (unchanged).
*: Poirr < 1 x 107, (*): Poifr < 0.05. Error bars indicate array STDEV (grouped biological duplicates). Abbreviations:
CD = cluster of differentiation, MHC = major histocompatibility complex, TF = transcription factor. (Figure
modified from Lichtner et al., 2013.)

4.2.5.2 Classification based on protein expression

As next step, the trophoblast subtype identity was investigated on protein level for
selected key markers. Immunocytochemistry was the method of choice, because it provides
insights into the actual distribution of antigens within whole cell populations and on
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subcellular level. This valuable “in situ” information would get lost in case of downstream
procedures such as trypsinization to single cells or cell lysis to be applied for flow cytometry
or western immunoblotting. H1 hESCs were treated as before with BMP5, BMP10 (both
100 ng/ml), BMP13 (1 ug/ml) or equivalent volume of solvent/carrier protein (HCI/BSA) as
reference in N2B27 medium lacking bFGF on Matrigel. Media and supplements were
replaced every 24 h. After 5 days, cells were fixed with PFA, stained using specific antibodies
and visualized by fluorescence microscopy (Figure 4-26).

The undifferentiated state of the vast majority of HCI/BSA-treated reference cells was
confirmed by nuclear co-expression of the pluripotency-associated TFs OCT4 and NANOG
(Figure 4-26A).

Staining of the BMP-treated cells for the pan-trophoblast marker Cytokeratin-7 (KRT7)
revealed that nearly all visible cells across the colonies were KRT7*, confirming their
trophoblast identity (Figure 4-26B). KRT7 was chosen as marker, since it has been proven to
be more specific for all subpopulations of trophoblast cells than other keratin filament types
such as Cytokeratin-8 and -18, which are also expressed in placental mesenchymal cells (Haigh
et al.,, 1999; Blaschitz et al, 2000). Co-staining for the cell adhesion protein E-Cadherin (Epithelial-
Cadherin) revealed that the majority of KRT7* cells was also positive for this epithelial cell
marker (Figure 4-26B). Villous cytotrophoblast cells are - like hESCs - of epithelial phenotype
(Floridon et al., 2000). This could imply that most of the trophoblast cells have not yet terminally
differentiated. It is known that villous cytotrophoblast cells during cell fusion to
multinucleated SCTs downregulate E-Cadherin and upregulate Cadherin-11 expression (Getsios
and MacCalman, 2003) (CDH11 gene in Figure 4-25), and that villous cytotrophoblast cells maturing
to invasive EVTs downregulate E-Cadherin and upregulate VE-Cadherin (Vascular
Endothelial-Cadherin) expression (zhou et al., 1997) (CDH5 gene in Figure 4-25).

The presence of SCTs in BMP-treated samples was identified by staining for the B-subunit
of the pregnancy hormone Human Chorionic Gonadotropin (hCG) (Figure 4-26C), the subunit
specific for hCG. B-hCG* areas were randomly distributed throughout differentiated colonies.
It is obvious that more cell fusion events took place in BMP10-treated cells compared to
those treated with BMP5 or BMP13. This is in agreement with the morphological
observations (Figure 4-15) and gene expression analysis (CGA gene (encoding the a-subunit),
CGB genes (encoding the B-subunit); Figure 4-25). The identity of B-hCG* structures was
further confirmed to be SCTs by co-staining for E-Cadherin to verify their polynuclear nature
(Figure 4-26D). B-hCG* areas that contained several nuclei were lacking E-Cadherin* cell
membranes, unlike the surrounding B-hCG~ mononuclear cells. Co-staining for the cell
fusion-mediating membrane protein Syncytin-1 (HERV-W gene in Figure 4-25) revealed that
this protein was co-localized with B-hCG and also expressed by subpopulations of B-hCG~
cells (Figure 4-26E). Multinucleated SCTs are known for their continued expression of
Syncytin-1 (pstgens et al.,, 2004). The Syncytin-1*/B-hCG™ cells were either localized at the outer
border of B-hCG* areas or at independent places. This indicates that these cells were just
about to be incorporated into an existing syncytium or to aggregate and fuse to form new
syncytia.
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(continued from previous page)

Figure 4-26 Immunocytochemical-based phenotyping of trophoblast cells generated by treatment of H1
hESCs with BMP5, BMP10 and BMP13 for 5 days.

Feeder-free hESC colonies were treated with recombinant human BMP5 (100 ng/ml), BMP10 (100 ng/ml),
BMP13 (1 pg/ml) or 20 pl HCI/BSA equivalent (= undifferentiated reference cells) as indicated in N2B27
medium w/o bFGF on Matrigel. Media and supplements were replaced every 24 h. PFA-fixed cells were
analyzed by immunocytochemistry. Nuclei were counterstained with DAPI. Shown are fluorescence microscopy
photos of representative colonies. Scale bars represent 100 um. (A) Confirmation of the undifferentiated state
of HCI/BSA-treated reference hESCs (OCT4*/NANOG" nuclei). (B) Identification of BMP-driven differentiated
cells as trophoblast cells (KRT7*) and confirmation of their epithelial character (E-Cadherin*). (C) Identification
of syncytiotrophoblasts (SCTs) within differentiated colonies (B-hCG*). (D) Validation of B-hCG* SCTs as
polynuclear by co-staining for E-Cadherin to confirm lack of cell membranes inside areas containing several
nuclei. (E) Proof of membrane-fusogenic activities by Syncytin-1 (expression co-localized with B-hCG and at
B-hCG™ areas). (Figure modified from Lichtner et al., 2013.)

The presence of dimeric hCG secreted by endocrine active SCTs was confirmed by ELISA-
based quantification of media supernatants. This method was considered as being accurate,
since the BMP treatments were conducted in equal volumes, and the media and
supplements were replaced every 24 h. Analysis for BMP-treated H1 hESCs was done using
collected aliquots from samples of the same experimental series which were analyzed earlier
by microarray and real-time gqPCR (Chapter 4.2.2). Figure 4-27A shows the measured hCG
concentrations of all samples (ligand, time point). In concordance with the upregulation of
the genes that encode the a- and B-subunit of dimeric hCG (CGA and CGB, Figure 4-17), the
hormone was not detectable in media supernatants before day 5 of differentiation. The
highest concentration was measured for the day 5 sample of BMP10 (18.9 + 1.3 mIU/ml).

The ELISA assay was repeated with day 5 media supernatants of the BMP-treated H9
hESCs and iPS1/iPS2 hiPSCs, whose cell lineage identities — including expression levels of
CGA/CGB - were determined by real-time qPCR in Figure 4-18. Dimeric hCG was detectable
in the medium of all three independent human pluripotent stem cell lines (Figure 4-27B).
The results were similar to H1 hESCs in respect of the observed patterns of ligand potency.

101



Chapter 4 Results

A = B

16 +
hcg 12 ' hCG
[mIU/ml] 8 | [mIU/ml]
4 -~ & 9
4 y . - /3y
y¥ "/ 18 h
) N ’
€ &S s o
@) & S ) &
X o N & 3 &
N N Q(\ (\Q <$
AN SRR
Q Q’b \ )

Figure 4-27 Secretion of Human Chorionic Gonadotropin (hCG) by endocrine active syncytiotrophoblasts
obtained by treatment of hESCs (H1/H9) and hiPSCs (iPS1/iPS2) with BMP5/6/7, BMP10 and BMP13.

Shown are the average concentrations which accumulated within 24 h prior to the mentioned time point as
determined by ELISA (biological duplicates). IU = international unit (a standard defined by the World Health
Organization). (A) Media supernatants of H1 cell samples at 18 h, 3d and 5d (samples of Figure 4-17).
(B) Media supernatants of H9, iPS1 and iPS2 cell samples at day 5 (samples of Figure 4-18). (Figure modified
from Lichtner et al., 2013.)

4.2.5.3 Classification based on cell morphology

The results raised the question of how the distribution of cellular phenotypes would have
been if the generated trophoblast cells had time beyond 5 days for their terminal
differentiation. To answer that question, a follow-up experiment was performed. H1 hESCs
were treated under the same experimental conditions over an extended period of 10 days.
Since the BMPs only differed in the kinetics, but not in the outcome of induced
differentiation, this experiment was conducted with BMP10 as the most efficient ligand.

Between day 5-8, an increase in the formation of multinucleated SCTs with respect to
qguantity (number of cell fusion events) and size (diameter of syncytia structures) was
observed. However, beginning around day 9, a massive onset of decay of syncytia structures,
along with missing formation of new syncytia and missing incorporation of mononuclear
cells into existing syncytia, was observed. Furthermore, as of day 8-9, it was observed that a
fraction of the mononuclear cells located at the periphery of differentiated colonies lost cell-
cell contact and migrated away as independent single cells (Figure 4-28).

The phenomenon of syncytia decay could be explained due to the experimental
conditions (N2B27 medium perhaps not suited for the in vitro culture of SCTs) or the limited
life span of SCTs in vivo (i.e. representing an in vitro counterpart of in vivo syncytia apoptosis
and shedding (Chapter 1.1.2.2), similar as described (Gupta et al, 2004)). The phenomenon of
detachment of mononuclear cells from the border of colonies does very likely resemble
invasive EVTs in vivo, which are detaching from the distal sites of cell columns of anchoring
villi to invade the maternal decidua (knéfler, 2010) (Chapter 1.1.2.2). The invasive feature of
HLA-G-positive and MMP-secreting EVTs, gained via embryoid body- or BMP4-based
approaches from hESCs, has been demonstrated before by in vitro cell migration and

invasion aSsays (Udayashankar et al., 2011; Amita et al., 2013).
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Figure 4-28 Morphology of trophoblast cells derived from H1 hESCs after prolonged treatment with BMP10
for 10 days.

Feeder-free hESC colonies were treated in N2B27 medium w/o bFGF on Matrigel with 100 ng/ml of ligand
(replaced every 24 h). Phase-contrast images of representative colonies (overview of 6-well and close-up view).
White arrows mark the periphery of a large polynuclear syncytium. White circles mark decayed areas within
syncytia structures. Black arrows indicate detached single cells migrating away from the periphery of a
differentiated colony. Black scale bars represent 1 mm (close-up picture) and 1 cm (overview picture). (Figure
modified from Lichtner et al., 2013.)

4.2.6 Global overview of pathways involved in BMP-induced trophoblast
differentiation of hESCs

The next part of this work is focused on the pathways which were affected during the course
of BMP-driven trophoblast differentiation of human pluripotent stem cells. A bioinformatics
approach was applied to investigate which pathways were up- and downregulated in H1
hESCs treated with either BMP5, BMP10 or BMP13 at 18 h, 3 d and 5 d. The queries were run
against the KEGG, PANTHER and REACTOME databases (Chapter 2.13). Pathways which were
identified by in silico prediction as being enriched are listed in Table 4-1 together with the
count of pathway-related genes and corresponding P-values. The analysis was performed
separately for all significantly upregulated and downregulated genes.
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4.2.6.1 Overrepresented pathways

Table 4-1A provides a global overview of all pathways that were found to be enriched for
the upregulated genes in BMP-induced trophoblast cells (relative to the reference cells).

The outputs could be grouped into four categories:

1.) Signaling

2.) Cell adhesion / ECM interaction
3.) Metabolism

4.) Other pathways

The majority of identified pathways was related to signaling. As expected, canonical BMP
signaling and TGF-B superfamily signaling, which includes BMP signaling (Chapter 1.3), were
clearly identified as overrepresented for samples of all three BMPs. Key signal transduction
pathways that are known to promote the migration and invasion of EVTs in vivo and ex vivo
were identified as enriched at 3 d and/or 5 d in trophoblast cells generated by BMP5, BMP10
and BMP13. These include focal adhesion-, cadherin-, integrin-, MAPK-, Rho GTPase- and
Wnt signaling (reviewed by Knéfler, 2010; Zhou et al., 1997). The identified pathways related to p53-,
PDGF-, PPAR-, MAPK- and Wnt signaling have been reported to be active in trophoblast cells,
including multinucleated SCTs, derived from hESCs by treatment with BMP4 in vitro (sudheeret
al., 2012; Marchand et al., 2011). GNRH signaling, which was identified at day 5 for BMP10, is known to
regulate the expression of hCG (Leeetal, 2010) and pro-angiogenic chemokines (cavanagh et al., 2009)
at the maternal-fetal interface during human placentation.

Cell adhesion / ECM interaction-related terms (integrin cell surface interactions, ECM-
receptor interaction, focal adhesion) belonged to the most significantly overrepresented
pathways and were affected in common (BMP5 n BMP10 n BMP13) at the later stages of
trophoblast differentiation (3 d, 5d). This might be explained by the fact that villous
cytotrophoblast cells differentiating to either SCTs or EVTs undergo a change in their
expression patterns of cell adhesion proteins on their cell membranes (SCT differentiation:
Getsios and MacCalman, 2003; Aplin et al, 2009; EVT differentiation: zhou et al,, 1997; Harris et al, 2009). These
include, among others, cadherins as compounds of adherens junctions (mainly involved in
cell-cell adhesion (vonemura, 2011)) and integrins as compounds of focal adhesions (mainly
involved in cell-ECM adhesion (van der Flier and Sonnenberg, 2001; Wehrle-Haller, 2012)). The switch of
adhesion molecule phenotype is known to be most dramatic and flexible for cells
differentiating along the invasive pathway (Chapter 1.1.2.2), and necessary for proper
development and function of EVTs during human placentation. Besides their roles in cell
attachment via coupling of individual extracellular ligands to the cells’ cytoskeleton,
cadherins and integrins also function as receptors that mediate signals from the outside to
the inside of cells (uliano, 2002). The multiplicity of adhesive interactions between trophoblast
cells and their surrounding environment, e.g. the maternal decidua during pregnancy, results
in distinct signals that are intracellular transmitted. All these signals exert influence on
trophoblast cell behavior, e.g. by regulating the expression levels of specific types of ECM-
degrading proteases to be secreted by invasive EVTSs (xuetal., 2001b).
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Metabolism-related pathways which were most significantly enriched in trophoblast cells
are steroid hormone biosynthesis (characteristic of SCTs; Chapter 4.2.5) and metabolism of
lipids and lipoproteins.

4.2.6.2 Underrepresented pathways

Table 4-1B provides a global overview of all pathways that were found to be enriched for
the downregulated genes in BMP-induced trophoblast cells (relative to the reference cells).

The outputs could be grouped into four categories:

1.) Metabolism

2.) Cell cycle / DNA maintenance
3.) Signaling

4.) Other pathways

Most of the identified pathways were common among BMP5/BMP10/BMP13 samples and
related to metabolism or cell cycle / DNA maintenance. The latter include processes such as
mitosis, DNA replication, telomere maintenance and several types of DNA repair
mechanisms. These pathways were not yet affected in undifferentiated hESCs after 18 h
BMP stimulation, but only in trophoblast cells after 3 d and/or 5d treatment. This is
consistent with the known high proliferation rate of hESCs (Thomson et al,, 1998), which also have a
high telomerase activity (Chapter 4.1.2.3) and enhanced repair capacities of multiple forms
of DNA damage (Maynard et al., 2008) in order to maintain their genomic integrity. In contrast, the
proliferation rate of villous cytotrophoblast cells is decreased, and SCTs and EVTs are known
to be mitotically inactive (Baczyk et al., 2009).

Underrepresented metabolism-related pathways mainly concerned amino acids and
nucleic acids, including de novo purine and pyrimidine biosynthesis. Compared to hESCs this
suggests a consequently lower demand of trophoblast cells for components for the
biosynthesis of nucleic acids and proteins. Interestingly, glycolysis as the prevalent form of
energy production by hESCs (prigione et al., 2011b) Was not among the terms.

Table 4-1 Over- and underrepresented pathways during BMP5-, BMP10- and BMP13-driven trophoblast
differentiation of H1 hESCs at 18 h, 3d and 5 d.

