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Summary

1 Summary

The placenta is a transient organ that exhibits various essential functions during pregnancy
that allow for proper development of the embryo. Placenta and embryo originate from the first
lineage separation in mammalian development when totipotent cells of the zygote differentiate
into inner cell mass, trophectoderm and primitive endoderm. The trophectoderm gives rise to
the embryonic part of the placenta whereas the inner cell mass will develop into the embryo.
This study focuses on the so-called trophoblast stem cells that can be derived from the
trophectoderm and are studied as its in vitro equivalents. They are strictly separated from
embryonic stem cells that can be derived from the inner cell mass. Even though there are
several differences between murine and human placental development, which will also be
highlighted in the course of this study, the murine prenatal development can be studied as an
appropriate approximation to human development.

Here, itis first assessed how murine embryonic stem cells can be fully converted to trophoblast
stem cells by ectopically overexpressing trophoblast specific transcription factors which are
incorporated into the genome by lentiviral transduction. Obtained induced trophoblast stem
cells are indistinguishable from wildtype trophoblast stem cells in terms of morphology, gene
expression, cell surface markers and specific epigenetic patterns when transgene expression
of Gata3, Eomes, Tfap2c, Ets2 and Cdx2 is activated for three days in embryonic stem cells.

After demonstrating a complete cell fate change in murine stem cells, this approach is
extended to the respective human system. For ethical reasons, conversion experiments are
performed with human induced pluripotent stem cells instead of human embryonic stem cells.
Human induced pluripotent stem cells are transduced with different combinations of
lentiviruses carrying human trophoblast specific transcription factors. An initial induction of
trophoblast fate is detectable, when TFAP2C, TFAP2A, GATA2 and GATA3 are
overexpressed in human induced pluripotent stem cells.

Interestingly, trophoblast fate is not only controlled by distinct transcription factor networks but
also by important signaling pathways such as KIT receptor signaling. To this end, this study
can show that constitutively active KIT signaling results in increased invasive capacity of
trophoblast giant cells and irregular differentiation of trophoblast stem cells. In conclusion, it
can be demonstrated that placental development is relying on strictly regulated mechanisms,

where any errors occurring in development can lead to adverse effects for the unborn fetus.

XV



Introduction

2 Introduction

The placenta is emerging in parallel to the embryo, with their development starting as early as
the beginning of the pregnancy. While the importance of the organ might easily be
underestimated due to its transient presence, it is fulfilling an indispensable function during its
short period of existence. This highly specialized organ represents the unique source for
nourishment of the embryo throughout the pregnancy. It is responsible for preparing the
maternal body for implantation and adaption of the maternal immune system. Also, it efficiently
keeps harmful substances away from the fetus (Burton and Jauniaux, 2015; Burton et al.,
2016; Knofler et al., 2019). While the organ itself offers a variety of different interesting
research fields, this study focuses on the stem cells that can be derived from early stages of
the placenta. Stem cell research has been continuously growing, fostering the hope of eventual
stem cell-based therapies for various severe diseases or insufficiencies that remain

untreatable until now (Yamanaka, 2020).

2.1 First lineage separation in mammalian pre-implantation development

Mammalian development is initiated by the fertilization of an oocyte by a sperm cell.
Subsequent cell divisions of the totipotent zygote give rise to uniform blastomeres and
ultimately result in formation of the morula at embryonic day (E)2.5 (Figure 1) (Cockburn and
Rossant, 2010). At this stage, the inner and outer blastomeres gain diverging characteristics
(Cockburn and Rossant, 2010). This development is directed by Hippo signaling which is only
activated in inner non-polar cells due to increased cell-cell adhesions. By contrast, it is
inactivated in outer polar cells resulting in the initiation of a trophoblast specific transcription
factor (TF) network which will be described in detail in the following chapter (Latos and
Hemberger, 2013, 2016; Nishioka et al., 2009). This important first separation into different
lineages in pre-implantation development is finalized at the early blastocyst stage yielding the
inner cell mass (ICM) and trophectoderm (TE) (Figure 1) (Cockburn and Rossant, 2010). The
ICM consists of pluripotent cells and gives rise to the epiblast (Epi) which develops to the
embryo proper and the primitive endoderm (PE) between E3.5 and E4.5 (Cockburn and
Rossant, 2010). The PE later forms the yolk sac tissue. The TE envelops the epiblast and the
blastocoel and will later form the embryonic part of the placenta. The epiblast is lined by the
PE towards the blastocoel (Cockburn and Rossant, 2010; Latos and Hemberger, 2016). Stem
cells can be derived from each of these tissue lineages and cultured in vitro indefinitely
equivalent to their respective tissue, representing a useful tool to study early embryonic
development. In mice, the ICM gives rise to embryonic stem cells (ESC), trophoblast stem
cells (TSC) originate from the TE and extra-embryonic endoderm stem cells (XEN) can be
derived from the PE (Evans and Kaufman, 1981; Niakan et al., 2013; Tanaka et al., 1998).
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ESCs, TSCs and XEN cells exhibit stem cell characteristics such as indefinite self-renewal,
proliferation and they can differentiate along their cell lineage in vitro (Evans and Kaufman,
1981; Niakan et al., 2013; Tanaka et al., 1998). These stem cell lineages are maintained by
distinct epigenetic and transcription factor-controlled mechanisms thereby establishing the so-
called lineage barrier which strictly prevents spontaneous differentiation between emerged
lineages to maintain proper development of respective tissues (Hemberger et al., 2009; Ng et
al., 2008; Rugg-Gunn et al., 2010; Senner et al., 2012). In murine development, the blastocyst
implantation occurs on E4.5 and on E7-9 in human development (Hemberger et al., 2020). All
three parts of this study revolve around murine and human TSCs which will therefore be

presented in detail in the following paragraphs.

oM —& i s
TE — : Blastocoel —=»
X » mural »

TE

EO0.5 E2.5 E3.5 E4.5
Zygote Morula Early Blastocyst Late Blastocyst

v

Figure 1: Murine preimplantation development from zygote to blastocyst

After fertilization of the oocyte, several subsequent cell divisions result in formation of the morula which further
develops into the blastocyst at E3.5 in murine and at E5 in human development. It represents the first separation
into three different lineages: trophectoderm (blue), epiblast (orange) and extra-embryonic ectoderm (green). Self-
renewing stem cell lines can be derived from all three tissues: ICM gives rise to ESCs, primitive endoderm to XEN
cells and polar TE to TSCs. TE=trophectoderm, PE=primitive endoderm, ICM=inner cell mass, Epi=epiblast,
TSC=trophoblast stem cell, ESC=embryonic stem cell, XEN cell=extraembryonic endoderm stem cell. Modified
from Cockburn and Rossant, 2010 and Kubaczka et al., 2016.

2.2 Post-implantation development of murine and human placentas

The placenta is a transient organ which is unique to mammals. It is best studied in mice as
ethical limitations restrict research on early human placentas (Lee et al., 2016). In general,
placental functions include attachment of the developing embryo to the uterine wall by invading
into maternal tissue, remodeling maternal vasculature to supply the embryo with gases and
nutrients in exchange for fetal waste products as well as hormone and cytokine secretion
(Burton and Jauniaux, 2015; Knofler et al., 2019). Thus, the placenta establishes maternal
adaptation to pregnancy, protects the embryo from an immune reaction of the mother and
ensures the essential interaction between mother and fetus. Correct placental development is
vital for successful upbringing of the fetus (Burton and Fowden, 2015; Burton et al., 2016).
Aberrant placental development or function results in severe pregnancy complications such as

fetal growth restriction, pre-eclampsia, preterm birth or even intrauterine death and miscarriage
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(Hemberger et al., 2020; Knofler et al., 2019). The placenta is made up of highly specialized
cell types, each of which is undertaking coordinated and specific parts of placental function
(Simmons and Cross, 2005; Simmons et al., 2007). Mice and humans exhibit a hemochorial
placental structure which is characterized by trophoblast villi that are in direct contact with
maternal blood. Even though they harbor differences in morphology and development, murine
placental development remains the best approximation to human development (Hemberger et
al., 2020).

In murine placental development, the late blastocyst at E4.5 consists of the three distinct
lineages Epi, TE and PE (Figure 1 and Figure 2). TE cells overlying the ICM are called polar
TE, while the mural TE surrounds the blastocoel (Latos and Hemberger, 2016). The mural
trophectoderm ceases proliferation and starts to endoreduplicate, thereby giving rise to the
primary population of TGCs (Rossant and Cross, 2001; Simmons and Cross, 2005). Ina TGC
mediated process, the blastocyst implants to the uterine wall around E4.5-E5.5. At the same
time, hormone mediated decidualization of maternal endometrial stromal cells takes place
(Latos and Hemberger, 2016; McDole et al., 2011). The polar trophectoderm which is directly
in contact with the ICM continues proliferating and forms the extra-embryonic ectoderm (ExE)
around E6.5 and the ectoplacental cone (EPC) (Figure 2) (Hemberger et al., 2020). At this
timepoint, TSCs can be found in the ExE and polar trophectoderm (Hemberger et al., 2020).
Gastrulation starts at E6.5 resulting in formation of chorion, allantois, and amnion. The epiblast
gives rise to the extra-embryonic mesoderm — allantois as well as mesodermal layers of

amnion and chorion are formed thereof (Hemberger et al., 2020).

murine SpT
TSC TGCs

Decidua

Maternal
blood
sinusoids

Labyrinth

E3.5-4.5 E6.5 E14.5
Blastocyst Gastrulation Mature Placenta

v

Figure 2: Structural development of the murine placenta

At the late blastocyst stage, the ICM already developed into epiblast and primitive endoderm. During the following
days, polar trophectoderm develops into EPC and ExE. Murine TSC can be derived from the blastocyst or the ExE
of the conceptus around E6.5. The mature placenta at E14.5 is characterized by fetal blood capillaries that are
bathing in maternal blood sinusoids in the labyrinth which also comprises the STB. The labyrinthine structure is
surrounded by a SpT layer which is lined by TGCs towards the maternal decidua. GlyT cells can be found in the
SpT and the decidua close to the placenta. Epi=epiblast, PE=primitive endoderm, TE=trophectoderm,
TSC=trophoblast stem cells, EPC=ectoplacental cone, EXE= extraembryonic ectoderm, STB=syncytiotrophoblast,
SpT=spongiotrophoblast, TGC=trophoblast giant cells, GlyT=glycogen trophoblast cells. Modified from Hemberger
et al., 2020.
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Around EB8.5, the chorioallantoic fusion takes place when allantois and chorion are attaching,
thereby building the early placenta (Hemberger et al., 2020). Fetal blood vessels expanding
from allantois into chorionic layer and subsequent villous branching yield the placental labyrinth
(Hemberger et al., 2020; Latos and Hemberger, 2016). The labyrinth develops further from
E10 to E14.5 and eventually consists of two layers of syncytiotrophoblast which result from
fusion of chorionic trophoblast cells. Syncytiotrophoblasts represent the greatest area for
exchange between maternal and fetal blood (Hemberger et al., 2020; Latos and Hemberger,
2016). The spongiotrophoblast derives from the ectoplacental cone, consists of non-syncytial
cells, and is situated between labyrinth and giant cells (Rossant and Cross, 2001). The
maternal blood flows through the spongiotrophoblast to the labyrinthine spaces. There,
trophoblast villi end in the maternal blood for exchange of nutrients, gases, and waste (Rossant
and Cross, 2001). The embryo is then nurtured by the enriched fetal blood through the
umbilical cord (Hemberger et al., 2020; Rossant and Cross, 2001). Ultimately, at E14.5, the
mature placenta can be distinguished in three layers which comprise the labyrinth, the
junctional zone, and the parietal (P-) TGC layer in order from embryo to mother (Latos and
Hemberger, 2016). The P-TGC layer stretches along the implantation site and is in direct
contact with the decidua (Hemberger et al., 2020; Latos and Hemberger, 2016). The labyrinth
itself comprises three different cell types: sinusoidal TGCs (S-TGC) are lining the maternal
blood sinusoids, followed by syncytiotrophoblast | and syncytiotrophoblast Il layers (Latos and
Hemberger, 2016). Finally, there is the fetal vasculature consisting of endothelial cells facing
the fetal blood (Simmons and Cross, 2005). The junctional zone represents the middle layer
and provides structural support to the labyrinth (Simmons and Cross, 2005). It is made up of
spongiotrophoblast and glycogen cells. Importantly, these two cell types in combination with
TGCs fulfil the endocrine function of the placenta (Hemberger et al., 2020). Glycogen
trophoblast cells share characteristics with TGCs and spongiotrophoblast while still being a

unique cell type (Simmons and Cross, 2005).

Development of the human placenta was researched in animal models as well as by studying
the Boyd Collection (Centre of Trophoblast Research, Cambridge) and the Carnegie Collection
(Human Developmental Anatomy Center, Washington DC) which consist of conserved
hysterectomy samples including early implantation sites (Hamilton and Boyd, 1960; Hertig et
al., 1956; Knofler et al., 2019). While morphology of the early development in mouse and
human is very comparable until the blastocyst stage, differences start arising with implantation
(Hemberger et al., 2020). In human placental development, the TE develops four to five days
post fertilization. In contrast to the mouse, it is the polar TE and not the mural TE that gets into
contact with maternal tissue and implants in uterine epithelium on E6-E7 (Hemberger et al.,