The microarray data of the samples of Figure 4-16 were further processed by bioinformatics analysis. Lists of
significantly up- and downregulated genes (ligand versus reference cells of the same time point; numbers
shown in Figure 4-20) were used as input for computer-based identifications of enriched pathways by means of
the three reference databases KEGG (KEG), PANTHER (PAN) and REACTOME (REA). The identified pathways
were classified into categories. Shown are the numbers of associated genes and corresponding correlation
P-values (threshold: P <0.05) for all samples (ligand, time point). (A) Overrepresented pathways.
(B) Underrepresented pathways. Conditional formatting: light blue for P < 0.05, mid blue for P < 0.01, dark blue
for P < 0.001. (Table modified from Lichtner et al., 2013.)
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KEG hsa05410 Hypertrophic cardiomyopathy - - - - - - - - - 18 16E2 - .
KEG hsa04142 Lysosome E - - - - - 24 [ 79E4 | 28 HZESN 36 [S0ES] 25 EBHES)|
KEG hsa04916 Melanogenesis - - - - 15 [A7E3 17 30E2 - - 20 17E2 - -
REA REACT_11123 Membrane Trafficking - - - - - - 9 18E-2 13 EEEAN 13 10 [18E3
KEG hsa04810 Regulation of actin cytoskeleton - - - - - - 32 34E-2 42 - -
KEG hsa04130 SNARE interactions in vesicular transport - - - - - - - 11 42E3 11 | 82E3 9 13E=2
KEG hsa05110 Vibrio cholerae infection - - - - - - - - - 13 24E2 - -
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Underrepresented
pathways

Results

Downregulated genes at 18 h D genesat3d Downregulated genes at 5 d
Database | Term number Pathway BMP5 ‘ BMP10 |BM P13 BMP5 IBMP10 ‘BMP“ BMP5 |BMP1O ‘BHH 3

CountPvalue | Count/Pvalue |[Count/Pvalue |Count/Pvalue |Count/Pvalue |Count/Pvalue |CountPvalue |Count/Pvalue | Count/Pvalue
Category: Metabolism
KEG hsa00250 Alanine, aspartate and glutamate metabolism . - B B . - 12 - 9 34E03 . 7 21E02
KEG hsa00970 AminoacytRNA biosynthesis - - - - - 9 62E-03 ‘ 17 - 9 19E02 14 - a [79E03
KEG hsa00330 Arginine and proline metabolism - 5 45E.02 - 10 [96E03 16 \ 16E-03 12 (44 E.03| 13 16E02 11 40E03
KEG hsa00410 beta-Alanine metabolism - - - - - - - 7 49E-02 - - - - - - -
KEG hsa00532 Chondroitin sulfate biosynthesis - - - - - - 8 15E-02 - - - - -
KEG hsa00270 Cysteine and methionine metabolism - - - - 7 27E02 13 12 [66ED5| 13 [26E04] © 23E03
PAN P02738 De novo purine biosynthesis - - - - - 11 B66E03 - 8 14E02 61E03 & [86E03
PAN P02740 De novo pymmidine ribonuclectides biosythesis - - - - - 7 |86E03 5 38E-02
KEG hsa00310 Lysine degradation - - - - - - 12 1.7 E 02 - 11 26E-02 - -
REA REACT_1698 Metablism of nucleotides - - - - . - 19 93E03 . - 16 47E02 11 48E-02
REA REACT_13 Metabalism of amine acids - - - - 21 [55E-03 43 27 15E03 26
REA REACT_474 Metabolism of carbohydrates - 6 3BE02 - . . . - . - .
REA REACT_11052 Metabolism of non-cading RNA - - . 5 19603 14 EEEDH -
KEG hsa00910 Nitrogen metabolism - - - - - - - 6 40E02 - - -
KEG hsa00230 Purine metabolism - - - - - - 30 24 [44E03 35 22 30E-03
KEG hsa00240 Pyrimidine metabolism - - - - 15 [53E03| 28 16 1.3E02 24 17 [1.1E03
KEG hsa03018 RNA degradation - - - - - - - 15 91E-03 - 12 [T2E03 22 - -
KEG hsa00450 Selenoamino acid metabolism . - - 9 12E02 8 |47E03 10 [18E03 6 36EO02
KEG hsa00290 Valine, leucine and isoleucine biosynthesis - - - - - - 5 39E-02 - - -
KEG hsa00280 Valine, leucine and isoleucine degradation - - - - . . 12 1TE-02 - -
PAN P02787 Vitamin B6 metabolism - - - - 3 42E02 - - - -
Category: Cell cycle / DNA maintenance
KEG hsa03410 Base excision repair - - - - - 9 T75E03 - 3.7 E-02
KEG hsa04110 Cell cycle - - - - - - 30 - 26 34
REA REACT_1538 Cell Cycle Checkpoints - . - - 29 25 31
REA REACT_152 Cell Cycle, Mitotic - - - - - ?1 50 7
REA REACT_216 DNA Repair - - - - - 23 11E-02 18 [62E03 21 22E-02 14 3.0E-02
KEG hsa03030 DNA replication - - - - 14 14 17
PAN PO0OD1T DNA replication - - - - - - - - - - 7 B3E03 - -
REA REACT 383 DNA Replication - - - . 28 [1BE-05 27 28 |28E05| 25
KEG hsa03430 Mismatch repair - - - - - - - 6 40E02 8 13E02 6 22E02
KEG hsa03420 Nucleotide excision repair - - - - - - 8 36E-02
KEG hsa04114 Qocyte meiosis - - - - 20 4.7 E 02 -
REA REACT 7970 Telomere Maintenance - - - - - - - - 15 [6BE03 15 -
Category: Signaling
PAN P05911 Angiotensin Il sign. through G proteins and B-arrestin - 5 40E-02 - - - - - - - -
PAN PO00D27 G-protein Gq alpha and Go alpha mediated signaling 9 31E02 - . . . - -
PAN P04385 Histamine H1 receptor mediated signaling - . - - . . 8 48E02 - 8 31E02
PAN P00045 Notch signaling - - - - - - 12 49E-02 2 - - - - -
KEG hsa04115 p53 signaling . - - 17 [B5E03 2 -
KEG hsa05200 Pathways in cancer - - - - - - - - T 37E-02 - - -
KEG hsa04350 TGF-beta signaling - - - - 6 - - -
PAN P00052 TGF-beta signaling - - - - 6 92E03 - - -
KEG hsa04310 Wnt signaling - 13 [H0EGH N - - . - -
Category: Other
REA REACT_T1 Gene Expression - - - B B B B - - 43 16E02 73 |BOED8 - B
PAN PO0022 General transcription by RNA polymerase | - - - - T 44E-02 - - - - - - -
REA REACT_604 Hemostasis - . - - - . . 5 38E02| - -
REA REACT_6185 HIV Infection - - - - - - 8 43ED3 29 [21E03 43 - 24 [58EDS) 503
REA REACT_8167 Influenza Infection . . - . 31 |85E03 -
REA REACT_1675 mRNA Processing - - - - - - - - 9 37E02 - -
PAN PO0049 Parkinson disease - - - - 18 39E02 -
REA REACT 769 Pausing and recovery of elongation - - - - - - 1 [78E04 - -
REA REACT 125 Processing of Capped Intron-Containing Pre-mRNA - - - B - - - - 21 1.0E03 42 - N -
KEG hsa03020 RNA polymerase - - - - 7 11E02 12 BEEGH 7 27E02 10 32E03 - E
KEG hsa03040 Spliceosome - - - - - - - - 20 89E03 42 - -
REA REACT_1788 Transcription - - - - 30 26E-03 24 37 16 47E-02

107



Chapter 4 Results

Summarized, this overall view of biochemical pathways, which was obtained by an
unprejudiced bioinformatics approach, provides an in-depth insight into molecular processes
involved in trophoblast development from hESCs. BMP5, BMP10 and BMP13 samples
displayed a high level of conformity with respect to the kind and chronological order of
affected pathways within the investigated time frame (18 h - 5 d). Therefore, this analysis
provides evidence for collective rather than for different mechanisms of action between the
individual ligands in inducing trophoblast lineage from human pluripotent stem cells in vitro.

4.2.7 Cellular components affected by BMP-induced morphological
differentiation of hESCs to trophoblast cells

Human pluripotent stem cells undergo a dramatic change in cell morphology and structural
rearrangements during their trophoblast differentiation (Chapter 4.2.1; Figure 4-26; Figure
4-28). This prompted to investigate the weighting of the different cellular components (CCs)
between undifferentiated H1 hESCs and the trophoblast cells derived thereof. CCs comprise
any kind of subcellular organelles, structures and macromolecular complexes. For this
purpose, a bioinformatics Gene Ontology (GO) analysis was performed for all shared
(BMP5 n BMP10 n BMP13 versus reference) significantly upregulated and for all shared
significantly downregulated genes of day 5 trophoblast cells. The queries were run against
the GO database (Chapter 2.13) for in silico predictions of CCs via the known subcellular
locations of the genes’ proteins. The identified GO-CC terms were grouped into categories
and are shown in Figure 4-29. Several individual CCs and whole categories of grouped CCs
were revealed as being strongly over- or underrepresented in day5 trophoblast cells
compared to undifferentiated hESCs.

CCs enriched in trophoblast cells:

- Extracellular space (including collagens belonging to the ECM)

- Cell adhesion / ECM interaction

- Plasma membrane (including lipid rafts)

- Other membranous organelles/vesicles (foremost vacuoles, lysosomes and
cytoplasmic vesicle membranes)

- Intermediate filament cytoskeleton (foremost keratins as structural components)

CCs enriched in undifferentiated hESCs:

- Nucleus (including nucleoli and chromosomes)
- Ribosomes
- Mitochondrial matrix

The results for hESCs are in agreement with their high nucleus-to-cytoplasm ratio (Chapter
4.2.1) and identified nucleus-associated pathways (e.g. for maintenance of genomic
integrity; Chapter 4.2.6.2). The abundance of ribosomes in hESCs could indicate a high
activity in protein biosynthesis, as already indicated by overrepresented metabolism-related
pathways concerning amino acids and the biosynthesis of aminoacyl-tRNA (Chapter 4.2.6.2).
Structural rearrangements involving keratins as part of the intermediate filament
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cytoskeleton were confirmed by immunocytochemistry for trophoblast cells (Chapter
4.2.5.2). Enrichment of membrane-related CCs for trophoblast cells is in agreement with
their overrepresented pathway “metabolism of lipids and lipoproteins” (Chapter 4.2.6.1).
CCs related to cell adhesion and the extracellular space reflect the importance of cell-cell /
cell-ECM interactions and secretion of proteins (e.g. hormones for extracellular signaling,
proteases) for trophoblast cells (Chapter 4.2.6.1).

Category Cellular component

Extracellular region
Extracellular space
Extracellular matrix

Collagen

Cell junction

Cell-cell junction

Adherens junction

Focal adhesion

Apical junction complex
Basement membrane

Plasma membrane
Basolateral plasma membrane
Apicolateral plasma membrane

Extracellular
space

Cell adhesion /
ECM interaction

Plasma Integral to plasma membrane
membrane Cell surface
External side of plasma membrane

Internal side of plasma membrane

Membrane raft

Cytoplasm / Perinuclear region of cytoplasm
non-membranous Cytosol
Ribosome

arganelles Centrosome

Mitochondrion

Mitochondrial envelope

Mitochondria Mitochondrial membrane
Mitocheondrial inner membrane
Mitochondrial matrix

Nuclear envelope

Nuclear lumen

Nucleoplasm

Nucleclus

Nuclear body

Chromatin

Chromosome

Chromosome, centromeric region
Transcription factor complex
Endoplasmic reticulum
Endoplasmic reticulum membrane

Nucleus

Golgi apparatus

Golgi membrane

Vacuole

Lysosome

Peroxisome

Cytoplasmic vesicle

Cytoplasmic vesicle membrane
Cytoplasmic membrane-bounded vesicle
Coated vesicle

Clathrin-coated vesicle

Endosome

Secretory granule

Cytoskeleton

Actin cytoskeleton

Microtubule cytoskeleton
Intermediate filament cytoskeleton ‘
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Figure 4-29 Over- and underrepresented cellular components in hESC-derived (line H1) day 5 trophoblast
cells relative to undifferentiated hESCs.

The microarray data of the samples of Figure 4-16 were further processed by bioinformatics analysis.
Overlapping significantly upregulated genes (1198) and overlapping significantly downregulated genes (1408)
of BMP samples (BMP5 n BMP10 n BMP13) versus the HCI/BSA reference samples (Venn diagrams of Figure
4-22) were allocated to cellular components (CCs) by Gene Ontology (GO)-term analysis. The identified GO-CC
terms (threshold: representation of at least 1 % of input genes for one list) were classified into categories.
Upregulated genes represent those expressed in trophoblast cells and downregulated genes represent those
expressed in undifferentiated hESCs. Factor of CC enrichment in trophoblast cells versus undifferentiated hESCs
was calculated as the ratio between the percentage of upregulated genes in trophoblast cells and the
percentage of upregulated genes in hESCs that were found to be CC-associated (and vice versa). Vertical axis =
1-fold (unchanged). (Figure modified from Lichtner et al., 2013.)
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4.2.8 Expression of BMP-related TGF- superfamily type-l and type-Ii
receptor subtypes by hESCs/hiPSCs

The availability of individual TGF-B superfamily type-l and -ll receptors on the cell surface
greatly restricts the possible modes of receptor oligomerization and binding options for
extracellular BMP agonists (sieber et al,, 2009). The following four type-I and three type-Il receptor
subtypes are known to be involved in canonical BMP signaling (Chapter 1.3.3):

Type-I:
- BMPR1A/ALK3
(Bone Morphogenetic Protein Receptor Type-1A / Activin Receptor-like Kinase 3)
- BMPR1B/ALK6
(Bone Morphogenetic Protein Receptor Type-1B / Activin Receptor-like Kinase 6)
- ACVRL1/ALK1
(Activin Receptor-like Kinase 1)
- ACVR1/ALK2
(Activin Receptor Type-1 / Activin Receptor-like Kinase 2)
Type-lIl:
- BMPR2
(Bone Morphogenetic Protein Receptor Type-2)
- ACVR2A
(Activin Receptor Type-2A)
- ACVR2B

(Activin Receptor Type-2B)

Therefore, the gene expression levels of these receptors were determined for all four human
pluripotent stem cell lines that served as model system for the BMP studies, and for the
chorionic villi (CV) cells as parental cells of the hiPSCs (Figure 4-30).

Genes of all receptors except BMPRIB/ALK6 and ACVRL1/ALK1 were detected as
significantly expressed (Ppet <0.05 or <0.01), with ACVR1/ALK2 being most abundantly
expressed (Ppet = 0). Under the assumption that the expression on mRNA level also reflects
the actual expression on protein level, these results are in compliance with the knowledge of
the “general occurrence” of BMP-related receptor subtypes with respect to dissimilar cell
types: The type-l receptors BMPR1A/ALK3 and ACVR1/ALK2 and all type-Il receptors are
widely expressed by many cell types; in contrast, expression of the type-l receptor
BMPR1B/ALK6 is more restricted, and expression of the type-l receptor ACVRL1/ALK1 is
limited to specific cell types such as endothelial cells (Miyazono et al., 2010).

Both hESC lines (H1, H9) and hiPSC lines (iPS1, iPS2) shared a very similar pattern of BMP
receptor expression in their undifferentiated state, as opposed to CV cells from which the
two clonal hiPSC lines were derived. CV cells possessed a clearly distinct expression pattern
for ACVR1/ALK2 and BMPR2, which were expressed 2.6-4.0-fold and 5.2-12.6-fold higher in
CV cells compared to human pluripotent stem cells. These differences provide evidence that
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in the course of cellular reprogramming hiPSCs acquire a receptor profile similar to that of
hESCs and distinct from their somatic cells of origin.
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Figure 4-30 Gene expression levels of BMP-related TGF-B superfamily type-1 and type-Il receptor subtypes
in hESCs (lines H1 and H9), hiPSCs (lines iPS1 and iPS2) and CV cells prior to their reprogramming to hiPSCs.
Levels of gene expression were determined by microarray analysis of cRNA samples. The data were obtained
from the microarray analysis which was performed for the verification of the generated hiPSC lines in the first
part of this results chapter (4.1.2.8). Gene symbols are given with alternative names in parentheses.
*: Ppet < 0.01, (*): Poet < 0.05. Error bars indicate SE of the bead replicates. (Figure modified from Lichtner et al.,
2013.)

4.2.9 Activation of signal transduction pathways downstream of BMP
receptors in hESCs/hiPSCs by different BMPs

4.2.9.1 Canonical BMP signaling during BMP-induced trophoblast differentiation of hESCs

Canonical BMP signaling occurs through activation of the intracellular signal transducers
SMAD1, SMAD5 and SMAD8 downstream of activated BMP receptors (Chapter 1.3.3). The
status of canonical BMP signaling during the course of differentiation of H1 hESCs to
trophoblast lineage was analyzed depending on the type of ligand applied.