2020; Knofler et al., 2019). Next, early cytotrophoblasts (CTB) surrounded by multinucleated
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primitive syncytium (PS) arise (Figure 3). Importantly, the PS represents the first human
invasive cell type and was shown to secrete enzymes that enable further invasion into the
maternal decidua (Hemberger et al., 2020). Ultimately, the human placenta consists of three
main trophoblast cell populations that comprise the CTBs, the extravillous cytotrophoblasts
(EVT) and the syncytiotrophoblasts (STB) (Hemberger et al., 2020). The placenta specializes
into a finger-like structure called chorionic villi which have an epiblast-derived mesenchymal
core covered by villous CTB layer and outer STB layer with the tips being made up of CTB
cells (Hemberger et al., 2020). The villi extend into the blood-filled intervillous space to bath in
maternal blood (Figure 3) (Hemberger et al., 2020). Starting from the tenth to twelfth week of
pregnancy, maternal blood flows from maternal arteries through the intervillous space back to
maternal vessels whereas the fetal blood arrives via umbilical cord in capillaries of the
chorionic villi and travels back through the umbilical veins (Dellschaft et al., 2020; Hemberger
et al., 2020; Knofler et al., 2019).
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Figure 3: Structural development of the human placenta

After implantation of the blastocyst consisting of Epi, PE, and TE, the outer layer of STB invades into the maternal
decidua. An inner layer of CTBs which are proliferating is enclosed by a STB layer around E12. The mature placenta
exists from E35 onwards. At that stage, chorionic villi are properly formed. They contain a mesenchymal core that
surrounds the fetal blood vessels. The mesenchymal core is encompassed by a layer of CTBs followed by an outer
layer of STBs. These villi bath in maternal blood, thereby maintaining exchange of nutrients and gases between
maternal and fetal circulation. Human TSC can be derived from the blastocyst or first-trimester placentas
(Epi=epiblast, PE=primitive endoderm, TE=trophectoderm, STB=syncytiotrophoblast, CTB=cytotrophoblast,
PS=primitive streak, TSC=trophoblast stem cells). Modified from Hemberger et al., 2020.
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The CTB is suggested to harbor the human TSC (hTSC) population during the first trimester
of pregnancy (Kndfler et al., 2019). The CTB cells proliferate and retain an undifferentiated
state, however, hold the capacity to differentiate into EVT and STB (Kndfler et al., 2019). EVT
cells can be divided into interstitial EVT and endovascular EVT cells. Interstitial EVT cells
invade into the maternal decidua and modulate the maternal immune response to the placenta
by interaction with macrophages and uterine natural killer cells (Knéfler et al., 2019). Interstitial
EVT cells can differentiate into endovascular EVT cells which are responsible for remodeling
of maternal spiral arteries by replacing maternal endothelial cells and inducing apoptosis in
smooth muscle cells of the vessel (Knoéfler et al., 2019). Fusion, differentiation, and
asymmetrical cell division of villous CTB cells results in multinucleated STB cells which are
important secretors of placental hormones such as human chorionic gonadotropin (hCG) and
placental lactogen. They are in direct contact with maternal blood, thereby providing the

surface for exchange of gases and nutrients (Knéfler et al., 2019; Turco and Moffett, 2019).

2.3 Establishment of TSC murine and human transcription factor network

Distinct transcription factor networks consisting of self-reinforcing mechanisms are essential
for upholding the stem cell state of ESCs and TSCs (Hemberger et al., 2020; Senner and
Hemberger, 2010). These circuits are characterized by a synchronized hierarchy of different
transcriptions factors. The presence of these factors depends on the developmental stage,
and changes in the course from stem cell maintenance to initiation of differentiation. Both
networks are also characterized by comprising antagonistic factors OCT4 or CDX2. Murine
and human TSC transcription factor networks will be described in detail in the following

paragraph (Hemberger et al., 2020; Kidder and Palmer, 2010; Senner and Hemberger, 2010).

The murine TSC transcription factor network includes the transcription factors ELF5, CDX2,
EOMES, GATA3 and ESRRB and is essential for keeping TSCs in an undifferentiated state
(Figure 4). Depletion of any of these factors results in developmental abnormalities and even
arrest at very early stages indicating the role they play in TSC self-renewal, stem cell
maintenance and placental development (Kidder and Palmer, 2010). Interestingly, those
transcription factors are not unique to the trophoblast fate, but also play roles in other cell
lineages. The combination, however, is unique to the trophoblast (Hemberger et al., 2020).

Due to the previously described HIPPO signaling, localization information is processed and
translated into transcriptional adjustments. The transcriptional coactivator yes-associated
protein 1 (YAP1) remains in the cytoplasm of inner cells of the morula due to being
phosphorylated by HIPPO component LATS1/2 (Nishioka et al., 2009). In polar outer cells,
YAP1 is translocated to the nucleus and forms a complex in combination with TEAD/TEF family

member TEAD4 resulting in the initiation of the TSC specific transcription factor network
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(Home et al., 2012; Nishioka et al., 2008, 2009; Yagi et al., 2007). Knock-down of TEAD4
results in decreased self-renewal of TSCs and affects development of the placenta, TEAD4-/-
embryos do not form a blastocoel and die at the pre-implantation stage (Nishioka et al., 2008;
Saha et al.,, 2020). Primarily, the TEAD4/YAP1 complex drives the expression of Cdx2
(Nishioka et al., 2008; Yagi et al., 2007). CDX2 is regarded as determining factor of trophoblast
fate, as it is no longer found in non-TE cells while TEAD4 is still present in all cells at morula
stage. Restricted to outer cells of the blastocyst, CDX2 causes downregulation of Oct4. In
inner, apolar cells without Cdx2 expression, OCT4 levels and pluripotency remain high
(Hemberger et al., 2020). Cdx2 is expressed in the TSC state, and it is capable of inducing its
own expression, but is downregulated with ongoing differentiation. Maternal-zygotic knockout
of CDX2 results in cell death and failure of TE development starting already at the morula
stage (Jedrusik et al., 2015; Niwa et al., 2005). CDX2 was shown to act upstream of TFAP2C,
ETS2 and EOMES in the TF network (Beck et al., 1995; Niwa et al., 2005). Additionally, TEAD4
activates GATA3 which is acting in parallel of CDX2 (Ralston et al., 2010). Interestingly,
GATA3 plays an important role in maintaining the stem cell state as well as during
differentiation. Depletion of GATA3 causes developmental inhibition at the morula to blastocyst
stage (Home et al., 2009). EOMES is detected in the TE starting from E3.5 (McConnell et al.,
2005; Russ et al., 2000). Embryos without Eomes expression present with a developmental
arrest at the blastocyst stage (Russ et al., 2000). EOMES itself goes on to activate the TSC
transcription factor TFAP2C. Loss of TFAP2C results in embryonic death around E7-E9 and
decreased Cdx2 expression (Cao et al., 2015; Werling and Schorle, 2002). Both EOMES and
TFAP2C were shown to be essential for TSC self-renewal as well as for the expression of TSC
enriched genes and can reinforce their own expression in a positive feedback loop by self-
promoter binding (Kidder and Palmer, 2010). ELF5 belongs to the ETS-family of transcription
factors and is regarded as the TSC fate gatekeeper (Hemberger et al., 2009). In an
undifferentiated state, ELF5 builds a complex with EOMES. This transcription factor complex
binds to trophoblast self-renewal genes (Figure 4). Once differentiation is induced, TFAP2C
levels rise above EOMES levels and ELF5 forms a complex with TFAP2C, now binding to
differentiation-promoting genes (Hemberger et al., 2020). SOX2 and ESRRB represent
exceptional roles as both factors are essential for ESC and TSC maintenance (Latos et al.,
2015a). Placental development of embryos with ESRRB deficiency is distinguished by
increased presence of giant cells as well as an irregular chorion layer and embryos die before
E10.5 (Latos et al., 2015b; Luo et al., 1997). ESRRB has the capacity to activate TSC specific
genes EIf5, Eomes, Sox and Ets2 (Latos et al., 2015a). ETS2 is also part of the ETS family of
transcription factors. Knock-out of ETS2 was shown to cause loss of self-renewal and increase
in TSC differentiation. ETS2 is also required for maintaining the expression of Cdx2 and Esrrb
(Kidder and Palmer, 2010; Odiatis and Georgiades, 2010; Wen et al., 2007). It also plays an
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important role during differentiation. Among others, it is essential for Hand1 expression and
therefore TGC derivation (Odiatis and Georgiades, 2010).
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Figure 4: Transcription factor network in undifferentiated murine TSC