Western immunoblotting of total protein lysates of BMP-treated and HCI/BSA-treated
control cells was performed to measure the expression levels of phosphorylated
(= activated) SMAD1/5 and total protein forms of SMAD1 at 18 h, 3d and 5 d (Figure 4-31).
Equal protein loading and transfer was confirmed by reversible Ponceau S staining and
detection of the housekeeping enzyme GAPDH serving as internal standard. The progress of
differentiation was monitored by detection of expression levels of the pluripotency markers
OCT4 and NANOG and the pan-trophoblast marker Cytokeratin-7 (KRT7).
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As expected, all ligands activated canonical BMP signaling in the cells. BMP10 led to
higher intensity ratios of phospho-SMAD1/5 versus total-SMAD1 than any of the other
assayed BMPs at all time points. BMP13 was the least potent ligand, most evident at 18 h.
The kinetics of induced differentiation (OCT4J,, NANOG\,, KRT7) correlated with the
strength of SMAD1/5 activation and therefore with the strength of induced canonical BMP
signaling. The level of total SMAD1 protein species continually decreased as differentiation
proceeded. This supposes that trophoblast cells contain less amounts of this signal
transducer compared to undifferentiated hESCs.

HCI/IBSA BMP3> BMP6 BMP7 BMP10 BMP13

100 100 100 100 1
ng/mi ng/mi ng/mi ng/mi Mg/mi
£STT £TT £ TDT £ TT £TT L£TDT
Time ©www ®oww Oww Oow oo ©mw MW

Figure 4-31 Activation levels of canonical BMP signaling (acting via SMAD1/5/8) during trophoblast
differentiation of H1 hESCs induced by BMP5/6/7, BMP10 and BMP13 at 18 h,3d and 5 d.

Feeder-free hESC colonies were treated in N2B27 medium w/o bFGF on Matrigel with ligands or equivalent
volume of 20l solvent/carrier protein (= undifferentiated reference cells) as indicated. Media and
supplements were replaced every 24 h. Total protein lysates were separated by SDS-PAGE and analyzed by
western immunoblotting for expression levels of phosphorylated (p-) (= activated) SMAD1/5 and total (t-)
protein species of SMAD1, OCT4 and NANOG (hESC markers), KRT7 (pan-trophoblast marker) and GAPDH
(loading control). (Figure modified from Lichtner et al., 2013.)

4.2.9.2 SMAD-dependent versus SMAD-independent signaling upon stimulation of hESCs
and hiPSCs with BMPs

It is known that BMP signaling can also be transduced via SMAD-independent pathways.
These include members of different MAPK pathways (ERK1/2, p38 and SAPK/JNK) and
signaling via Akt (Chapter 1.3.4). Crucial for the initiation of SMAD- versus non-SMAD
signaling is the mode of receptor oligomerization of BMP receptor complexes (sieber et al., 2009),
which is influenced by various factors. For example, the oligomerization pattern is very
flexible and susceptible to modulation by the bound ligand (Gilboa et al., 2000). BMP5, BMP10 and
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BMP13 represent ligands of different subgroups and are known to have differing receptor
affinities (miyazono et al., 2010). Consequently, it was investigated which of the SMAD-independent
pathways are activated upon stimulation of hESCs with these ligands.

In order to do this, a kinetic study was conducted with emphasis placed on the early time
period following BMP stimulation. H1 hESCs growing on Matrigel were simultaneously
treated as before with BMPS5, its both subgroup members BMP6 and BMP7, BMP10 (all
100 ng/ml), BMP13 (1 pug/ml) or equivalent volume of solvent/carrier protein (= reference) in
N2B27 medium lacking bFGF for 10, 30, 60 and 240 min. Before the ligands and controls
were added directly into the medium of the wells, the cells were allowed to adapt to the
N2B27 medium for 6 h in the incubator, following the replacement of the old medium from
the 6-well plates by fresh pre-warmed (37 °C) N2B27 medium. This adaptation step
considered that Akt signaling is also known to be affected by nutrient metabolism (Manning and
cantley, 2007). The use of ideally pre-warmed medium considered that MAPK cascades are also
known to be activated by stress, including hypothermia (roberts et al., 2002). Total protein lysates
were analyzed by western immunoblotting using specific antibodies directed against
phosphorylated (= activated) and total protein forms of SMAD1/5, ERK1/2, p38, SAPK/JNK
and Akt (Figure 4-32). Importantly, the reference samples were analyzed for all individual
time points. This should expose any potential non-BMP-related secondary effects on the
assayed signaling pathways, which might have occurred during the investigated time frame
for whatever reason, and would lead to wrong conclusions regarding BMP-related effects.
The undifferentiated state of hESCs for all individual samples was confirmed by detection of
consistent high OCT4 expression levels.

Measurement of SMAD1/5 phosphorylation confirmed that all five ligands activated
canonical BMP signaling in a time-dependent manner. The activation was detectable after
10 min at the earliest and then increased towards individual saturation levels. BMP10 was
clearly the strongest and BMP13 the weakest ligand in inducing canonical BMP signaling. The
potency of BMP5 lay in between and was of similar strength compared to its two subgroup
members. In accordance with the increase in band intensity of phospho-SMAD1/5, an
additional band for total-SMAD1 appeared, which was shifted slightly upwards due to the
decreased electrophoretic mobility of phosphorylated protein species. Among all
investigated SMAD-independent pathways, only signal transduction via MAPK p38 could be
observed upon BMP stimulation. This was most evident for the ligand BMP10 and the late
time points (60 min, 240 min). In the case of the other BMPs it remains speculative whether
the levels of phospho-p38 exceeded the basal levels of the HCI/BSA reference samples at the
corresponding time points. In either case, activation of p38 remained very weak in contrast
to SMAD1/5 activation. Differences in the levels of p38 activation were also less apparent
among individual BMPs compared to SMAD1/5.
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Figure 4-32 Activation states of SMAD-dependent versus SMAD-independent signal transduction pathways
downstream of BMP receptors upon stimulation of H1 hESCs with BMP5/6/7, BMP10 and BMP13 for 10, 30,
60 and 240 min.

Feeder-free hESC colonies were treated in N2B27 medium w/o bFGF on Matrigel with ligands or equivalent
volume of 20 pl solvent/carrier protein (= reference) as indicated. Total protein lysates were separated by SDS-
PAGE and analyzed by western immunoblotting for expression levels of phosphorylated (p-) (= activated) and
total (t-) protein species of key players of known signaling pathways as indicated, OCT4 (hESC marker) and
GAPDH (loading control). (Figure modified from Lichtner et al., 2013.)

The experiment was repeated for the earliest (10 min) and the latest (240 min) time point
using the hESC line H9 and hiPSC lines iPS1 and iPS2 (Figure 4-33). The results were very
similar to those obtained for hESC line H1 (Figure 4-32).

114



Chapter 4 Results

hESCline H? hiPSC line iPS1 hiPSCline iPS2

6 0 A MDD o o A NN b o A N N2
HClI KQ° K Q 2 L HClI/l K K N4 e Q HCll K K 4 NS N4
BsAS & & & & Bsadt & & N & Bsad & N & N

¢ [ng/ml] 100 100 100 100 1000 100 100 100 100 1000 100 100 100 100 1000

10
240
10
240
10
10
10
240
10
240
10
240
10
240
10
240
10
240
10
240
10
240
10
240
10
240

MW
[kDa]
55

240
240
240
240
240

p-SMAD1/5

t-SMAD1

B~
(S

ERK1/2

t- 45

p- 40
p38

) 55

P~ 1sapPk/ 45

.. | INK 55

=~
o,

Akt

-
o

OCT4

'S
[}

'S
o

GAPDH

w
(8}

Figure 4-33 Activation states of SMAD-dependent versus SMAD-independent signal transduction pathways
downstream of BMP receptors upon stimulation of H9 hESCs and iPS1/iPS2 hiPSCs with BMP5/6/7, BMP10
and BMP13 for 10 min and 240 min.

Feeder-free cells were treated with BMPs and controls as indicated. Treatments and analyses of total protein
lysates were performed as described in Figure 4-32. (Figure modified from Lichtner et al., 2013.)

In summary, BMP10 is a more powerful inducer of SMAD-dependent and SMAD-
independent (via MAPK p38) signaling than members of the BMP7 subgroup (BMP5, BMP6,
BMP7) at equal and BMP13 at 10 times higher concentration. No evidence for signal
transduction via ERK1/2, SAPK/JNK or Akt was found for any of the assayed BMPs under the
chosen experimental conditions. As activation of SMAD1/5 signaling clearly reflected the
strengths of the individual ligands in inducing trophoblast differentiation in hESCs (line H1,
Figure 4-17; line H9, Figure 4-18) and hiPSCs (lines iPS1 and iPS2, Figure 4-18), canonical BMP
signaling is the predominant trigger for inducing trophoblast differentiation in human
pluripotent stem cells. The possibility of a synergistic interaction between the SMAD and the
p38 pathway remains to be investigated.

115



Chapter 4 Results

4.2.10 Activation of gene regulatory networks downstream of BMP receptors
in hESCs by different BMPs

After all kinds of known signal transduction pathways downstream of BMP receptors had
been investigated for the different BMP family members in hESCs and hiPSCs, their induced
transcriptional responses were examined. The activation of genes encoding transcription
factors associated with trophoblast development, and the downregulation of pluripotency-
associated genes, were already unveiled before (Chapter 4.2.2).

4.2.10.1 TGF-B superfamily signaling network

Next, the attention was focused on the TGF-B superfamily signaling network in detail by
monitoring genes from which it is known that they can be involved in TGF-B superfamily
signaling in various cell types at various biological processes. Key players of the BMP/GDF
branch (acting, with few exceptions, via SMAD1/5/8) and of the Activin/Nodal branch (acting
via SMAD2/3), which is known to compete with the BMP/GDF branch for binding to their
shared Co-SMAD SMAD4 (Chapter 1.3.3), were monitored. The key players covered all
hierarchies of the TGF-B superfamily signaling network, including direct inducible target
genes, ligands, receptors, SMADs, negative and positive modulators.

Figure 4-34 shows the fold changes in gene expression between BMP-treated (BMP5,
BMP10 or BMP13) and HCI/BSA-treated control H1 hESCs. The time points analyzed (18 h,
3d, 5d) ranged from early responses in undifferentiated hESCs to advanced trophoblast
differentiation. The progression of differentiation was tracked based on expression levels of
the pluripotency markers OCT4 and NANOG and the pan-trophoblast marker KRT7. The
attention was focused on time points representing the undifferentiated state (OCT4",
NANOG*, KRT7").

This analysis revealed mainly similarities in induced transcriptional responses among the
three novel tested ligands:

The common features included the systematic activation of the direct inducible BMP
target genes ID1-4, MSX1-2, GATA2-3 (Holinagel et al., 1999; Miyazono et al., 2005), DLX3 (Park and Morasso,
2002) and DLX5 (Miyama et al, 1999). The degree of induction was ligand-dependent
(BMP10 > BMP5 > BMP13) and most significant for DLX5 (up to 63.3-fold), GATA2 (up to
50.7-fold) and MSX2 (up to 48.9-fold).

Furthermore, the expression of typical members of the “BMP4 synexpression gene group”
(BMP4, BMPR2, SMAD6, SMAD7, BAMBI) was induced to varying degrees (> 1.5-fold,
Poirs < 0.01). A BMP4 morphogen gradient is essential for dorsal-ventral body axis patterning
in early embryogenesis of diverse animal species such as Drosophila and Xenopus. This
evolutionarily conserved gradient is proven to be self-regulated and its mechanism includes
the coordinated induction of a set of certain genes by BMP4 (karaulanov et al., 2004; Paulsen et al., 2011).
The BMP4 synexpression gene group includes genes of ligands and receptors to support BMP
signaling (inter alia BMP4, BMP Receptor Type-2) as well as of feedback inhibitors (inter alia
inhibitory-SMADs SMAD6 and SMAD7, decoy-receptor BAMBI). Thus, this study provides
evidence that this feedback loop is also systematically activated in hESCs upon treatment
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with agonists of different BMP subgroups in vitro. Remarkable, besides their common
activation of the BMP4 gene, none of the applied BMPs induced expression of its own gene.

On the contrary, the genes encoding the ligands Activin A and Nodal (INHBA and NODAL)
were downregulated upon stimulation of hESCs with all BMPs. This is in agreement with the
knowledge that this branch of TGF-B superfamily signaling needs to be active in hESCs in
order to maintain their undifferentiated state. hESCs are known for autocrine Activin/Nodal
signaling. Upon differentiation, SMAD2/3 signaling decreases, and SMAD1/5/8 signaling
increases (Besser, 2004; James et al., 2005; Greber et al., 2008). Similarly, the genes encoding GDF3 (GDF3; a
ligand which acts via SMAD2/3 instead of the BMP/GDF branch-typical signal transducers
SMAD1/5/8) and Left-right Determination Factor 1 (LEFTY1; a secreted inhibitor of Nodal,
which is involved in left-right asymmetry determination during embryogenesis), two known
pluripotency-associated markers (Besser, 2004; Levine and Brivanlou, 2006), were strongly downregulated
upon BMP treatments.

However, distinct BMPs also showed subtle differences in transcriptional changes. These
differences mainly concerned BMP10 when compared with BMP5/BMP13:

The transcription factors and known responsive target genes of the Notch signaling
pathway, HEY1 and HES1, have recently been identified as immediate target genes of BMPs
in various cellular systems such as endothelial cells (by BMP9 and BMP10 (Ricard et al., 2012)),
renal proximal tubule epithelial cells (by BMP2 and BMP7 (tarman etal, 2012)) and mesenchymal
stem cells (by BMP9 (sharff et al,, 2009)). In this study with respect to human pluripotent stem
cells, BMP10 induced a strong and constant upregulation of HEY1 at all three time points
(20.5- to 21.9-fold, Ppiff < 1.93 x 10723), and a peaked upregulation of HES1 at 18 h (7.2-fold,
Poiff = 4.22 x 1073%). These findings suggest HEY1 and HES1 as potential early target genes in
undifferentiated hESCs that are preferentially activated by BMP10 rather than by BMP5 or
BMP13. It is worth mentioning in this context that canonical BMP signaling and Notch
signaling are known to interact — either synergistic or non-cooperative — on various biological
processes, with HES1 and HEY1 being cross-talk factors (Miyazono et al., 2005; Guo and Wang, 2009).

BMP10, in contrast to BMP5/BMP13, also induced an early, strong (16.3-fold at 18 h,
Poiff = 7.60 x 10712) and persisting expression of the gene SMADS, encoding the BMP/GDF
branch-specific R-SMAD SMADS.

In addition, starting at 18 h in hESCs, BMP10 induced an elevated gene expression of the
secreted BMP antagonists Noggin (NOG) (12.6-fold, Ppir = 4.22 x 1073¢) and ‘Protein Related
to DAN and Cerberus’ (PRDC), also known as Gremlin-2 (9.9-fold, Ppir =4.22 x 1073¢); and
starting at 3d in trophoblast cells, expression of Chordin (CHRD) (10.4-fold,
Poiff = 2.12 x 10738). In contrast, induction of these inhibitors remained either absent or was
much later and weaker in the case of BMP5 at equal and BMP13 at 10 times higher applied
ligand concentration. Secreted BMP antagonists are known for their important functions in
early embryonic development by enabling the formation of BMP morphogen gradients
needed for body axis formation and organ patterning (kishigami and Mishina, 2005; Yanagita, 2005; Gazzerro
and Canalis, 2006; Umulis et al., 2009). However, their expression, in particular that of Noggin (reviewed by
Krause et al., 2011), iS also known to be activated in several cell types as a physiological response
to BMP stimulation in vivo and in vitro. This negative feedback mechanism aims at
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Figure 4-34 Induced transcriptional responses related to the TGF-B superfamily signaling network in H1
hESCs upon stimulation with BMP5, BMP10 and BMP13.

Expression levels of genes covering all hierarchies of the TGF- superfamily signaling network as indicated
(microarray data of the samples of Figure 4-16). The heatmap visualizes the fold changes in gene expression
(ligand versus HCI/BSA reference cells of the same time point), calculated as ratios of average signal intensities
(grouped biological duplicates). Red = UP, green = DOWNJ,. Brown and blue bars indicate the branch to
which the gene products belong to or act on (e.g. by agonizing, antagonizing or mediating signals). Gene
symbols are given with alternative names in parentheses. The intensity raw data on which the ratios are based
on are visualized in Figure A-2 (in Appendix) for all genes and samples. (Figure modified from Lichtner et al., 2013.)
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attenuating BMP signaling (Gazzerro et al., 1998; Nifuji and Noda, 1999; Seemann et al., 2009). ThUS, rather than
being BMP10-specific targets, these genes were most likely induced due to the strength of
BMP10 in inducing canonical BMP signaling.

Figure 4-35 shows the BMP-activated expression of Noggin in undifferentiated hESCs and
trophoblast cells in detail.
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Figure 4-35 Gene activation of the BMP antagonist Noggin in H1 hESCs upon stimulation with BMP5,
BMP10 and BMP13.

Expression levels of the Noggin gene (NOG). Shown are the fold changes (BMP versus HCI/BSA reference cells),
calculated as ratios of average signal intensities (microarray data of the samples of Figure 4-16). The onset of
hESC differentiation is indicated by the downregulation of the pluripotency markers OCT4 and NANOG.
Horizontal axis = 1-fold (unchanged). *: Ppif < 7.97 x 107®, (*): Ppirr < 0.05. Error bars indicate array STDEV
(grouped biological duplicates).

4.2.10.2 Autocrine Basic Fibroblast Growth Factor (bFGF) signaling

hESCs are known for autocrine Basic Fibroblast Growth Factor (bFGF) signaling, which is
crucial for their undifferentiated state (pvorak et al., 2005; Greber et al., 2007b; Eiselleova et al., 2009). BFGF,
acting via its receptors, is known to modulate TGF-B superfamily signaling in hESCs to
support hESC self-renewal by supporting SMAD2/3 signaling and antagonizing competing
SMAD1/5/8 signaling (Greber et al, 2007a). This prompted to investigate the state of bFGF
expression of BMP-treated hESCs.

The results (Figure 4-36) revealed a vice versa relationship between the endogenous
expression of the bFGF gene (FGF2) and canonical (via SMAD1/5/8) BMP signaling: Upon
stimulation with either BMP5, BMP10 or BMP13, expression of FGF2 in H1 hESCs decreased.
The reduction was reciprocal to the strength of induced canonical BMP signaling (Figure
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4-31): At 18 h, BMP10-treated - yet undifferentiated cells — already exhibited a reduction in
bFGF mRNA down to factor 0.55 of the basal expression level in HCI/BSA-treated reference
cells. In cells treated with the weaker ligands BMP5 and BMP13, the onset of significant
downregulation of FGF2 expression was delayed to the later time points (3 d, 5d). In day 5
trophoblast cells, FGF2 expression was downregulated to 0.03-fold (BMP10), 0.08-fold
(BMP5) and 0.13-fold (BMP13) relative to undifferentiated hESCs. This is in agreement with
the findings that endogenous bFGF expression decreases during hESC differentiation, and
that knockdown of bFGF induces differentiation of hESC (eiselleova et al., 2009).
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Figure 4-36 Gene repression of Basic Fibroblast Growth Factor (bFGF) in H1 hESCs upon stimulation with
BMP5, BMP10 and BMP13.

Expression levels of the bFGF gene (FGF2) in ligand- and HCI/BSA-treated cells (= reference). Shown are the
average signal intensities (microarray data of the samples of Figure 4-16). FGF2 was significantly expressed in
all samples (Ppet < 0.004). *: Ppifr < 1.06 x 10~ (other: Poir > 0.05). Error bars indicate array STDEV (grouped
biological duplicates).

4.2.11 Dose-response relationship of BMP10 and comparison of its potency on
hESCs with BMP4

Finally, it was verified that the effect of BMP10-induced signaling on hESCs is dose-
dependent. In addition, the performance of BMP10 was compared with that of the
“standard ligand” BMP4. For this purpose, H1 hESCs were treated with 1:5 dilutions (100, 20
and 4 ng/ml) of either recombinant human protein under the same experimental conditions
as before. Based on the previous results, two different criteria were assessed:

1.) Levels of SMAD1/5 phosphorylation as indication for the strength of activated
canonical BMP signaling in undifferentiated hESCs after 60 minutes stimulation.

2.) Concentrations of hCG in media supernatants as indication for the degree of terminal
trophoblast differentiation of hESCs towards syncytiotrophoblasts after 7 days
treatment. In view of the previous results (Chapter 4.2.5), this time point was found
to be more eligible in revealing differences in differentiation kinetics between BMP
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samples compared to day 5 (low degree of syncytia formation) and day 10 (massive
cell death of syncytia).

The results clearly confirmed a dose-response relationship of BMP10 in inducing canonical
BMP signaling (Figure 4-37A) and trophoblast differentiation (Figure 4-37B) in hESCs. A dose
of 20 ng/ml BMP10, corresponding to 0.82 nM of homodimeric protein, was already
sufficient for gaining a high degree of endocrine active SCTs (average hCG concentrations:
2665.0 mIU/ml (for 100 ng/ml), 1931.3 mIU/ml (for 20 ng/ml), 12.5 mIU/ml (for 4 ng/ml) and
0.6 miU/ml (for HCI/BSA)). Furthermore, the results indicated that BMP10 is more effective
than BMP4 on human pluripotent stem cells (20 ng/ml £ 0.76 nM of homodimeric BMP4).
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Figure 4-37 Dose-response relationship of BMP10 and comparison of its potency on H1 hESCs with BMP4.
(A) Activation levels of canonical BMP signaling: Feeder-free hESC colonies were treated in N2B27 medium w/o
bFGF on Matrigel with decreasing concentrations of ligands or equivalent volume of 20 ul solvent/carrier
protein (= reference) as indicated for 1 hour. Total protein lysates were separated by SDS-PAGE and analyzed
by western immunoblotting for expression levels of phosphorylated (= activated) SMAD1/5 and total protein
species of SMAD1, OCT4 (hESC marker) and GAPDH (loading control). (B) Degrees of syncytiotrophoblast
formation: Cells were treated under conditions of (A) for 1 week. Media and supplements were replaced every
24 h. Concentrations of hCG which accumulated within 24 h prior to day 7 in the media were determined by
ELISA. Average values, error bars indicate STDEV (biological triplicates, technical duplicates). IU = international
unit (a standard defined by the World Health Organization). (Figure modified from Lichtner et al., 2013.)
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5 Discussion

5.1 Cell lineage differentiation fate of human pluripotent stem cells
obtained by treatment with distinct BMPs

5.1.1 Trophoblast lineage derivatives as the major outcome

In the present PhD project an in-depth investigation of the effects that distinct members of
the BMP family exert on human pluripotent stem cells was carried out. It was demonstrated
in a representative, reproducible and comparative approach under chemically-defined
conditions, that BMP5, BMP10 and BMP13 induce differentiation towards trophoblast
lineage in the absence of exogenous Basic Fibroblast Growth Factor (bFGF) and presence of
autocrine Activin/Nodal signaling and autocrine bFGF signaling. These results are in
agreement with model studies using the “standard ligand” BMP4 (reviewed by Ezashietal., 2012). In
2011, a controversial debate arose concerning the true identity of BMP4-triggered
differentiated human embryonic stem cells (Greber, 2011; Roberts et al, 2014), after a study had
claimed that the cells would rather represent an (extra-)embryonic mesoderm phenotype
than trophoblast (gernardo etal,, 2011). In agreement with recent studies, which confirmed BMP4-
induced trophoblast differentiation in hESCs (Amita et al., 2013; Li et al., 2013; Sudheer et al,, 2012) and hiPSCs
(Chen et al,, 2013b), this work further confirms that the same findings are also valid for other
independent BMP subgroup members, which had been untested with respect to both hESCs
and hiPSCs:

Cells treated with BMP5, BMP10 or BMP13 for 5 days developed predominantly to a
Cytokeratin-7* epithelium (E-Cadherin*) (Figure 4-26B), which is characteristic of villous
cytotrophoblast cells (Haigh et al., 1999; Blaschitz et al., 2000; Floridon et al., 2000; Getsios and MacCalman, 2003; Zhou et al.,
1997). This conversion involved a transient upregulation of the transcription factor CDX2
(BMP10, 18 h - 3 d; Figure 4-16), in conformance with recent findings using BMP4 (Amitaetal,,
2013; Sudheer et al, 2012; Marchand et al, 2011). This cell population further underwent terminal
maturation to either multinucleated syncytiotrophoblasts (SCTs) or invasive extravillous
cytotrophoblasts (EVTs). SCT differentiation was detected by means of morphological
syncytia formation (Figure 4-15; Figure 4-26C-E; Figure 4-28), secretion of the pregnancy
hormone Human Chorionic Gonadotropin (hCG) (Figure 4-27; Figure 4-37B) and upregulation
of markers including genes which encode for enzymes involved in biosynthesis of steroid
hormones (CYP11A1 and HSD3B1 for progesterone, CYP19A1 and HSD17B1 for estrogens)
(Figure 4-25). EVT differentiation was detected by means of HLA-G expression and other
markers required for acquisition of invasive properties, including several protease / protease
inhibitor systems (Figure 4-25). Furthermore, critical pathways (including signaling,
metabolism and other categories) known to be involved in the development of either SCTs
or EVTs were identified as overrepresented in BMP5/BMP10/BMP13-treated differentiated
hESCs (Table 4-1A), whilst pathways known to be predominantly activated in
undifferentiated hESCs were identified as underrepresented (Table 4-1B). The ability to
specialize to both cellular fates is known to be unique to villous cytotrophoblast precursor

122



Chapter 5 Discussion

cells during placentation in vivo (sischof and Irminger-Finger, 2005), and was confirmed by others for
BMP4-driven, hESC-derived (Amita et al., 2013; Das et al., 2007; Sudheer et al., 2012; Marchand et al., 2011) and hiPSC-
derived (chenetal, 2013b) trophoblast cells. Finally, completely unbiased bioinformatics analyses
illustrated that the obtained differentiated hESCs acquired overall similar (Figure 4-19;
Figure 4-22) and placenta-like (Figure 4-23; Figure 4-24) global gene expression profiles after
exposure to different members of the BMP family for increasing periods of time.

Altogether, previous studies and this research project provide strong evidence for a true
BMP4-driven trophoblast identity of the differentiated cells, and do not support the claim of
mesoderm-like identity. Several cellular components were found as strongly enriched in the
obtained trophoblast cells compared to undifferentiated hESCs (Figure 4-29). This highlights
the impact of these subcellular organelles, structures and macromolecular complexes for
BMP-driven morphological differentiation of hESCs and the structural reorganization of
trophoblast cells. Remarkably, the strength of inducing trophoblast differentiation varied
immensely among the tested ligands. BMP10 was by far the most potent ligand, followed by
BMP5 with a potency similar to its both subgroup members BMP6 and BMP7, and finally
BMP13 as the weakest ligand (Figure 4-17; Figure 4-18; Figure 4-31). The potency of BMP10
was also higher than that of BMP4 (Figure 4-37).

5.1.2 Mesendoderm (primitive streak) formation as possible “side effect” of
autocrine bFGF signaling

The observed marginal co-differentiation to mesendoderm (primitive streak) for H1 hESCs
(Figure 4-16; Figure 4-17) was most likely the result of autocrine bFGF signaling present
during the BMP treatments, as bFGF is known to be endogenously expressed and released
by hESCs (bvoraketal,, 2005). A study by the Thomson Lab (vuetal, 2011) revealed that the presence
of bFGF switches the fate of BMP4-induced hESC differentiation from trophoblast to
mesendoderm via prolonging NANOG expression through the MEK-ERK pathway. The
chemically-defined N2B27 medium used for the BMP experiments in this PhD work was not
supplemented with exogenous bFGF, nor was this signaling pathway inhibited; however, the
cells were cultured on plastic surfaces coated with a thin layer of growth factor reduced
Matrigel™ basement membrane matrix. Matrigel is known to contain trace amounts of bFGF
molecules (vukicevic et al., 1992), but according to the manufacturer’s certificate of analysis in a
concentration of less than 0.1 pg/ml. This negligible concentration refutes Matrigel as
potential cause for the co-differentiation to mesendoderm and supports the assumption of
autocrine bFGF signaling as being the trigger. Further evidence for this can be seen from the
endogenous expression levels of bFGF mRNA, which were highest in undifferentiated H1
hESCs (Figure 4-36). Interestingly, no increase in the level of activated MAPK ERK1/2 was
observed upon stimulation of H1, H9, iPS1 and iPS2 cells with any of the ligands (Figure 4-32;
Figure 4-33). This indicates that mesendoderm formation via this pathway/mechanism was
so marginal that it was below the sensitivity of the assay compared to the basal levels of
phospho-ERK1/2 protein species. On the other hand, Valera et al. (valeraetal., 2010) observed a
strong activation of ERK1/2 upon stimulation of H9 hESCs with recombinant human BMP2,
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BMP2/6 heterodimers and BMP6 (BMP6 was also tested in this work). However, their
experimental system included mTeSR1™ medium, which contains a high concentration of
bFGF (100 ng/ml), and the induced differentiation led to a high degree of mesoderm and
endoderm derivatives.

Thus, the results of this work and those of Valera et al. are in agreement with and
supporting the findings of the Thomson Lab regarding the bFGF-mediated switch of BMP4-
induced hESC differentiation from trophoblast towards mesendoderm via the MEK-ERK
pathway:

(+) bFGF > mesendoderm - mesoderm & endoderm derivatives

hESCs + recombinant BMP4

(=) bFGF - trophoblast lineage

Moreover, this research project has revealed that BMPs with higher potency more easily
“override” the “side effect” of mesendoderm fate as a result of autocrine bFGF signaling
compared to BMPs with lower potency: The time window of primitive streak formation
observed for BMP10 (only at 18 h) was shorter compared to BMP5 and BMP13 (3d - 5d)
(Figure 4-16; Figure 4-17). In accordance with this observation, the level of endogenous bFGF
MRNA expression in H1 hESCs (Figure 4-36) negatively correlated with the strength of
induced canonical BMP signaling by the distinct ligands in these cells (Figure 4-31).

The extent of autocrine bFGF signaling is most likely dependent on the individual cell line,
seeding density and diameter of colonies: Differences in the expression levels of certain
genes have been reported to exist between individual hESC lines (international Stem Cell Initiative, 2007),
which could also concern genes contributing to bFGF signaling. The colony size could exert
influence on signaling due to “quorum sensing”, a phenomenon well known from the world
of single-celled microorganisms, e.g. bacterial biofilms (waters and Bassler, 2005; Hall-Stoodley et al., 2004;
Karatan and Watnick, 2009). Support for the latter hypothesis can also be drawn from the detected
levels of bFGF mRNA in HCI/BSA-treated H1 hESCs, which served as a reference for the
undifferentiated state. The basal expression levels sustained and gradually increased over
time (18 h - 3d - 5d; Figure 4-36), in conformance with an increasing diameter of the
colonies as a result of ongoing self-renewal of the cells (scale bars in Figure 4-14 / 48 h
versus Figure 4-15 / 5d). All these factors would explain the observed differences in the
extent of primitive streak formation between the independent experimental series involving
H1, H9, iPS1 and iPS2 cells (Figure 4-17; Figure 4-18).

The onset of co-differentiation to mesendoderm could be prevented by blocking
bFGF/MEK-ERK signaling using specific inhibitors of the respective FGF receptors. Our
laboratory demonstrated in this regard that inhibition of bFGF signaling alone, or in
combination with either Activin/Nodal inhibition or BMP4 stimulation, is sufficient to
support differentiation of hESCs towards SCTs. This indicates that bFGF inhibition is a key in
directing BMP4-induced differentiation of hESCs towards SCTs (sudheer et al, 2012). The
accelerating effect of inhibition of bFGF and Activin/Nodal signaling on BMP4-driven
trophoblast differentiation of hESCs has recently been confirmed (amita et al, 2013), and it had
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been shown before that the presence of bFGF slows BMP4-driven trophoblast differentiation
of hESCs (Das et al., 2007).

5.1.3 Absence of ectoderm-related cells

All four BMP-driven differentiated human pluripotent stem cell lines were lacking derivatives
of the ectoderm lineage (Figure 4-16; Figure 4-17; Figure 4-18). This is in compliance with the
knowledge that BMP signaling in hESCs prevents neural ectoderm formation, and
conversely, inhibition of BMP signaling induces their differentiation to neural precursor cells
(Pera et al., 2004; Itsykson et al., 2005). The mechanism of neural induction through BMP antagonism can
be regarded as being adopted by hESCs in vitro from the native in vivo system, since the
same also occurs during early vertebrate embryogenesis (Gaulden and Reiter, 2008). The results of
the present study provide evidence that BMP signaling in general - even if mediated by
ligands that are differing in their tissue locations and physiological roles in vivo — follows this
universal rule of not supporting ectoderm formation, both for hESCs and hiPSCs.

5.1.4 Absence of cells belonging to the germline

Previous studies demonstrated that treatment of hESCs and hiPSCs in the presence of fetal
bovine serum (FBS) with either BMP4 alone or in combination with BMP7 and BMP8b, but
not BMP7 or BMP8b alone, increased their differentiation to primordial germ cells (PGCs) (kee
et al., 2006; Panula et al., 2011; Geens et al, 2011). This indicates that BMP4 was required for the initial
induction and BMP7 and BMP8b for the additional support of PGCs (kee et al, 2006). PGC
formation occurred within 3 days to 1 week, independent of whether the cells were cultured
in suspension (embryoid body approach) or grown adherent. The PGCs were able to further
develop to meiotic and post-meiotic haploid germ cells (panula et al,, 2011).