Schematic showing transcription factor network in TSC. When TSC are maintained in an undifferentiated state,
TEAD4 activates Cdx2 and Gata3 expression. ELF5, EOMES and TFAP2C build a complex that is binding to
trophoblast renewal genes. This complex is also activated by TEAD4. Downstream of CDX2 and GATAS also
ESRRB, SOX2 and ETS2 are activated. Modified from Hemberger et al., 2020 and Kubaczka et al., 2016.

The transcription factor network in human TE holds several similarities as well as
discrepancies to the murine system (Hemberger et al., 2020). Recently, it was successfully
shown that the presence of TEAD4 and YAP is essential for proper development comparable
to the murine system (Home et al., 2012; Meinhardt et al., 2020; Saha et al., 2020; Soncin and
Parast, 2020). It was demonstrated that the TEAD4/YAP1 complex is activating stemness-,
proliferation- and cell cycle-genes in primary villous CTBs while at the same time inhibiting
genes associated with cell fusion and STB formation (Meinhardt et al., 2020). Of note, a
subgroup of hTSCs isolated from placentas of patients suffering from idiopathic recurrent
pregnancy losses expressed low levels of TEAD4, showed increased differentiation and
reduced proliferation (Saha et al., 2020). By ectopically expressing TEAD4 in these hTSCs,
the effect could be rescued, thereby linking adverse TEAD4 expression directly to clinical
pathologies (Saha et al., 2020). In early first-trimester placentas, CDX2 is highly expressed in
villous CTB cells, but with ongoing development, its expression decreases quickly with CDX2
being undetectable with the 20" week of pregnancy (Hemberger et al., 2020). Comparable to
murine TE, human TE relies on expression of CDX2 as a counterpart to OCT4 expression in

the ICM (Hemberger et al., 2020). Also in the human system, TFAP2C is an essential mediator
8
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of trophectoderm development. Interestingly, TFAP2C is also expressed in the ICM and
epiblast of humans and is involved in maintaining naive hESC stem cell state which might
contribute to lineage plasticity in those cells (Cao et al., 2015; Guo et al., 2021; Pastor et al.,
2018). Moreover, GATA2 and GATA3 were identified as core regulators of human TSC fate
and GATA2 mRNA was found to be decreased in women disposed to preeclampsia (Krendl et
al., 2017; Whigham et al., 2019). While expression of TFAP2C, ELF5 and GATA3 is conserved
between mice and humans, EOMES is missing from human TE (Deglincerti et al., 2016;
Hemberger et al., 2020; Niakan and Eggan, 2013). ESRRB and SOX2 which play important
roles in murine trophoblast maintenance are only low expressed in human placentas
(Hemberger et al., 2020). A recent publication could shed more light on regulators of human
trophoblast fate by making use of a genome-wide CRISPR-Cas9 knockout screen (Dong et
al., 2022). While also finding known players such as GATA2 among the essential regulators,
they revealed that TEAD1 is responsible for the regulation of many trophoblast factors (Dong
et al., 2022). When TEAD1 expression is depleted, hTSCs lose the capacity to differentiate
into EVT and STB (Dong et al., 2022).

2.4 Stem cell types arising at the blastocyst stage can be derived and cultured in vitro

As previously described, TSCs represent the in vitro equivalent of the trophectoderm. If kept
under correct culture conditions, TSCs show indefinite self-renewal and possess the ability to
differentiate along the trophoblast lineage (Latos and Hemberger, 2013; Tanaka et al., 1998).
Even though most known pregnancy disorders usually occur later in development, their origin
is often associated with early stages of placental development. Therefore, studies of those
initial phases are of importance for understanding placental insufficiencies (Burton et al., 2016;
Hemberger et al., 2020; Knofler et al., 2019). First stable murine TSC lines were derived from
the blastocyst at E3.5 or from the extra-embryonic part of the post-implantation conceptus at
E6.5 under appropriate medium conditions (Figure 5) (Tanaka et al., 1998). These comprise
fetal bovine serum (FBS), fibroblast conditioned medium (CM), fibroblast growth factor (FGF)
4 and heparin (Tanaka et al., 1998). With E8.5, TSCs can no longer be derived from in vivo
tissue (Simmons and Cross, 2005). As CM as well as FBS contain multiple unknown and
variation-underlying factors, a serum free medium was required to limit batch to batch variety
and to allow for steady research conditions. Activin and transforming growth factor (TGF)
were found to be secreted by fibroblasts into the CM — factors which both defined media
formulations rely on (Kubaczka et al., 2014; Ohinata and Tsukiyama, 2014). The chemically
defined TX medium comprises ten chemical components including FGF4, heparin and TGF3
(Kubaczka et al., 2014). Another group developed the CDM/FAXY medium which includes
FGF2, activin A, XAV939 and Y27632 and allows for maintenance of TSCs on fibronectin-

coated cell culture dishes (Ohinata and Tsukiyama, 2014). Similar to standard TS medium,
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TSCs kept under chemically defined conditions in TX medium show proper de novo derivation
of bona-fide TSC lines and long-term stability (Kubaczka et al., 2014). Of note, TSC colonies
under defined conditions exhibit clearer colony morphology and are characterized by
decreased differentiation in comparison to cultivation in standard TS medium (Figure 5). TSCs
derived in TX medium differentiate into all trophoblast subtypes in vitro, contribute to placental
chimeras and create lesions when injected subcutaneously into nude mice flanks (Kubaczka
et al., 2014).