In the present work, germ cell-specific genes were examined in respect of BMPs and
human pluripotent stem cells under chemically-defined conditions. No indications for
formation of early PGCs or of germ cells of any later developmental stage were found for any
sample (Figure 4-16; Figure 4-17; Figure 4-18). There are two possible explanations for the
absence of cells belonging to the germline under the chosen experimental conditions: Firstly,
the ligands BMP4, BMP7 and BMP8b, which were used in above cited studies, are known to
be required for development of murine PGCs in vivo (keeetal, 2006). It is therefore uncertain
whether BMP5, BMP10 and/or BMP13 could functionally substitute any of these ligands in
the murine and/or human model system in vitro. Secondly, the very low yield of roughly 5 %
PGCs in these studies is suspicious and implies that PGC formation has not directly occurred
from pluripotent stem cells. It was most likely a “secondary effect” of BMPs which acted on
other sorts of progenitor cells that had coincidentally developed due to the presence of 20 %
(v/v) FBS in the medium. FBS is not well-defined and contains plenty of unknown growth
factors and other interfering biochemical ingredients at varying concentrations. Hence,
additional studies using the same sets of BMPs under both experimental conditions would
help to confirm or withdraw any of both assumptions.
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5.2 hiPSCs in comparison to hESCs with respect to their response to
BMP treatments

Due to their genesis and background, human induced pluripotent stem cells can be regarded

III

as a kind of “artificial” cells, in contrast to human embryonic stem cells as their “natural
counterparts” (Chapter 1.2). Therefore, another main objective of this PhD project was to
investigate how comparable hiPSCs are to hESCs in their characteristics with respect to
treatments with individual BMPs.

For this purpose, hiPSCs were generated by reprogramming of primary human chorionic
villi (CV) cells via classical retroviral transduction (Chapter 4.1.1). Since randomly located
proviral integration sites and/or spontaneous reactivation of transcriptionally silenced
transgenes can alter the “normal” behavior of a given cell, two independent hiPSC lines
served as model systems. The two clonal cell lines iPS1 and iPS2, which were used for these
studies, had been fully and successfully characterized to be hiPSCs (Chapter 4.1.2).

As observed for the two hESC lines H1 (male) and H9 (female), both clonal hiPSC lines iPS1
and iPS2 (female) exhibited an overall similar behavior when being exposed to different BMP

family members under the same experimental conditions:

- Like H1 and H9 hESCs, iPS1 and iPS2 hiPSCs differentiated predominantly to
trophoblast lineage after long-term treatment with BMPs for 5 days (Figure 4-17;
Figure 4-18).

- Short-term stimulation with BMPs for 10-240 min revealed conserved properties in
terms of the kinds of activated SMAD-dependent (via SMAD1/5/8) and SMAD-
independent (via MAPK p38) signal transduction pathways downstream of BMP
receptors among hESCs and hiPSCs (Figure 4-32; Figure 4-33).

- Furthermore, both hiPSC lines and hESC lines demonstrated conserved properties in
terms of ligand potency (BMP10 > BMP5 = BMP6 = BMP7 >> BMP13), as assessed by
the strength of activation of signal transduction pathways (Figure 4-32; Figure 4-33)
and kinetics of induced trophoblast differentiation (Figure 4-17; Figure 4-18; Figure
4-27).

This research project has revealed that in the course of cellular reprogramming, hiPSCs
undergo a switch in their expression profile of BMP-related TGF-B superfamily type-l and
type-Il receptor subtypes away from their parental cells of origin, and acquire a profile
similar to that of hESCs (Figure 4-30). The comparable receptor expression between hiPSCs
and hESCs may explain all abovementioned common signaling and differentiation properties.
This is due to the fact that these receptors are the key for the extracellular binding of ligands
and the intracellular transmission of downstream signals, which decide how external stimuli
are processed and interpreted by a given cell (Chapter 1.3.3 and 1.3.4).

However, unlike hESCs, both hiPSC lines showed an increased tendency to spontaneous
differentiation when cultured in chemically-defined N2B27 medium lacking BMPs (Chapter
4.2.1). This phenomenon could be explained due to the “epigenetic memory” of hiPSCs:
After reprogramming, hiPSCs still harbor residual DNA methylation signatures which are
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characteristic of their somatic tissue of origin and favor their differentiation back to lineages
related to the cell type from which they were derived (kim et al, 2010). In the case of CV cells, this
would be ICM-derived extraembryonic mesoderm / villous mesenchymal core (Chapter
1.1.2.1). Remarkably, the differentiation to alternative cell fates (here: trophoblast lineage in
the presence of BMPs) was not restricted for iPS1/iPS2 cells. Another explanation for
spontaneous differentiation could be the fact that individual human pluripotent stem cell
lines can tolerate feeder cell-free propagation in defined culture systems differently well

(International Stem Cell Initiative Consortium, 2010).

5.3 Variations in the biological activity of distinct BMPs with
respect to human pluripotent stem cells

The simultaneously tested ligands displayed large differences in their effectiveness to induce
canonical (SMAD1/5/8-dependent) BMP signaling in human pluripotent stem cells (Figure
4-31; Figure 4-32; Figure 4-33; Figure 4-37A). This led to corresponding large differences in
the kinetics of induced differentiation among individual BMP samples (Figure 4-14; Figure
4-17; Figure 4-18; Figure 4-31; Figure 4-37B). The following order of ligand potency was
determined:

Hierarchy:
BMP10 > BMP7 subgroup (BMP5 = BMP6 = BMP7) >> BMP13
BMP10 > BMP4

This raises the question regarding the molecular reason behind the tremendous variations
in the ligands’ biological activities. A plausible explanation is that these variations are the
consequence of receptor complexity existing for BMP signaling (Chapter 1.3.4).

At least four TGF-B superfamily type-l receptors (BMPR1A/ALK3, BMPR1B/ALK®6,
ACVRL1/ALK1, ACVR1/ALK2) and three type-Il receptors (BMPR2, ACVR2A, ACVR2B) are
known to be involved in mediating canonical BMP signaling. Each receptor subtype itself has
multiple receptor subtypes and ligands as potential binding partners, and the individual
BMPs are known to have differing receptor preferences (miyazono et al, 2010). For example,
BMP13 has demonstrated a preferential affinity for BMPR1B/ALK6 and BMPR2 in the rat
osteoprogenitor cell line ROB-C26. Complexes of BMP13 with BMPR1A/ALK3 and BMPR2
were barely detectable and transduced weaker signals (williams et al., 2008). BMP13 has in general
a higher affinity for type-l receptors compared to type-Il receptors, and therefore initially
binds type-I receptors followed by binding to type-Il receptors (nickel etal, 2009). Interestingly, no
binding to the type-I receptor ACVR1/ALK2 could be detected in surface plasmon resonance
studies using immobilized receptor extracellular domain fusion proteins (Berasi et al,, 2011). The
microarray analysis of the present work revealed that genes of all receptor subtypes,
excluding BMPR1B/ALK6 and ACVRL1/ALK1, were significantly expressed in hESCs and
hiPSCs, with the type-I receptor ACVR1/ALK2 being most abundantly expressed (Figure 4-30).
These features would explain the extremely low performance of BMP13 with regard to
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human pluripotent stem cells, despite its application at 10 times higher concentration
compared to the other tested agonists. On the other hand, BMP10 was described as
functional activator of the endothelial cell-specific type-I receptor ACVRL1/ALK1 in vitro (pavid
etal, 2007), Which means that this ligand must have effected its strong signals in hESCs and
hiPSCs via other type-| receptor subtypes than ALK1.

The homo- and hetero-oligomerization pattern of the BMP receptors is very flexible and
susceptible to modulation by bound ligands (Gilboa et al., 2000). Even if distinct BMPs are able to
bind the same set of receptor subtypes, already slight differences in binding affinity can
favor other receptor combinations to be assembled and thus alter downstream signal
transduction (Nickel etal,, 2009). FOr instance, in murine multipotent C2C12 cells, BMP4 induced
phosphorylation and nuclear translocation of all three R-SMADs. However, despite being
highly homologous (phylogenetic tree in Figure 1-3), only SMAD1 and SMADS5, but not
SMADS8, were efficiently recruited and activated by BMP6- and BMP7-assembled receptor
complexes (aoki et al., 2001).

It is important to note that BMP signaling can additionally be regulated by co-receptors
and other unknown factors from various protein families as well as microRNASs (sieber et al., 2009).
Further studies are needed to clarify the oligomerization pattern of type-I/-1l receptors and
binding preferences of individual BMPs on the surface of hESCs. Biochemical methods such
as cross-linking and co-immunoprecipitation, and biophysical methods such as surface
plasmon resonance and immunofluorescence co-patching, could be helpful.

5.4 Collective molecular events leading to BMP-mediated
trophoblast differentiation in human pluripotent stem cells

The overall experimental results of this comprehensive study indicate that the outcome of
differentiation of hESCs and hiPSCs induced by distinct Bone Morphogenetic Proteins and
related Growth Differentiation Factors is in general identical and independent of the ligand
type and subgroup, provided that the ligands

1.) are applied under the same experimental conditions with regard to the
differentiation medium and its supplements; and

2.) induce activation of canonical BMP signaling via the intracellular signal transducers
SMAD1/5/8.

The second criterion would exclude the few exceptional ligands which are known to signal
via SMAD2/3, namely BMP3 (Bonner et al., 2011), BMP3b (alias GDF10) (Matsumoto et al., 2012), BMP11
(alias GDF11) (Hannan et al., 2009), GDF3 (Levine and Brivanlou, 2006), GDF8 (Hannan et al, 2009) and GDF9
(Mazerbourg et al., 2004). Indeed, GDF3, BMP11 and GDF8 have been reported to support the
undifferentiated growth of hESCs (Levine and Brivanlou, 2006; Hannan et al., 2009).

Additionally, the findings of previous studies support in conjunction with the results of
this PhD project the claim of a “collective” identical cell fate for all SMAD1/5/8-acting
BMPs/GDFs with respect to human pluripotent stem cells, provided equal treatment
conditions: In the initial hESC-related BMP study of Xu et al. (xuetal, 2002), BMP2, BMP7 and
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GDF5 (alias BMP14) were described to induce “similar morphological changes” of hESCs as
observed for BMP4. The BMP4-driven cell fate was identified by the authors as trophoblast
lineage. However, no precise phenotyping of the differentiated cells obtained by the other
three ligands has been performed, except the superficial assessment of their optical
appearance. Regarding hiPSCs, our group demonstrated that BMP4 and its subgroup
member BMP2 induce trophoblast differentiation in amniotic fluid cell-derived hiPSCs (wolfrum
etal, 2010). Both ligands were applied under culture conditions lacking exogenous bFGF and
including inhibition of autocrine Activin/Nodal signaling. However, the possible coexistence
of cells belonging to other lineages than trophoblast has not been assayed in this study.

The responsible molecular mechanism of action which backs up the drawn conclusions
can be seen from the same sets of genes, whose expression in hESCs were systematically
affected in common by BMP5, BMP10 and BMP13. The onset of up- or downregulation of
these genes occurred early upon stimulation with BMPs - albeit to varying degrees,
depending on the ligands’ strengths in inducing SMAD1/5/8 signaling.

Upregulated gene sets included direct inducible target genes of canonical BMP signaling
(Figure 4-34) and of factors with transcription regulatory activity known to be involved in
early trophoblast differentiation (Figure 4-16). Some of the latter factors are also known to
be direct inducible BMP target genes as well, due to the presence of BMP-responsive
elements (BREs) / SMAD-binding elements within their promoter regions, e.g. ID2, MSX2,
GATA2, GATA3, DLX3 and DLX5 (references for being BMP-responsive genes: Hollnagel et al., 1999;
Miyazono et al., 2005; Park and Morasso, 2002; Miyama et al., 1999; references for functions in trophoblast
development: janatpour et al., 2000; Quinn et al., 2000; Ma et al., 1997; Peng and Payne, 2002; Kato et al., 2008).

In contrast, several genes involved in the maintenance of the undifferentiated and
pluripotent state were repressed upon treatment with distinct BMPs, most rapidly by
BMP10. Their downregulation cooperatively promoted exit from hESC self-renewal. These
included key players of the competing Activin/Nodal branch of TGF-B superfamily signaling,
acting via SMAD2/3 (Chapter 1.3.3), namely the ligands Activin A (INHBA), Nodal (NODAL)
and GDF3 (GDF3) (Besser, 2004; James et al., 2005; Greber et al., 2008; Levine and Brivanlou, 2006) (Figure 4-34).
SMAD2/3 signaling is involved in the control of pluripotency-supporting genes by inducing
expression of NODAL (which in turn activates SMAD2/3 signaling (sesser, 2004)), and of key
transcription factors (TFs). For instance, SMAD2/3 signaling has been shown to induce
expression of NANOG (Greber et al.,, 2008) by direct binding of the Activin/Nodal-responsive SMADs
to its promoter (xuetal., 2008; vallier et al., 2009b; Brown et al., 2011). NANOG composes together with OCT4
and SOX2 the core machinery for maintaining the undifferentiated state, and all three TFs
are known to regulate each other’s expression (Boyer et al., 2005; Jung et al., 2010). NANOG, OCT4 and
S0X2 were repressed upon treatment with all BMPs, with SOX2 being affected at the earliest
and OCT4 at the latest (Figure 4-16). It was previously shown that BMP4-induced SMAD1/5/8
activation in hESCs represses SOX2 (Greber et al,, 2008). Similarly, FGF2 (gene encoding bFGF) was
downregulated (Figure 4-36). bFGF-mediated signaling is known to modulate TGF-B
superfamily signaling in hESCs to support hESC self-renewal via supporting SMAD2/3
signaling and antagonizing competing SMAD1/5/8 signaling. This mechanism includes gene
suppression of the ligand BMP4 (BMP4) and gene induction of the BMP antagonists Gremlin
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and Cerberus (GREM1 and CER1) and of the ligand Activin A (INHBA) (Greber et al., 2007a). In
addition, FGF/MEK-ERK signaling also supports hESC self-renewal via enhancing NANOG
promoter activity, where it synergizes with SMAD2/3 signaling (xuetal., 2008; Greber et al., 2010; Greber
etal., 2011).

The positive and negative influence on these genes as a collective transcriptional
response following activation of SMAD1/5/8 signaling downstream of BMP receptors might
explain why distinct BMPs induce the same differentiation fate in hESCs and hiPSCs, which is
defined as trophoblast lineage in cell culture media without exogenously added bFGF:

DOWN: UP:
— Key TFs that maintain the pluripotent state — Direct inducible BMP target genes
— Key players of competing SMAD2/3 signaling — TFs characteristic of early placenta development
branch
- Exit from self-renewal - Direction towards trophoblast lineage

5.5 Practical impact of the novel findings and outlook

5.5.1 Practical impact

This resarch project has identified with BMP5, BMP10, and to a lesser extent BMP13, three
additional BMP family members suitable for use in model systems for studying trophoblast
differentiation from hESCs and hiPSCs. Because to this day no true human equivalents of
trophoblast stem cells have been successfully derived from the trophectoderm of blastocysts
(Roberts and Fisher, 2011; Genbacev et al., 2013), such in vitro studies are still reliant on immortalized
cytotrophoblast cells, choriocarcinoma cell lines and explants of placental chorionic villi (king et
al, 2000). These cell models have the disadvantages of harboring transformed genetic
backgrounds, being already mature trophoblast subtypes or having very limited proliferation
capacities. The study of human placentation in vivo is not applicable for obvious ethical
reasons, and placentation of other mammalian species significantly differs from humans,
which limits the suitability of animal models (gischof, 1997; knipp et al., 1999; Giakoumopoulos and Golos, 2013).
Thus, human pluripotent stem cells in combination with recombinant BMPs serve as a
complementary alternative model system to investigate the early and late steps of
trophoblast development and the molecular mechanisms involved in trophoblast cell
maintenance and specification (ezashi et al., 2012; Golos et al., 2013; Giakoumopoulos and Golos, 2013). However, it
should be pointed out that evidence for an involvement of BMPs in human in vivo
placentation is still outstanding and the observed effects of these proteins may be limited to
in vitro conditions.