Human TSCs are thought to be of transient nature, with term placentas now longer being a
source for derivation of hTSCs. Even though they were always suspected to reside in
blastocysts and in the villous CTB of early first-trimester placenta, successful derivation of
human TSC lines was only achieved decades after the establishment of first stable murine
TSC lines (Hemberger et al., 2020; Okae et al., 2018; Turco et al., 2018). This was mainly
caused by not knowing the correct culture conditions that would support the undifferentiated
and proliferating state of hTSCs. In 2018, three publications showed the stable cultivation of
hTSCs using distinct culture conditions (Haider et al., 2018; Okae et al., 2018; Turco and
Moffett, 2019). While Okae et al. derived hTSCs from blastocysts and first-trimester placentas,
Haider et al. and Turco et al. cultivated hTSCs in form of trophoblast organoids (Haider et al.,
2018; Okae et al., 2018; Turco and Moffett, 2019). Interestingly, the culture media in all three
independently developed studies vary notably from murine TSC medium in terms of signaling
cascade activators and inhibitors. They rely on epidermal growth factor (EGF)
supplementation, induction of the Wnt pathway as well as inhibition of TGF{ signaling (Haider
et al., 2018; Okae et al., 2018; Turco and Moffett, 2019). This contrasts with murine TSCs
which require inhibition of Wnt signaling but activation of TGFf and FGF signaling indicating
different roles of Wnt and TGFB pathways (Latos and Hemberger, 2016; Okae et al., 2018).
Remarkably, the identification of the right culture conditions for a self-renewing in vitro model
of proper hTSCs and trophoblast organoids is already resulting in advanced research and

recapitulation of the early human placental development (Soncin and Parast, 2020).
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Figure 5: Typical morphology of murine and human ESC/iPSC and TSC in vitro
Photomicrographs showing representative morphology of the different stem cells lines cultured in vitro. Murine TSC
can be cultured in serum containing TS medium or chemically defined TX medium. Scalebar represents 250 ym.

The hTSC lines established by Okae et al. were derived from blastocysts and first-trimester
placentas (Figure 5). Obtained hTSC were demonstrated to meet essential criteria for hnTSCs
including high levels of GATA3 and KRT7 and hypomethylation of ELF promoter (Lee et al.,
2016; Okae et al., 2018). They are stable in long-term culture and have the potential to
differentiate into EVT- and STB-like cells (Okae et al., 2018). EVT cells were obtained by
culture on Matrigel with medium containing TGFf inhibitor A83-01 and decidua derived NRG1,
which cause hTSCs to undergo epithelial-mesenchymal transition (Fock et al., 2015; Miller et
al., 2005; Okae et al., 2018). Treatment of hTSCs with cyclic adenosine monophosphate
(cAMP) agonist forskolin results in aggregation, fusion of cells and formation of syncytia
indicating differentiation towards STB (Okae et al., 2018; Strauss et al., 1992). In vivo
experiments showed invasiveness of derived hTSCs upon injection into immunodeficient mice,
cells form lesions and invade into the subcutaneous tissue. Even blood-filled lacunae were
detected. Surprisingly, however, hTSCs do not express CDX2 or show CDX2 or EOMES
protein levels. Both trophoblast organoid models were generated from first-trimester
cytotrophoblasts, they proliferate continuously and are capable of differentiating to STB and
invasive EVT (Haider et al., 2018; Turco and Moffett, 2019).

In both mice and humans, ESCs are the in vivo derivatives of the ICM. They are pluripotent

and strictly separated epigenetically from TSCs. Standard murine ESC culture requires

fibroblast feeder cells and serum containing culture medium supplemented with leukemia
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inhibitory factor (LIF) (Figure 5). To allow for chemically defined culture conditions, the 2i
medium was developed (Silva et al., 2008). It is supplemented with two inhibitors which are
inhibiting the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(Erk) pathway and glycogen synthase kinase-3 (GSK3) (Silva et al., 2008). Different media
compositions result in different states of pluripotency of ESC which can be distinguished in
naive, primed and ground state pluripotency (Ghimire et al., 2018; Sim et al., 2017; Ying et al.,
2008). Ghimire et al. could show that naive stage ESCs can be derived from blastocysts in LIF
and serum containing medium on a MEF feeder layer, ground state ESCs can be derived from
blastocysts when cultured in either 2i or 2iSB (2i + inhibitor of TGF-B signaling SB431542)
medium on gelatin coated dishes. Primed ESCs which were named epiblast stem cells
(EpiSCs) can be derived from E6.5 conceptuses on a MEF feeder layer (Ghimire et al., 2018).
Human ESCs or iPSCs can be divided into three subtypes which are also depending on
different culture conditions: naive, extended, and primed hESCs/hiPSCs. Primed or
conventional hESCs/hiPSCs can be derived from preimplantation blastocysts and are related
to the post-implantation epiblast (Thomson et al., 1998). When cultured in serum and FGF2
containing medium, they exhibit an epithelial morphology, high levels of DNA methylation and
a transcriptome similar to primed post-implantation epiblast (Nakamura et al., 2016; Nichols
and Smith, 2009). For chemically defined conditions, primed ESCs can be cultured in E8
medium (Chen et al., 2011). In contrast, naive hESCs/hiPSCs (hNPSCs) are related to pre-
implantation epiblast and can be cultured in T2ILGSY (titrated 2i, hLIF, G66983, Y-27632) or
5iLAF (MEK, GSK3, ROCK, BRAF, and SRC pathway inhibitors in combination with hLIF,
Activin and FGF2) medium (Takashima et al., 2014; Theunissen et al., 2014). They show gene
expression, which is comparable to early epiblast or late morula, low DNA methylation and
resemble murine ESCs more closely than primed hESCs (Theunissen et al., 2014). They might
hold the potential to differentiate to TSC-like cells spontaneously as they are TFAP2C positive
and YAP proteins show nuclear localization. T2iLGAY- cultured naive hESCs were also shown
to comprise a subpopulation that could neither be allocated to primed nor naive hESCs but
was rather expressing placental markers such as GATA2 and GATA3 (Cinkornpumin et al.,
2020). Extended hiPSCs (hEPSCs) show contribution to embryonic and extra-embryonic
lineages in chimeras in vivo and require to be cultured in serum-free N2B27 medium containing
LIF, CHIR99021, (S)-(+)-dimethindene maleate (DiM) and minocycline hydrochloride (MiH)
(Yang et al., 2017).

2.5 Murine trophoblast giant cells fulfil a wide range of functions

Trophoblast giant cells represent the first terminally differentiated cell type of the murine
trophoblast lineage and arise first in the mural trophectoderm (Simmons et al., 2007). TGCs

are characterized by polyploidy caused by endoreduplication. Being an invasive cell type, they

12



Introduction

play an important role during implantation of the blastocyst into the maternal decidua. Further,
they are responsible for the secretion of a range of paracrine and endocrine factors which are
essential for the interaction with the maternal immune and blood system (Simmons and Cross,
2005; Simmons et al., 2007). Different specialized subtypes of TGCs have been identified, all
of which have distinct origins, undertake specific functions in placental development and
maintenance and can be distinguished by distinct gene expression patterns (Figure 6). The
TGC diversity is essential for the successful placental formation and function. Analysis of the
markers PL1, PL2, PLF and CTSQ allows for the identification of the respective TGC subtype
(Simmons et al., 2007).

In general, expression of transcription factor Hand1 is essential for primary and secondary
TGC differentiation and can be detected in all TGC subtypes. Loss of Hand1 in embryos results
in loss of TGC derivation and leads to embryonic death around E7.5 to E8.5 (Riley et al., 1998;
Scott et al., 2000; Simmons et al., 2007). Also, upregulation of Mash2 and Tpbpa was detected
during the first stages of differentiation towards TGCs before the increase of further, more
specified TGC markers (Simmons et al., 2007). However, not all TGCs derive from TPBPA
positive precursors (Simmons et al., 2007). Primary TGCs arise for the first time in the mural
trophectoderm directly after implantation. Secondary TGCs develop at later stages and are
derived from the ectoplacental cone or spongiotrophoblast (Figure 6) (Simmons and Cross,
2005). Parietal (P)-TGCs line the implantation site starting from E6.5, thereby creating a border
between the ectoplacental cone and later spongiotrophoblast towards the maternal decidua.
They are characterized by being positive for PL1, PI2 and PLF. They secrete factors directed
at decidual cells or maternal natural killer cells (Simmons et al., 2007). Spiral Artery (SpA)-
TGCs replace the maternal endothelial cells in the lumen of the spiral arteries, thereby
ultimately lining these arteries. They are PLF positive but PL1 and PL2 negative. Also, they
are capable of secreting vasodilators and angiogenic factors that facilitate maternal blood flow
to the implantation site (Hemberger et al., 2003; Simmons et al., 2007). Canal (C)-TGCs line
the canal spaces in the labyrinth which develop due to the fusion of spiral arteries. C-TGCs
are PLF and PL2 positive but negative for PL1. Sinusoidal (S)-TGCs are found in the labyrinth
layer lining the maternal sinusoids. Due to their proximity to fetal vessels, they are suggested
to play a role in secreting hormones or cytokines that access the fetal circulation. Ctsq is
uniquely expressed in S-TGCs, whereas they also share the marker PL2 but are negative for
PL1 (Simmons et al., 2007). Glycogen trophoblasts (GlyT) are unique cells that share TGC but
also spongiotrophoblast characteristics (Simmons and Cross, 2005). They arise in the
spongiotrophoblast layer past E12.5 and migrate into the decidua (Simmons and Cross, 2005).
They can be identified by TPBPA, GJB3 and PCDH12 positivity (Simmons et al., 2007). In
vitro, the withdrawal of growth factors FGF4, Heparin and TGFB from the culture medium

results in the immediate differentiation of TSCs to TGCs. For this reason, TGC differentiation
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is regarded as the default pathway (Simmons et al., 2007). After six days under differentiating
conditions, all four markers PLF, PL1, PL2, CTSQ can be detected in cell culture experiments
(Simmons et al., 2007). Promotion of PL1 and PLF positive P-TGC differentiation can be
achieved by administration of exogenous substances such as retinoic acid (RA) (Hemberger
et al., 2004; Simmons et al., 2007; Yan et al., 2001).
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Figure 6: TGC differentiation and marker expression

Differentiation from the TSC state differs between mural and polar TE. Stem cells from mural TE differentiate into
P-TGCs in the primary wave of TGC differentiation. Stem cells of polar TE continue to proliferate and give rise to
TPBPA positive and negative progenitor cells which in turn continue to differentiate into specialized TGCs such as
P-TGC, SpA-TGC, C-TGC an S-TGC as well as GlyT and STB cells. These finally differentiated cells can be
distinguished according to their varying marker expression. TE=trophectoderm, EPC=ectoplacental cone,
SpT=spongiotrophoblast, TGC=trophoblast giant cells, P-TGC=parietal TGC, SpA-TGC=spiral artery TGC, Gly-
T=glycogen trophoblasts, C-TGC=canal TGC, S-TGC=sinusoid TGC, STB=syncytiotrophoblast. Modified from
Natale et al., 2017 and Simmons et al., 2007.

2.6 Epigenetic requlation of gene expression

Epigenetic modifications regulate gene expression but they are not laid down in the primary
DNA sequence (Waddington, 2012). Those modifications comprise DNA methylation, histone
modification and RNA-mediated interference (RNAi) (Allis and Jenuwein, 2016). DNA
methylation describes the covalent addition of a methyl group to a cytosine resulting in 5-
methylcytosine and is associated with gene repression (Greenberg and Bourc’his, 2019;

Hemberger et al., 2009). Most methylated cytosines occur in cytosine-phosphate-guanine
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(CpG) dinucleotides of which 60-80% are methylated genome-wide (Parry et al., 2021). CpG-
rich regions are called CpG islands (CGIl) and are usually unmethylated. About 70% of
mammalian promoters are associated with CGls including promoters of developmental and
housekeeping genes (Greenberg and Bourc’his, 2019; Parry et al., 2021). Among others, DNA
methylation influences the binding of transcription factors including ELF5 and TFAP2C which
prefer binding to non-methylated binding sites (Hemberger et al., 2020). A family of DNA
methyltransferases (DNMTs) establishes methylation patterns by transferring a methyl group
from the donor — the coenzyme S-adenosyl-L-methionin — onto cytosines (Bestor, 2000; Jeong
and Goodell, 2014). DNMT1 mainly maintains methylation patterns after DNA replication
whereas DNMT3a and DNMT3b primarily introduce de novo methylation onto CpGs (Okano
et al., 1999; Parry et al., 2021). DNMT3-like does not harbor the methyltransferase activity but
it is able to regulate DNMT3a and DNMT3b (Hata et al., 2002; Suetake et al., 2004).
Demethylation of cytosines can take place passively through loss of methylation re-
establishment after cell replication and actively by ten eleven translocation (TET)
dioxygenases resulting in the break-down product 5-hydroxymethylcytosine (5hmC) (Parry et
al., 2021; Schubeler, 2015)

In mammalian development, two genome-wide waves of epigenetic reprogramming occur
which result in formation of distinct methylation patterns. The DNA of primordial germ cells
undergoes a genome-wide demethylation which allows the establishment of a sex-specific
DNA methylation pattern afterwards. Also after fertilization of the oocyte, a wave of
demethylation takes place (Reik et al., 2001; Rose et al., 2013). In the post-implantation
embryo, DNA methylation is then re-established in embryonic and extraembryonic lineages.
This development coincides with increased expression of de novo DNMTs DNMT3A, DNMT3B
and DNMT3L (Hemberger et al., 2020). Interestingly, apart from imprinted genes, methylation
is also retained at CGls which are associated with genes essential for trophoblast development
(Hemberger et al., 2020). Trophoblast DNA exhibits global hypomethylation with 40-50% CpGs
being methylated as well as significantly lower levels of 5SHmC indicating a higher level of
cellular plasticity. In comparison, in embryonic DNA, about 80% of CpGs are methylated
(Hemberger et al., 2020). Of note, it was shown that TET1 and 5hmC are required for
maintenance of TSC state (Chrysanthou et al., 2018; Senner et al., 2020). Loss of Tet1 or Tet2

expression results in induction of differentiation (Hemberger et al., 2020).