Recombinant BMPs, especially BMP4, are commonly used as cell fate inducers in
differentiation protocols applying more stringent culture conditions based on human
pluripotent stem cells. Inter alia for differentiation to definitive endoderm (teo etal, 2012) or
mesoderm (Murry and Keller, 2008; Lee et al., 2013) progenitor cells to serve as basis for further directed
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differentiation steps (e.g. to hepatocytes (song etal, 2009; Jozefczuk et al., 2011) Or pancreatic cells (van
Hoof et al., 2009) through definitive endoderm), functional cardiomyocytes (wong and Bernstein, 2010; Jinno
etal, 1995), hematopoietic cells (chadwick etal., 2003), (cardio-)vascular progenitor cells (8aietal, 2010; Cao
et al, 2013), chondrocytes (Nakagawa et al,, 2009) and germ cells (panula et al, 2011). In this regard, the
present work has unveiled three additional cytokines that can be implemented into
differentiation protocols. They could functionally substitute less potent BMPs or act
synergistically with other cytokines and growth factors to increase the degree of
differentiation efficiency. For instance, Insulin-like Growth Factor-1l (IGF2) has recently been
demonstrated to mimic the synergistic effect of fetal bovine serum on BMP9-induced cell
response of murine MC3T3-E1 preosteoblasts, while it had no influence on BMP2 (tauzon etal,

2014).

In particular BMP10 could be of usefulness due to its strength in activating canonical BMP
signaling in hESCs and hiPSCs (Chapter 5.3). Moreover, BMP10 has proved to be insensitive
to the extracellular BMP antagonist Noggin (seemann et al, 2009). This is unlike BMP4 and
numerous other ligands (e.g. BMP2, BMP5, BMP7, BMP13/GDF6 and BMP14/GDF5), which
are bound and inactivated by Noggin with different affinities (reviewed by krause etal., 2011). Noggin
mMRNA was significantly induced in hESCs upon treatment with BMPs (Figure 4-35). Noggin
protein is known to be secreted by many cell types, such as osteoblasts, as a physiological
response to constrict extensive BMP action (Gazzerro et al., 1998; Nifuji and Noda, 1999; Seemann et al., 2009).
This inhibitory side effect can only be compensated by increasing the ligand concentration,
leading to higher costs. Thus, supplementation with BMP10 would have enormous practical
impact in cell culture medium environments containing Noggin activity. Sequence alignment
of various human BMP family members elucidated that BMP10 protection against Noggin
inhibition is at least partially provided by a lysine, instead of the usually highly conserved
asparagine, located at a critical position (amino acid residue 82 in Figure 1-5) within
overlapping receptor and antagonist interfaces (seemann et al, 2009). In the same practical
context, the knowledge of key amino acid residues that are mediating resistance to negative
feedback inhibition by Noggin has been employed to engineer recombinant BMPs with
superior agonist activity. This knowledge was gained from Noggin-insensitive wild-type BMPs
(e.g. BMP6 (song et al, 2010b)) or disease-associated mutant BMPs/GDFs (e.g. GDF5 point
mutations in patients with multiple synostosis syndrome (seemann et al., 2009; Schwaerzer et al., 2012)).
Today, recombinant BMPs are clinically used in regenerative medicine and tissue
engineering (reviewed by Bessa et al., 2008a; Bessa et al., 2008b). Patents exist for such rationally designed
BMPs with reduced antagonist sensitivity for usage as effective, low-dose therapeutics in
clinical applications to induce new bone formation in long bone non-union fractures, spinal
fusions, and to support the placing of dental implants.

5.5.2 Outlook

Future work should be focused on the practical application of the novel tested BMPs as tools
to optimize in vitro differentiation strategies for the derivation of therapeutically suitable
cell types. For instance, the directed differentiation of hESCs/hiPSCs to multipotent cardiac
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progenitor cells and cardiomyocytes has attracted great attention in the field of regenerative
medicine, as these cells are expected to restore damaged or lost tissue after myocardial
infarction (reviewed by Yoshida and Yamanaka, 2011 and Yi et al., 2013). Due to the essential in vivo function of
BMP10 in murine heart morphogenesis (Chapter 1.4.3), follow-up studies are recommended
to investigate its feasibility for cardiac differentiation approaches from human pluripotent
stem cells, many of which are currently involving BMP4.

The generation of hiPSCs from chorionic villi cells (ve et al., 2009; this PhD work) Or amniotic fluid
cells (ve et al.,, 2009; Wolfrum et al., 2010), Which are obtained from early routine prenatal diagnostic
procedures (chorionic villus sampling and amniocentesis, respectively (wegner and stumm, 2011)),
offers the unique opportunity to have autologous stem cell progeny already available pre-
birth. These cells could be applied for tissue engineering, which might involve recombinant
human BMPs, as described in cited protocols (Chapter 5.5.1). The derived tissues could be of
benefit for patient-tailored regenerative therapies or drug safety / toxicity tests. This would
especially be interesting in the case of identified congenital heart defects or genetic
disorders, which will require newborns to undergo surgery or continuous medication.
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6 Conclusion

To date, BMP4 has served as the “standard BMP” for model studies related to human
pluripotent stem cells. This research project has shown that trophoblast differentiation in
hESCs and hiPSCs is also induced by members of different subgroups of the large BMP family
when exogenous bFGF is absent - including BMP5, BMP10 and BMP13. The identical
differentiation outcome can be explained by the conserved mechanisms in activated signal
transduction pathways and resultant transcriptional responses by the distinct ligands in
these cells. Individual BMPs exhibited differences in the kinetics of induced differentiation as
a consequence of receptor complexity existing for BMP signaling. Canonical BMP signaling
via SMAD1/5/8 downstream of activated BMP receptor complexes was revealed as the
predominant trigger for the induction of trophoblast differentiation in human pluripotent
stem cells. This is in contrast to the known and tested SMAD-independent pathways (via
MAPKs ERK1/2, p38 and SAPK/JNK or via Akt). The same behavior of somatic-induced
pluripotent stem cells and native blastocyst-derived embryonic stem cells in response to
treatment with individual ligands can be explained by the comparable expression patterns of
BMP-related TGF-B superfamily type-l and type-ll receptor subtypes between hiPSCs and
hESCs. The adaptation of receptor expression profile occurred during the reprogramming
process of somatic cells to hiPSCs.

The present study, in conjunction with the results of other publications, has highlighted
that the choice of the cell culture medium is a very critical aspect for BMP signaling and
differentiation studies. Non-chemically-defined culture systems containing xenogeneic
feeder cells and serum, or media containing pre-existing supplementation with exogenous
factors such as bFGF, exert influence on BMP-mediated signal transduction. This can lead to
clearly mixed cell populations, thus forming an obstacle when drawing conclusions on BMP-
induced cell fate.

BMP10, a heart-specific protein, was revealed as a novel and highly potent inducer of
trophoblast differentiation in hESCs and hiPSCs. Even though the tested BMP family
members might be physiologically not relevant for in vivo placentation, they offer the
opportunity to study trophoblast development from hESCs/hiPSCs in vitro. In addition, these
cytokines can be regarded as important biomaterials for the in vitro manipulation of human
pluripotent stem cells. Recombinant human BMP5, BMP10 and BMP13 can be implemented
into various existing hESC/hiPSC differentiation protocols that require canonical BMP
signaling to derive specific cell types of interest, e.g. for cell-based regenerative therapies.
In particular BMP10 may be advantageous due to its insensitivity to antagonism by Noggin,
which was expressed as BMP-induced feedback inhibition in these cells. This study has also
highlighted the need to investigate the capability of the remaining as yet untested BMPs - in
homodimeric and heterodimeric forms — with respect to the in vitro differentiation of human
pluripotent stem cells.
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Figure A-1 Detected average signal intensities of pluripotency and differentiation marker genes expressed
in H1 hESCs after exposure to different BMP family members or solvent/carrier protein for increasing periods
of time (microarray raw data related to Figure 4-16).
Color-coded visualization for all samples as indicated in the heatmap (grouped biological duplicates). The
defined arbitrary cut-off value of 10 2 1 in logio scale.
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Figure A-2  Detected average signal intensities of gene members of the TGF-B superfamily signaling
network expressed in H1 hESCs after exposure to different BMP family members or solvent/carrier protein
for increasing periods of time (microarray raw data related to Figure 4-34).

Color-coded visualization for all samples as indicated in the heatmap (grouped biological duplicates). The
defined arbitrary cut-off value of 10 2 1 in logio scale.
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Table A-1 Top 100 upregulated genes in H1 hESCs after treatment with BMP5, BMP10 and BMP13 for 18 h, 3d and 5 d.
Fold changes in gene expression as determined by microarray (ligand versus HCI/BSA reference cells of the same time point). Only significantly differentially expressed genes
were considered (> 1.5-fold up, Poifr < 0.05, Ppet < 0.01 for at least one of both samples (BMP and/or reference)).

x UP at 18 h (gene, ratio) UP at 3 d (gene, ratio) UP at 5 d (gene, ratio)
[¢]
| BMP5 BMP10 BMP13 BMP5 BMP10 BMP13 BMP5 BMP10 BMP13
1| MSX2 2.9 | LOC400578 283 | ID2 1.8 | HAND1 26.6 | ACPP 125.3 | TFAP2A 7.5 | S100P 45.3 | CGA 190.0 | LOC400578 52.3
2 | 1D3 2.7 | EBF3 27.8 | ID3 1.8 | FAM123A 24.1 | APLNR 97.6 | GATA2 7.2 | CGA 40.1 | S100P 147.2 | MGC102966 36.0
3|ID1 2.5 | MSX1 26.0 | ID1 1.7 | POSTN 23.9 | ANKRD43 83.7 | MSX2 5.1 | SLC39A2 39.0 | HSD3B1 61.9 | DLX5 34.0
4 | 1D2 2.5 | GATA2 24.6 | GADD45GIP1 1.6 | SPARCL1 23.6 | HOXBS8 76.1 | PRKD1 5.0 | CLEC1B 35.7 | C8ORF4 56.5 | GPR177 335
5 | TFAP2A 2.4 | LOC643700 23.2 | LRAT 1.6 | ATP12A 23.4 | LUM 70.0 | DLX5 4.6 | DLX5 30.5 | CCR7 54.7 | ZNF750 33.2
6 | BAMBI 2.3 | HEY1 21.8 | COCH 1.6 | GATA2 22.2 | DLXS 63.3 | NTNG1 4.4 | APLNR 30.1 | DLXS 50.5 | SPARCL1 315
7 | CBLN1 2.2 | cDX2 21.5 | BAMBI 1.5 | DIO3 21.4 | ALDH1A2 62.5 | BAPX1 4.3 | CCR7 28.6 | TRIMS5 46.3 | GATA2 31.3
8 | cocH 2.2 | MSX2 211 | - - | ENPEP 21.1 | ENPEP 60.8 | ISL2 4.3 | GATA2 27.8 | CDH10 46.1 | APLNR 30.6
9 | GADD45B 2.0 | POU4F1 209 | - - | bwxs 20.7 | HAND1 60.1 | LOC389332 4.0 | VTCN1 27.5 | SLC40A1 41.6 | CLEC1B 29.4
10 | HES1 1.9 | DLX5 209 | - - | b3 20.6 | C8ORF4 59.6 | APLNR 3.9 | HOXB2 26.8 | CSF3R 41.6 | CCKBR 27.9
11 | JAKMIP2 1.8 | TFAP2A 19.9 | - - | Msx2 19.4 | I1SL1 59.2 | LRRC3B 3.7 | LOC400578 26.5 | XAGE2B 41.1 | SLC39A2 27.0
12 | NPAS1 1.8 | MGC102966 19.8 | - - | GPR177 19.0 | LOC644612 58.9 | C1ORF61 3.7 | ZNF750 25.1 | LOC644612 40.9 | MSX2 26.1
13 | ACTC1 1.8 | KCNK13 189 | - - | TBC1D9 18.4 | LOC729252 56.9 | ID4 3.7 | TIMP3 24.5 | SLC22A11 40.4 | CRH 25.9
14 | TMEM154 1.7 | BHLHE22 185 | - - | SPNS2 18.2 | CSF1R 55.5 | FAM20A 3.7 | HOPX 23.8 | ZNF750 40.3 | HOXB2 24.7
15 | CD55 1.7 | GATA3 17.9 | - - |isu1 17.8 | TBC1D9 55.1 | LOC643700 3.7 | XAGE2B 23.8 | HOPX 39.8 | VICN1 21.1
16 | 1IGDCC3 1.7 | HAND1 17.7 | - - | TFAP2A 17.5 | DOK4 53.8 | ID1 3.7 | SIN 21.9 | SLC13A4 36.9 | DIO3 20.5
17 | FGFR3 1.6 | SMAD8 163 | - - | ALDH1A2 17.0 | BTK 53.3 | BMP4 3.6 | C8ORF4 21.7 | MRGPRX3 36.6 | GATA3 19.9
18 | C190RF4 1.6 | PRKD1 16.0 | - - | YPEL2 15.4 | GATA2 50.8 | ID2 3.5 | MSX2 21.2 | TIMP3 36.5 | C8ORF4 18.7
19 | SMAD6 1.6 | LOC729252 15.7 | - - | Acpp 14.6 | MSX2 49.0 | TWIST1 3.4 | ANKRD38 21.0 | VTCN1 36.0 | CDH10 18.2
20 | ACP2 1.6 | EFNA1 153 | - - | TMEM54 13.8 | KANK4 48.2 | ID3 3.3 | CDH10 20.9 | HS.131331 35.8 | ISL1 18.1
21 | CXXC5 1.5 | SAMD11 14.7 | - - | cox2 13.7 | DIO3 48.2 | SAMD11 3.2 | MGC102966 20.5 | GATA2 35.7 | CSFIR 17.9
22| - - | Loc389332 14.3 | - - | Loc4o0578 13.0 | IGFBP3 47.4 | COCH 3.1 | GPR177 19.6 | CLIC3 35.3 | HS.291319 17.5
23 | - - | GATAS 14.1 | - - | HPGD 13.0 | C1ORF105 46.6 | SMAD6 3.0 | ERP27 19.5 | KRT80 34.6 | TMEMS8 17.3
24 | - - | ID4 13.8 | - - | b1 12.9 | CDH10 44.6 | LOX 2.9 | LOC644612 18.8 | GM1 34.3 | EPAS1 17.1
25 | - - | SMAD6 13.7 | - - | zNF750 12.6 | ANKRD38 42.8 | SFTPD 2.9 | GATA3 18.7 | GABRP 31.9 | ANKRD38 16.9
26 | - - | FAM123A 13.0 | - - | IERSL 12.5 | HOXBS 42.0 | TMEM54 2.8 | HOXB8 18.5 | LOC400578 31.5 | ENPEP 16.8
27 | - - | crIP2 129 | - - | msx1 12.1 | GABRP 41.7 | TMPRSS11E2 2.8 | HS.19193 17.8 | CCBP2 31.3 | HPGD 16.6
28 | - - | NOoG 126 | - - | KeNK13 11.6 | SLC39A2 41.5 | GATAS 2.7 | PMP22 17.7 | SIN 30.7 | HOXBS 16.2
29 | - - | NANOS3 12.4 | - - | cAmMK2N1 11.5 | LOC400578 41.3 | PTHIR 2.7 | SVEP1 17.5 | GATA3 30.2 | TFAP2A 15.6
30 | - - | sHD 121 | - - | ANKRD43 11.0 | H19 40.9 | ACTG2 2.7 | GABRP 17.3 | CHN2 30.1 | ZFHX3 15.6
31| - - | 1Bx3 11.8 | - - | APLNR 10.9 | LRRC32 38.9 | C20RF32 2.7 | KANK4 17.2 | ERVWEL 30.1 | S100P 15.3
32 |- - | GRHL3 115 | - - | EPHB1 10.8 | RGS4 38.2 | BAMBI 2.6 | CCKBR 16.9 | NUPR1 29.9 | TBX3 15.3
33| - - | coLoaz 11.4 | - - | upPk2 10.8 | MSX1 37.9 | SLC2A12 2.6 | HS.291319 16.9 | CLEC1B 29.5 | KANK4 15.1
34| - - | c50RF39 109 | - - | EFNAL 10.6 | CLEC1B 37.4 | IGFBP7 2.6 | ODAM 16.8 | MSX2 29.0 | HOXBS 15.1
35| - - | D2 10.6 | - - | SYNPR 10.5 | CRH 37.3 | GRHL3 2.6 | LOC728473 16.8 | ANKRD38 28.5 | GCM1 14.9
36 | - - |sua 10.5 | - - |4 10.4 | GPR177 36.6 | KCNK12 2.6 | CHN2 16.6 | PSD4 28.4 | BTK 14.8
37| - - | ATP12A 103 | - - | LRRC3B 10.4 | HOXB2 35.3 | SLC7A14 2.5 | LEF1 16.6 | CSF1R 28.3 | CEBPA 14.8
38 | - - | GREM2 9.9 | - - | zFHX3 10.1 | SPARCL1 34.2 | KANK2 2.5 | TMEMS88 16.5 | IGFBP3 28.3 | CCR7 14.7
39 | - - | NTF3 9.9 | - - | C8ORF4 10.0 | GAS1 33.3 | EFNAL 2.5 | IsL1 16.5 | ISL1 27.4 | HAND1 14.5
40 | - - | FU31568 9.8 | - - | GATAS 10.0 | TBX3 31.1 | CENTG3 2.5 | GEM1 16.4 | DOK4 27.3 | MyL4 14.5
41 | - - | AcaDL 9.8 | - - | rRHOB 10.0 | SPNS2 31.0 | LOC729839 2.5 | TBX3 16.4 | SLCO2A1 27.0 | KRT80 14.5
42 | - - | RGs4 9.6 | - - | RHOBTB3 9.9 | KRT7 30.7 | CA12 2.5 | EPAS1 16.1 | TBX3 26.9 | CXCR7 14.3
43 | - - | Hoxp1 9.6 | - - | MGC102966 9.8 | KRT16 30.7 | FZD2 2.5 | KRT80 16.1 | C4ORF19 26.9 | WNT4 14.2
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UP at 18 h (gene, ratio)