2.7 Lineage conversions to and from the murine TSC fate

Embryonic and trophoblast lineages are strictly separated in early mammalian development
and spontaneous differentiation in either direction does not occur. A so-called lineage barrier
was detected between ESCs and TSCs which is maintained by exclusive and antagonistic

expression of Oct4 and Cdx2, distinct transcription factor networks and epigenetic signatures
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(Guo et al.,, 2021; Ng et al.,, 2008). These epigenetic signatures comprise differentially
methylated regions (DMR) in promoter sequences of genes expressed in ESCs or TSCs such
as TSC-gatekeeper EIf5 or pluripotency marker Oct4 and Nanog (Cambuli et al., 2014;
Kuckenberg et al., 2011; Ng et al., 2008). A cell fate change between those lineages remains
incomplete until those DMR adapt to the new lineage as well. During the past decades, forced
conversion from ESCs to TSCs and vice versa has been investigated (Figure 7). ESC fate was
successfully induced in TSCs by ectopically expressing four ESC-specific transcription factors:
Oct4, Sox2, Kfl4 and c-Myc (Kuckenberg et al., 2011).
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Figure 7: Conversion and reprogramming approaches between murine stem cell types

Ectopic overexpression of transcription factors was implemented for reprogramming of somatic cells to murine ESC
or TSC. Similarly, cell fate changes were established from TSC to ESC or ESC to XEN cell fate. The combination
of transcription factors sufficient for a complete conversion from ESC to TSC fate was still under investigation.
Figure is based on the following publications: Benchetrit et al., 2015; Kubaczka et al., 2015; Kuckenberg et al.,
2011; Takahashi et al., 2007 and Wamaitha et al., 2015.

While induction of ESC fate in TSCs was successfully established, the conversion of ESCs to
TSCs remained incomplete. Several different combinations of transgene activation and
signaling cascade activation were examined (Figure 8). While overexpression of TfapZc,
Gata3, Eomes and Ets2 in fibroblasts results in completely induced TSCs, this TF combination
was shown not to be sufficient in ESC to TSC conversion (Kubaczka et al., 2015).
Downregulation of Oct4, overexpression of Gata3, Tfap2c or Cdx2 yields TSC-like cells,
however, bona fide TSC fate is not induced (Cambuli et al., 2014; Kuckenberg et al., 2010;
Ralston et al., 2010). Cambuli et al. demonstrated that TSC-like cells obtained from e.g., Cdx2
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overexpression, Oct4 downregulation or Ras-Erk1/2 activation in TS medium remain with an
epigenetic memory of ESC (Cambuli et al., 2014). In contrast, when using CRISPR/Cas9
mediated activation of Cdx2 expression in ESC, Wei et al. could show demethylation of the
EIf5 promoter and hypermethylation of the Oct4 promoter (Wei et al., 2016). Using
CRISPR/Cas9 for gene activation holds the advantage of implementing the endogenous Cdx2
promoter which may yield a physiological level of Cdx2 (Kubaczka et al., 2016). Importantly,
Wei et al. were the first group to use TX medium for this conversion approach (Wei et al.,
2014). Apart from overexpression of TSC specific transcription factors, Nosi et al. could
demonstrate that ectopic expression of TSC enriched miRNAs is capable of downregulating
pluripotency markers in ESCs and inducing a TSC phenotype (Nosi et al., 2017). In another
study, it was also shown that the balance of Esrrb and Eomes expression represents a decisive
factor for lineage separation into ESC and TSC fate. High levels of Eomes result in TSC fate

whereas high levels of Esrrb result in ESC fate (Benchetrit et al., 2019).
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Figure 8: Murine ESC to TSC conversion approaches published during the last decades

For more than 20 years, the conversion from ESC to TSC fate was under investigation. Several groups developed
different approaches including overexpression of transcription factors, activation of TSC specific signal cascades
or CRISPR/Cas9 mediated gene expression. Respective publications are listed according to their publishing date
in combination with the indicated approach. Modified from Kubaczka et al., 2016.

To further study the first lineage separation in mammalian development, organization and
crosstalk of stem cells, organoid culture represents a highly valuable tool. Several studies
showed spontaneous organization of embryo-like structures by combination of ESCs, TSCs
and XEN cells in a 3D co-culture system (Gao et al., 2019; Sozen et al., 2019; Zhang et al.,
2019). Even the generation of embryo-like structures was achieved from a co-culture of one
unmodified ESC line with two ESC lines which harbor transgenes for induction of TSC or XEN
cell fate in ESCs, respectively. Co-culture in combination with transgene activation results in
formation of Rosette-to-Lumen-embryoids which allow for modelling the development of

different lineage compartments between E4.5 and E5.5 (Langkabel et al., 2021).
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2.8 Lineage conversion from hiPSC to hTSC

Over the past years, also the cell fate change from hiPSCs/hESCs to human iTSCs was
examined by several groups (Figure 9). These conversion approaches mostly relied on
changing or adding components to the culture medium but not on transduction of exogenous
factors (Amita et al., 2013; Castel et al., 2020; Cinkornpumin et al., 2020; Dong et al., 2020;
Horii et al., 2020; Mischler et al., 2021). Importantly, it soon became clear that primed and
naive ESCs respond differently to those external influences (Castel; Huang, Maruyama and
Fan, 2014; Dong et al., 2020). Addition of BMP4 or BMP4 in combination Activin and FGF
signaling inhibitors (BAP) to the culture medium of primed hiPSCs was shown to result in TSC-
like cells which are rather differentiated trophoblasts but not self-renewing TSCs (Amita et al.,
2013; Castel et al., 2020; Cinkornpumin et al., 2020; Dong et al., 2020; Horii et al., 2020;
Mischler et al., 2021). The same was observed for ANPSCs and hEPSCs exposed to BAP
(Castel et al., 2020). Dong et al., however, showed that also hNPSCs responded to BMP4
treatment — but only if they are cultured in standard hiPSC medium beforehand (Dong et al.,
2020). By contrast, Gao et al. showed that hEPSCs but not primed hPSCs or hNPSCs are
prone to develop TSC fate due to addition of BMP4 or TGFf inhibitors (Gao et al., 2019). In
2017, Krendl et al. were closely examining the BMP4-induced conversion from primed hPSCs
to hTSCs. The authors discovered that TFAP2C, TFAP2C, GATA2 and GATA3 form a circuit
which induces the expression of trophoblast specific markers and suppress the pluripotency
network by binding to the first intron of OCT4. They could show that GATAS acts as a pioneer
factor in this setting and named the four factors the trophectoderm four (TEtra) factors (Krendl
et al., 2017). Krendl et al. could also show that overexpressing GATA3 yields a similar result
as BMP4 treatment (Krendl et al., 2017). Nevertheless, it was suggested that all BMP4 based
approaches yield differentiated trophoblast cells and not a pure hTSC population (Castel et al.,
2020; Dong et al., 2020). Other groups dispute these conclusions and postulate that hiPSCs
rather generate mesoderm- or amnion-like cells due to BMP4 (Bernardo et al., 2011; Guo et
al., 2021; lo et al., 2021; Roberts et al., 2014). Guo et al. even claim that primed hPSCs have
lost the potential to generate hTSCs altogether (Guo et al., 2021). Notably, several groups
could show that hNPSCs cultured in t2iLGOY or 5ILAF medium convert to hTSCs once the
medium is switched to hTSC medium for 5-10 passages or 10-22 days, respectively (Castel et
al., 2020; Cinkornpumin et al., 2020; Dong et al., 2020). The obtained cells were named human
converted TSCs (hcTSCs) by Castel et al. (Castel et al., 2020). They lost the expression of
pluripotency markers but express GATA2 and GATAS3, they were demonstrated to self-renew
and propagate unlimited as well as showing typical hTSC morphology (Castel et al., 2020).
Also, these cells share expression profiles with hTSCs established by Okae et al. and harbor
the potential to differentiate to STB and EVT cells (Castel et al., 2020; Okae et al., 2018). Dong