UP at 3 d (gene, ratio)

UP at 5 d (gene, ratio)

~

g

& | BMP5 BMP10 BMP13 BMP5 BMP10 BMP13 BMP5 BMP10 BMP13

44 | - PITX1 94 | - KRT7 9.5 | DLX3 30.2 [ TMEM90B 2.5 | MYL4 15.8 | C10ORF105 25.0 | LOC644612 14.0
45 | - DMRTA2 9.2 | - GATA3 9.4 | DLX1 29.6 | HES1 2.5 | HSD3B1 15.7 | CYP11A1 24.1 | ATP12A 13.6
46 | - BARX1 9.0 | - KRT80 9.0 | MGC102966 29.3 | FOXD1 2.5 | RSPO2 15.6 | TGFBI 23.9 | CDX2 13.6
47 | - PTH1R 89 |- FAM20A 8.9 | VICN1 28.8 | CNRIP1 2.4 | HAND1 15.5 | ERP27 23.8 | LCP1 135
48 | - ZDHHC8P 88 |- ZDHHC8P 8.9 | ADAMTS9 28.8 | LOC647322 2.4 | CCBP2 15.4 | BTK 23.5 | PSD4 13.4
49 | - ALOX5 87 |- HOXC13 8.8 | HS.489857 27.9 | LOC644276 2.4 | IGFBP3 15.2 | CXCR7 23.4 | LEF1 13.3
50 | - HS.444855 86 |- BMP4 8.7 | RASGRP1 26.8 | CD55 2.3 | AHNAK 15.1 | CYP19A1 23.3 | PRAC 13.2
51| - KANK4 86 |- DOK4 8.7 | CDX2 26.0 | GLIPR1 2.3 | ADAMTS9 15.1 | LOC648814 22.8 | AHNAK 13.0
52 | - NOTUM 85 |- WNT3A 8.6 | LRRC4C 25.3 | MLPH 2.3 | HOXB5 15.0 | KANK4 22.8 | SPNS2 13.0
53 | - DLX1 84 |- FLI31568 8.2 | TMEM54 25.3 | USP3 2.3 | SLC40A1 14.9 | EPAS1 22.6 | HAPLN1 12.9
54 | - HPGD 82 |- SYT7 8.2 | TFAP2A 25.0 | CPZ 2.3 | CXCR7 14.8 | SVEP1 22.4 | TBC1D9 12.7
55 | - DLX3 81 |- PRKD1 8.1 | HS.19193 24.9 | HABP4 2.3 | HOXB7 14.6 | MGC102966 22.3 | FLI31568 12.6
56 | - SGCG 8.0 |- SAMD11 8.0 | CXCR7 24.5 | CXCL14 2.2 | RPESP 14.3 | PGM5 21.9 | PMP22 12.6
57 | - LRRN2 79 |- AHNAK 8.0 | MXRAS 24.3 | CRLF1 2.2 | DOK4 14.3 | HEY1 21.9 | HS.19193 12.6
58 | - HS.291319 75 |- GAS1 8.0 | CLSTN2 24.2 | SGK1 2.2 | AFAP1L2 14.1 | ANXA8L2 21.6 | SVEP1 125
59 | - FAM20A 74 |- LHFP 7.9 | SHD 23.7 | HS3ST2 2.2 | SNAI2 14.0 | MRGPRX1 21.4 | DOK4 12,5
60 | - GPRIN3 73 |- OVGP1 7.7 | FOXF2 23.6 | SGK 2.2 | WASPIP 13.9 | LUM 21.3 | ACPP 12.2
61 | - TMEM54 72 |- PLA2G2A 7.6 | HOXB7 23.4 | LOC730994 2.2 | LRRC32 13.8 | PGF 21.0 | FAM89A 12.2
62 | - HES1 72 |- GPR56 7.6 | ANXA4 23.2 | HAND1 2.2 | TFAP2A 13.8 | TRPV2 20.9 | WNT5A 12.1
63 | - LOC647322 71| - C10RF61 7.5 | ENG 23.1 | SOCS2 2.1 | CSF1R 13.7 | LMO1 20.8 | CAMK2N1 11.8
64 | - CA10 7.0 |- OAF 7.4 | ERP27 22.4 | ADM 2.1 | RGS1 13.6 | CXCL14 20.7 | TP73L 11.8
65 | - GADDA45B 70 |- TBX3 7.4 | ODAM 22.3 | CDH6 2.1 | PSD4 13.6 | TINAGL1 20.6 | GPR56 11.8
66 | - BAPX1 6.9 | - LOC100134424 7.3 | LMO1 22.1 | SERPINB9 2.1 | ZFHX3 13.5 | DLX1 20.5 | GABRP 11.8
67 | - MXRA5 6.7 | - CEBPA 7.3 | TP73L 21.5 | ADK 2.1 | WNT5A 13.4 | SPNS2 20.2 | CAORF19 11.7
68 | - SFTPD 6.4 |- CDH10 7.2 | LEF1 21.4 | MANEAL 2.1 | TRPV2 13.3 | HOXB2 20.0 | DLX3 11.6
69 | - NOL4 64 |- LOC91461 7.1 | ZFHX3 21.2 | LRP4 2.1 | ODbz4 13.2 | ANKRD43 19.9 | ERP27 11.3
70 | - CBLN1 6.2 |- TRIM38 7.1 | CEBPA 21.0 | LOC392787 2.1 | HAPLN1 13.2 | NLRP7 19.9 | IGFBP3 11.2
71 | - ID1 6.2 | - C130RF18 7.0 | SMTNL2 21.0 | TSPAN18 2.1 | LOC648814 13.0 | GPR56 19.8 | PLA2G2A 11.2
72 | - GRMS8 6.0 | - NTF3 7.0 | PLA2G2A 20.9 | KCNG3 2.0 | NNMT 13.0 | WASPIP 19.7 | LOC729252 11.2
73 | - ID3 6.0 | - HS.105791 7.0 | HEY1 20.5 | MSX1 2.0 | GPR56 12.9 | TGM2 19.6 | ADAMTSS 11.2
74 | - PLAC8 6.0 | - SGCG 6.9 | GATAS 20.3 | SAMD1 2.0 | KCTD12 12.8 | SLC39A2 19.6 | TINAGL1 10.9
75 | - SERTAD4 6.0 | - IGFBP3 6.8 | MEIS1 20.2 | GADD45B 2.0 | CCDC92 12.7 | ZFHX3 19.3 | MSX1 10.9
76 | - SCT 59 |- HAPLN1 6.8 | YPEL2 20.0 | ELF4 2.0 | VGLL1 12.7 | ENPEP 19.3 | SNAI2 10.8
77 | - TMEM154 58 |- ID2 6.8 | EFNA1 19.9 | cOMT 2.0 | C1IORF105 12.6 | MSX1 19.1 | AFAP1L2 10.7
78 | - DOKS 57 |- LRRC4C 6.8 | RHOBTB3 19.4 | HS.570988 2.0 | HEY1 12.5 | GPR177 19.1 | DNAH2 10.7
79 | - POSTN 57| - ACADL 6.8 | GREM2 19.3 | SLC7A3 2.0 | HOXC8 12.5 | KRT7 19.0 | DIO30S 10.7
80 | - BAMBI 56 |- RASSF9 6.6 | GATA3 19.2 | STARD10 2.0 | RGS4 11.9 | HAND1 19.0 | LOC728473 10.6
81| - DUSP2 56 |- CXCR7 6.4 | CAMK2N1 18.7 | SERTAD2 2.0 | BTK 11.9 | GUCY1A3 18.6 | TWIST1 10.6
82 | - NKD1 55 |- LOC644612 6.4 | IERSL 18.5 | TBL2 2.0 | COL6A3 11.9 | DLX3 18.4 | CDX1 10.5
83 | - LRRCAC 54 |- PKDCC 6.2 | AHNAK 18.4 | LHPP 2.0 | SLC22A11 11.8 | C50RF46 18.3 | ODAM 10.5
84 | - LRP4 54 |- KANK4 6.2 | WNT4 18.1 | NAV2 2.0 | MSX1 11.8 | LCP1 18.3 | LOC338758 10.5
85 | - ACTC1 54 |- GABRP 6.1 | LOC730130 18.0 | SHB 1.9 | ANXA8L2 11.8 | LPL 18.0 | RPESP 10.4
86 | - RAI1 53 |- CASQ2 6.0 | EPAS1 17.9 | EMILIN2 1.9 | ZDHHC8P 11.6 | HERV-FRD 17.9 | MBNL3 10.4
87 | - NR5A1 53 |- C10RF88 6.0 | TMEMS88 17.8 | LOC643778 1.9 | LCP1 11.6 | BHLHB2 17.8 | ZDHHC8P 10.4
88 | - TMEM90B 53 |- C200RF151 5.9 | LOC648814 17.4 | TMEM154 1.9 | ENPEP 11.4 | CAORF26 17.8 | HOXB7 10.3
89 | - ELF4 52 |- AMOT 5.9 | LOC644695 17.4 | METRNL 1.9 | FU31568 11.3 | TANC2 17.6 | C10RF61 10.2
90 | - KRT80 52 |- MEIS1 5.8 | SNAI2 17.3 | HPGD 1.9 | C40RF19 11.2 | AHNAK 17.5 | GRP 10.1
91 | - LOC644695 52 |- HS3ST1 5.8 | ACTC1 17.1 | FGFR3 1.9 | CDX2 11.0 | CEBPA 17.2 | KAT2B 10.1
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UP at 18 h (gene, ratio)

UP at 3 d (gene, ratio)

UP at 5 d (gene, ratio)

~

3

& | BMP5 BMP10 BMP13 BMP5 BMP10 BMP13 BMP5 BMP10 BMP13

92 | - ANKRD38 52 |- PTCHD1 5.8 | AMOT 16.8 | CBLN1 1.9 | PITX2 10.9 | S100A3 17.2 | RHOBTB3 10.0

93 | - FAM110B 52 |- TP73L 5.7 | RHOB 16.5 | SYT7 1.9 | TGM2 10.8 | C40RF31 17.0 | COL9A2 10.0

9 | - NTNG1 51 |- LOC651921 5.7 | HOXD11 16.4 | LOC653506 1.9 | OAF 10.7 | CCKBR 17.0 | LRRC32 10.0

95 | - T 50 |- ELF4 5.6 | POSTN 16.3 | CYR61 1.9 | FAM89A 10.7 | VGLL1 16.8 | XAGE2B 9.9

9% | - IERSL 50 |- HS.489857 5.6 | CHN2 16.2 | MARK1 1.9 | KRT7 10.7 | sLIT3 16.7 | LMO1 9.9

97 | - CA12 49 | - EPN3 5.6 | ENDOD1 16.2 | DHX32 1.8 | SLCO2A1 10.6 | CRH 16.6 | WASPIP 9.9

98 | - FURIN 49 | - DLL1 5.6 | HOXB6 16.1 | CACNB3 1.8 | LOC338758 10.5 | P8 16.5 | TP63 9.8

99 | - LOC284293 49 | - ADAMTS9 5.5 | PSD4 16.0 | MAP7D1 1.8 | LUM 10.5 | TFAP2A 16.5 | LOC645431 9.8
100 | - SLCO2A1 4.9 | - C30RF57 5.5 | OAF 15.7 | SERTAD4 1.8 | FOXF1 10.5 | HOXB7 16.0 | CHN2 9.8
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Table A-2

Top 100 downregulated genes in H1 hESCs after treatment with BMP5, BMP10 and BMP13 for 18 h, 3 d and 5 d.
Fold changes in gene expression as determined by microarray (ligand versus HCI/BSA reference cells of the same time point). Only significantly differentially expressed genes
were considered (< 0.66-fold down, Poitf < 0.05, Poet < 0.01 for at least one of both samples (BMP and/or reference)).

DOWN at 18 h (gene, ratio)

DOWN at 3 d (gene, ratio)

DOWN at 5 d (gene, ratio)

~
g
© | BMP5 BMP10 BMP13 BMP5 BMP10 BMP13 BMP5 BMP10 BMP13
1| TNIK 0.50 | PRDM14 0.07 | - BTBD17 0.09 | SOX2 0.01 | BTBD17 0.16 | INDO 0.02 | ZSCAN10 0.00 | INDO 0.02
2 | HS.79881 0.54 | USP44 0.10 | - LRAT 0.10 | CAMKV 0.01 | THBS2 0.20 | IDO1 0.02 | SOX2 0.00 | IDO1 0.02
3 | PRICKLE1 0.54 | CXCL5 0.13 | - SEMG1 0.12 | LEFTY1 0.02 | S100A4 0.21 | USP44 0.02 | CAMKV 0.00 | PRDM14 0.03
4 | HESX1 0.58 | LRAT 0.13 | - MYBPHL 0.13 | ABHD12B 0.02 | CCL26 0.24 | C10RF94 0.03 | ZzIC3 0.01 | USP44 0.03
5 | SMCR5 0.61 | HESX1 0.14 | - ASB9 0.14 | USP44 0.02 | LGALS7 0.25 | PRDM14 0.04 | LOC643272 0.01 | SOX2 0.04
6 [ KCNS1 0.62 | PRICKLE1 0.16 | - C60RF126 0.14 | CHST9 0.02 | C30RF72 0.26 | SOX3 0.04 | HS.575696 0.01 | LECT1 0.04
7 | MIAT 0.62 | MYH2 0.16 | - ABHD12B 0.15 | PRDM14 0.03 | LEFTY2 0.26 | SOX2 0.04 | HS.574590 0.01 | RPRML 0.04
8 | LRIG1 0.63 | C150RF27 0.17 | - CA4 0.15 | HS.177654 0.03 | OR52A1 0.26 | VSNL1 0.05 | LOC100132934 0.01 | GALR2 0.05
9 [ SOX21 0.64 | DPPAS 0.17 | - GALR2 0.16 | ZIC3 0.03 [ GNG2 0.27 | GALR2 0.05 | USP44 0.01 | C1ORF94 0.06
10 | C30RF72 0.66 | THBS2 017 | - GLB1L3 0.17 | C1ORF94 0.03 | FOXJ1 0.28 | GAL3ST3 0.05 | PDZD4 0.02 | LEFTY1 0.06
1 | - - KAL1 0.18 | - NLGN1 0.17 | HS.270778 0.03 | KIAA1199 0.28 | KLKB1 0.05 | POU5F1P1 0.02 | LRAT 0.06
12 | - - PIM2 0.18 | - PNMA3 0.17 | TIMP4 0.03 | DDIT3 0.29 | PDZD4 0.05 | NANOG 0.02 | HESX1 0.06
13 | - - LEFTY1 0.18 | - INHBE 0.18 | PDZD4 0.03 | VCX 0.31 | FLI25404 0.06 | OCT4 (POUSF1) 0.02 | GAL3ST3 0.06
14 | - - LOC283340 0.19 | - STK32B 0.18 | INHBE 0.04 | LEFTY1 0.33 | SOX21 0.06 | LOC645682 0.02 | IGSF21 0.07
15 | - - CH25H 0.19 | - C90RF129 0.18 | GLIPRIL1 0.04 | FGF19 0.33 | IGSF21 0.06 | INDO 0.02 | HS.12513 0.07
16 | - - SOX2 0.20 | - HS.10862 0.18 | HS.574590 0.04 | HESX1 0.33 | LOC100132934 0.06 | CRABP1 0.02 | CAMKV 0.07
17 | - - C100RF96 0.21 ]| - CAPN11 0.18 | LOC100132934 0.04 | C110RF60 0.34 | RPRML 0.06 | FU25404 0.02 | TTYH1 0.07
18 | - - LOC157627 0.21 | - UTF1 0.18 | THBS2 0.04 | FZD7 0.37 | LEFTY1 0.06 | HS.177654 0.02 | CXCL6 0.08
19 | - - HS.135050 0.22 | - MX1 0.19 | FL25404 0.04 | TMEFF2 0.37 | NPTX2 0.06 | LOC642559 0.02 | ZDHHC22 0.08
20 | - - HS.519644 0.22 | - LSM14B 0.19 | TUBA4A 0.04 | PLA2G4C 0.38 | C90RF129 0.06 | VSNL1 0.02 | SOX21 0.08
21 | - - TNIK 0.22 | - C100RF96 0.19 | NANOG 0.04 | HEYL 0.39 | ACTN3 0.06 | GAL 0.02 | LOC100132934 0.08
22 | - - UNC5A 0.23 | - AK3L1 0.19 | ZDHHC22 0.04 | ABHD12B 0.39 | LRAT 0.07 | IDO1 0.02 | KCND2 0.08
23 | - - SLITRK4 0.23 | - VENTX 0.19 | PCSK9 0.04 | SHISA2 0.40 | HS.574590 0.07 | LEFTY1 0.02 | SLC7A10 0.08
24 | - - HS.79881 0.23 | - LGALS7 0.20 | HAS3 0.05 | TM4SF18 0.40 | DPPA2 0.07 | PRDM14 0.02 | BTBD17 0.08
25 | - - CCNA1 0.24 | - FGFBP3 0.20 | HS.575696 0.05 | NLGN1 0.41 | HS.270778 0.07 | SLC15A3 0.03 | PDZD4 0.08
26 | - - STXBP6 0.24 | - LOC283340 0.20 | KLKB1 0.05 | UTF1 0.41 | TRIM22 0.07 | UCA1 0.03 | FAM124B 0.09
27 | - - KLKB1 0.24 | - SHISA2 0.20 | DPPA2 0.05 | FABP7 0.41 | CXCL6 0.08 | SFRP2 0.03 | PIPOX 0.09
28 | - - FHOD3 0.25 | - FGF19 0.20 | GALR2 0.05 | STAMBPL1 0.42 | TCEAL2 0.08 | GDF3 0.03 | NCRNA00153 0.09
29 | - - VSNL1 0.25 | - LOC100133760 0.20 | SEMG1 0.05 | TFPI2 0.42 | CAMKV 0.08 | LRIG1 0.03 | ST8SIAS 0.09
30 | - - LOC731007 0.25 | - TRIB3 0.20 | ANKRD35 0.05 | ATF5 0.42 | THBS2 0.08 | PTPRZ1 0.03 | MIAT 0.09
31| - - TMEM16A 0.26 | - LOC644295 0.20 | C9ORF129 0.05 | AK3L1 0.43 | PTPRZ1 0.08 | C10RF94 0.03 | SHISA2 0.09
32 | - - TMASF18 0.26 | - CXCL6 0.21 | RPRML 0.05 | PRTFDC1 0.43 | TIMP4 0.08 | CHST4 0.03 | HS.519644 0.09
33 | - - KIAAO367 0.27 | - RPRML 0.21 | NODAL 0.05 | LOC731007 0.43 | DDX25 0.08 | CHST9 0.03 | THBS2 0.09
34| - - RND3 0.27 | - TLE6 0.21 | MTE 0.05 | HS.10862 0.43 | FGF2 0.08 | HS.270778 0.03 | TIMP4 0.09
35| - - GLIPR1L1 0.27 | - C200RF127 0.21 | C60ORF126 0.06 | SLC39A8 0.43 | RHBDL3 0.08 | SYT4 0.03 | TUBB4 0.09
36 | - - SLC27A2 0.27 | - CXCL5 0.21 | LEFTY2 0.06 | FERMT1 0.44 | KCND2 0.08 | TCEAL2 0.03 | C100RF96 0.10
37 | - - SOX21 0.27 | - C10RF94 0.21 | MT1G 0.06 | DACT1 0.44 | ZSCAN10 0.08 | FGF2 0.03 | GLS2 0.10
38 | - - ZFPM2 0.27 | - KIAA1199 0.21 | SHISA2 0.06 | TCN2 0.44 | HS.575696 0.08 | ZIC2 0.03 | UTF1 0.10
39 | - - FGFBP3 0.28 | - ZDHHC22 0.21 | C200RF127 0.06 | MX1 0.45 | TTYH1 0.08 | FAM162B 0.04 | TCEAL2 0.10
40 | - - PLD5 0.28 | - LOC645638 0.21 | VASH2 0.06 | APOB 0.45 | BTBD17 0.08 | NMU 0.04 | DPPA2 0.10
41 | - - PCSK9 0.28 | - LEFTY2 0.21 | GFPT2 0.06 | CI00RF96 0.45 | FAM124B 0.09 | SOX3 0.04 | PLA2G3 0.10
42 | - - SHISA2 0.28 | - LOC728723 0.21 | UTF1 0.06 | KAL1 0.46 | ST8SIAS 0.09 | SCG5 0.04 | AASS 0.11
43 | - - EDG7 0.28 | - HEYL 0.21 | GLS2 0.06 | DLL3 0.46 | PIPOX 0.09 | KLKB1 0.04 | FLJ25404 0.11
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DOWN at 18 h (gene, ratio)

DOWN at 3 d (gene, ratio)

DOWN at 5 d (gene, ratio)

~

g

& | BMP5 BMP10 BMP13 BMP5 BMP10 BMP13 BMP5 BMP10 BMP13

44 | - C60RF141 0.28 | - RAB17 0.22 | POLR3G 0.06 | CIORF53 0.47 | SLC7A10 0.09 | C140RF115 0.04 | LOC157627 0.11
45 | - DNMT3B 0.28 | - PLA2GA4C 0.22 | MT1H 0.06 | SLC38A6 0.47 | MIAT 0.09 | C90RF135 0.04 | UNC5D 0.11
46 | - SLC35D3 0.28 | - C60RF150 0.22 | VSNL1 0.06 | TNNC2 0.47 | TUBA4A 0.09 | DPPA2 0.04 | ANKRD24 0.11
47 | - LPIN1 0.29 | - S100A6 0.22 | LOC643272 0.06 | CIORF94 0.47 | HS.519644 0.09 | PCSK9 0.04 | NPTX2 0.11
48 | - HS.12513 0.29 | - PROK2 0.22 | TRIM22 0.06 | CALCB 0.48 | ZIC3 0.09 | SOX21 0.04 | UNC5A 0.11
49 | - ZIC3 0.29 | - MYBPC2 0.22 | LRAT 0.07 | ASB9 0.48 | MALL 0.09 | PIM2 0.05 | TOX3 0.11
50 | - LOC100131727 0.29 | - CHST13 0.23 | LOC285016 0.07 | CPSF6 0.48 | LOC643272 0.09 | RPRML 0.05 | SEMG1 0.11
51| - SOHLH2 0.29 | - DHDH 0.23 | SYT1 0.07 | GADD45G 0.48 | PLA2G3 0.09 | ZDHHC22 0.05 | LOC100129268 0.12
52 | - LOC100130809 0.29 | - TRIM59 0.23 | PIM2 0.07 | HS.79881 0.49 | HLA-DOA 0.09 | HS.276860 0.05 | PIM2 0.12
53 | - C130RF30 0.29 | - KAL1 0.23 | FGF2 0.07 | STXBP6 0.49 | TUBB4 0.09 | VASH2 0.05 | HS.270778 0.12
54 | - GPR176 0.30 | - STXBP6 0.24 | HS.276860 0.07 | UBE2D4 0.50 | TNNI3 0.09 | TUBA4A 0.05 | MATK 0.12
55 | - ITPR1 0.30 | - RND1 0.24 | GAL 0.07 | LOC100130633 0.50 | LECT1 0.09 | RHBDL3 0.05 | PNMA3 0.12
56 | - WIF1 0.30 | - FXYD7 0.24 | MTI1X 0.07 | RSPO3 0.51 | HESX1 0.09 | PLA2G3 0.05 | TMEM145 0.12
57 | - ABHD12B 0.30 | - CCL26 0.24 | SLC15A3 0.07 | C60ORF85 0.51 | CI00ORF96 0.10 | GNG4 0.05 | PCSK9 0.12
58 | - CCL26 0.30 | - LOC100131727 0.24 | KCND2 0.07 | STC1 0.51 | LOC100129268 0.10 | GAL3ST3 0.05 | DPPAS 0.12
59 | - NECAB1 0.30 | - LAG3 0.24 | RNF144B 0.07 | GOLPH3L 0.51 | LOC388755 0.10 | TIMP4 0.05 | PROK2 0.12
60 | - GNG2 0.30 | - POPDC3 0.24 | CXCL5 0.07 | SNX10 0.52 | KCNG3 0.10 | LOC388755 0.05 | GPR64 0.12
61 | - MAPKS8IP1 031 |- PRKCDBP 0.24 | PIPOX 0.08 | TRIB3 0.52 | HS.177654 0.10 | TMEM145 0.05 | ZSCAN10 0.13
62 | - RASL11B 031 |- ABCA3 0.24 | GNA14 0.08 | SLC16A9 0.52 | UTF1 0.10 | REEP2 0.05 | ACTN3 0.13
63 | - FzD7 031 |- LPPR4 0.24 | LOC100131138 0.08 | TMEM132B 0.52 | HBA2 0.10 | LPAR4 0.05 | NANOG 0.13
64 | - TCF7L1 031 |- PADI4 0.24 | SCGB3A2 0.08 | SEMG1 0.52 | NANOG 0.10 | CHGA 0.06 | VSNL1 0.13
65 | - HS.10862 031 |- LOC729378 0.24 | DHDH 0.08 | LOC441019 0.52 | C190RF4 0.11 | TRIM22 0.06 | ACAP1 0.13
66 | - HS.276860 031 ]| - KISSIR 0.25 | C140RF115 0.08 | C10RF59 0.53 | MATK 0.11 | HCP5 0.06 | TLE6 0.13
67 | - KCNN2 031 |- LOC731007 0.25 | FAM150B 0.08 | ARHGAP22 0.53 | TDGF1 0.11 | POLR3G 0.06 | RHBDL3 0.13
68 | - NCRNA00153 031 |- TIMP4 0.25 | KCNF1 0.08 | ESCO1 0.53 | LOC157627 0.11 | FZD9 0.06 | TNNI3 0.13
69 | - TNRC9 031 ]| - S100A3 0.25 | PARD6A 0.08 | TSPAN7 0.54 | CXCL5 0.11 | TNNI3 0.06 | HHLA2 0.13
70 | - C60RF85 031 |- ECSCR 0.25 | ZSCAN10 0.08 | S100A6 0.54 | UNC5D 0.11 | VENTX 0.06 | DDX25 0.13
71 | - LEFTY2 032 | - KCNF1 0.25 | GDF3 0.08 | ZNF18 0.54 | GNG4 0.11 | YBX2 0.06 | HBA2 0.13
72 | - GK 032 | - THBS2 0.25 | C100RF96 0.08 | HS.12513 0.54 | TMEM145 0.11 | GPR160 0.06 | ACACB 0.13
73 | - DLL3 032 | - ST8SIAS 0.25 | LOC100129268 0.08 | TLE2 0.55 | CRABP1 0.11 | GALR2 0.06 | GLB1L3 0.14
74 | - AK3L1 032 | - S100A4 0.26 | RAB17 0.08 | MYB 0.55 | UCA1 0.11 | IGSF21 0.06 | HS.574590 0.14
75 | - SHC3 032 | - LRRC26 0.26 | LOC100133609 0.08 | MMP9 0.55 | SFRP2 0.11 | ACTN3 0.06 | PPM1E 0.14
76 | - EID3 033 | - PLA2G3 0.26 | MT1A 0.08 | FLI45337 0.55 | UNC5A 0.11 | DPPA4 0.06 | KIAAO514 0.14
77 | - TMEM132B 033 | - HS.79881 0.26 | INDO 0.08 | TMSB4Y 0.55 | ZDHHC22 0.11 | C9ORF129 0.06 | TDGF1 0.14
78 | - KCND2 033 | - CHST9 0.26 | DCLK1 0.08 | SLC29A1 0.56 | ZDHHC19 0.11 | HESX1 0.06 | COORF129 0.14
79 | - LRIG1 033 | - CPEB1 0.26 | LOC652097 0.09 | MEGF10 0.56 | CUX2 0.11 | HS.66187 0.06 | KISSIR 0.14
80 | - FOXJ1 033 | - OR52A1 0.26 | NPTX2 0.09 | GPRASP2 0.56 | GLS2 0.11 | SLC7A3 0.06 | SEPT3 0.14
81| - RASGRP2 033 | - SLC2A6 0.26 | HCPS 0.09 | PNCK 0.56 | TOX3 0.11 | SLC7A10 0.06 | MYH2 0.14
82 | - CXORF57 033 | - LOC389895 0.26 | LOC645638 0.09 | MYBPHL 0.56 | SCAMP5 0.11 | MAP4K1 0.07 | LOC643272 0.14
83 | - LOC100132934 033 | - PCSK9 0.26 | LRRC26 0.09 | DDX25 0.57 | SEMG1 0.11 | THBS2 0.07 | KLKB1 0.14
84 | - HS.128753 034 | - FOXJ1 0.27 | GAL3ST3 0.09 | PRPH 0.57 | RGMA 0.12 | TMEM132D 0.07 | TNRC9 0.14
85 | - TOX3 034 | - LTB 0.27 [ TNNC2 0.09 | ZNF425 0.57 | CHGA 0.12 | PPM1E 0.07 | TMEM132B 0.14
86 | - RGS17 034 | - SOX8 0.27 | LOC100130769 0.09 | HS.556255 0.57 | STAMBPL1 0.12 | NODAL 0.07 | HS3ST2 0.14
87 | - HBQl 034 | - CTGLF5 0.27 | UCAL 0.09 | CDC42EP2 0.57 | HS.12513 0.12 | SHISA2 0.07 | PTPRZ1 0.14
88 | - PCDH21 034 | - CRYGD 0.27 | TMEM132D 0.09 | HS.270778 0.57 | C140RF115 0.12 | ARHGAP22 0.07 | FLJ40194 0.14
89 | - RNF1448 034 | - LOC339535 0.27 | MT2A 0.09 | HS.581690 0.57 | NPAS1 0.12 | DDX25 0.07 | CDCA7L 0.15
90 | - SATB2 0.34 | - HS.135050 0.27 | ABCA3 0.09 | CCNJL 0.58 | SLC15A3 0.12 | MIR302C 0.07 | PPP1R16B 0.15
91| - LOC642342 034 | - KLHL35 0.27 | DLL3 0.09 | PROK2 0.58 | PPP1R16B 0.12 | GPR176 0.07 | TOX 0.15
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DOWN at 18 h (gene, ratio)

DOWN at 3 d (gene, ratio)

DOWN at 5 d (gene, ratio)

~

g

& | BMP5 BMP10 BMP13 BMP5 BMP10 BMP13 BMP5 BMP10 BMP13

92 | - POLR3G 035 | - DPPA5 0.27 | EFCBP1 0.09 | TOX3 0.58 | VASH2 0.12 | SALL2 0.07 | ANKRD35 0.15

93 | - AASS 035 | - HES6 0.27 | BTBD17 0.09 | AXIN2 0.58 | CHST4 0.12 | DLL3 0.07 | SYNGR3 0.15

9 | - ZNF608 035 | - VAV3 0.27 | KISS1R 0.09 | PTPRG 0.58 | DPPAS 0.12 | LRAT 0.07 | SCG5 0.15

95 | - FLI12684 035 | - ODF3L2 0.27 | PLA2G3 0.09 | CYP4X1 0.58 | PROK2 0.12 | PMAIP1 0.07 | LOC728961 0.16

9% | - LOC728743 035 | - LEFTY1 0.27 | CHGA 0.09 | BMP6 0.58 | SHISA2 0.12 | ANKRD35 0.07 | HS.579530 0.16

97 | - FAM124B 035 | - LOC439949 0.27 | CXCL6 0.09 | JAZF1 0.59 | PCSK9 0.12 | CAl11 0.07 | C70ORF63 0.16

98 | - SNTB1 035 | - FILIP1 0.28 | SCG5 0.09 | C140RF142 0.59 | STK33 0.13 | ALPL 0.07 | SFRP2 0.16

99 | - NLGN1 035 | - FAM78B 0.28 | LOC439949 0.09 | DUSP6 0.59 | AASS 0.13 | ST8SIAS 0.07 | VASH2 0.16
100 | - METTL7A 035 | - ZBTB3 0.28 | JAZF1 0.10 | ALG6 0.59 | RASD2 0.13 | MALL 0.07 | SYT11 0.16
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