et al. could also demonstrate that global transcriptome and chromatin accessibility was similar
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to blastocyst-derived hTSCs (Dong et al., 2020). Medium switch to hTSC medium is not
sufficient for hTSC induction in primed hiPSCs (Castel et al.,, 2020). Interestingly,
reprogramming of somatic cells to hiNPSCs using OKSM factors also results in appearance of
GATA3 positive cells showing hTSC morphology. When the OSKM reprogramming of
fibroblasts is performed in E7 medium from day 7 to day 21 followed by transition to hTSC
medium, it results in establishment of hTSC fate — the obtained cells here were called hiTSCs
(Castel et al., 2020; Chen et al., 2011; Okae et al., 2018). Like hcTSCs, hiTSCs lost expression
of pluripotency markers, self-renew and exhibit differentiation capability to STB and EVT
(Castel et al., 2020). Recently, Guo et al. could present data showing that inhibition of ERK
and Nodal signaling in hNPSCs yields hTSC fate when cells were cultured in hTSC medium
(Guo et al., 2021).
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Figure 9: Schematic of conversion and reprogramming approaches in the human system

Several reprogramming approaches have been conducted over the past years trying to establish human TSC fate
in human ESC or iPSC. Native hESC/hiPSC represent the pre-implantation stage comparable to CDX2 positive
hTSC. Post-implantation stage is represented by primed hESC/hiPSC and CDX2 negative hTSC. TM4 medium
contains S1PR3 agonist CYM5541, GSK3f inhibitor CHIR99021, TGFp inhibitor A83-01, and FGF10. Figure was
based on the following publications: Amita et al., 2013; Castel et al., 2020; Cinkornpumin et al., 2020; Dong et al.,
2020; Guo et al., 2021; Horii et al., 2020; Krend| et al., 2017; Mischler et al., 2021; Okae et al., 2018; Takahashi et
al., 2007; Thomson et al., 1998 and Ware et al., 2014.

In conclusion, hiNPSCs were shown to harbor the greatest potential to convert to hTSCs with
further differentiation along the trophoblast lineage. In contrast to murine ESC, they already
express transcriptional and epigenomic signatures of trophoblast cells and have therefore
been suggested to be predisposed for hTSC fate (Castel et al., 2020; Dong et al., 2020; Guo

et al., 2021). The authors can even show that epiblast cells from late human blastocysts have
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the capability to regenerate trophectoderm in vitro (Guo et al., 2021). Vice versa, it was
revealed that human trophectoderm cells from late blastocysts can still regenerate the ICM
(De Paepe et al., 2013). Thus, it has been suggested that the lineage separation is less
absolute or is acquired later in development in the human system (Guo et al., 2021). The
authors postulate that trophectoderm lineage potential is retained in the human ICM even after
the blastocyst is formed in contrast to the murine system showing higher developmental

plasticity and regulative capacity (Guo et al., 2021).

2.9 KIT receptor plays an important role in placental development

The KIT receptor is a membrane-bound tyrosine kinase that is involved in various inner cell
processes such as cell survival, proliferation, differentiation, and adhesion (Ashman, 1999;
Kissel et al., 2000). It is abundantly present in hematopoietic stem and progenitor cells and
other non-hematopoietic tissue cells (Edling and Hallberg, 2007; Liang et al., 2013). It plays
an important role in hematopoiesis, melanogenesis, gametogenesis and fertility (Ashman,
1999; Kissel et al., 2000).

The receptor is activated by binding of the stem cell factor (SCF) ligand. Upon binding, the
receptor dimerizes and its tyrosine residues become phosphorylated (Ashman, 1999; Chabot
et al., 1988; Copeland et al., 1990). Once the receptor is active, it induces a range of signaling
cascades comprising mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase
(PI3K) and janus kinase (JAK)/signal transducers and activators of transcription (STAT)
signaling (Pathania et al., 2021). Thereby, the KIT receptor signaling is involved in migration,
angiogenesis, proliferation and cell cycle control (Liang et al., 2013; Linnekin, 1999; Roskoski,
2005; Yasuda and Kurosaki, 2008). Mice that carry mutations in Kit or SCF gene suffer from
aberrant proliferation and survival of hematopoietic stem cells, germ cells and melanocytes
during embryonic development (Kauma et al., 1996).

Systemic mastocytosis, hematopoietic disorders and tumor diseases are associated with
aberrant KIT-signaling (Bodemer et al., 2010; Kemmer et al., 2004; Lasota et al., 1999; Malaise
et al., 2009; Miettinen and Lasota, 2005). Several mutations were reported to be causing
dysregulation of the human KIT receptor. The substitution of the aspartic acid at position 816
with a valine (D816V) leads to constitutive phosphorylation of the receptor independent of
ligand binding and presents the most common activating mutation (Kemmer et al., 2004; Sun
et al., 2009; Tian et al., 1999). The successful generation of a humanized KIT?®'®V mouse
model enabled the analysis of this mutation and its effects (Haas et al., 2015). The chimeric
KIT receptor is composed of the human intracellular domain including the D816V mutation and
murine transmembrane and extracellular domains. It is coupled to a green fluorescent protein
(GFP) (Haas et al., 2015; Xiang et al., 2007). The construct is integrated into the ROSA26

locus, thereby being under the control of the endogenous ROSA26 promoter. By Cre-mediated
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induction, the gene can be conditionally expressed (Haas et al., 2015; Xiang et al., 2007).
Examination of the effect of continuous KIT signaling showed adverse fetal liver erythropoiesis
as terminal differentiation of erythroid precursors is repressed. As a result, embryos die after
E13.5 (Haas et al., 2015). Also, hematopoiesis is affected in adult animals shown by a
polycythemia vera-like myeloproliferative neoplasm in combination with an increased amount
of red blood cells and splenomegaly (Pelusi et al., 2017).

The KIT receptor plays an important role during placental development as well. The protein is
found in the uterine epithelium of pregnant mice but not in those of unpregnant mice. Further,
it is present in the placenta (Horie et al., 1992; Motro et al., 1991; Ottersbach and Dzierzak,
2005). For the first time, KIT and SCF are detected in decidua, trophoblast-chorion and
ectoplacental cone at E9 (Motro et al., 1991). Few days later, around E12, KIT is detectable in
endothelial cells which line the vessels, in mesenchymal cells of the labyrinth and the chorionic
plate and in TGCs (Ottersbach and Dzierzak, 2005). Later in development, at E14.5, KIT and
SCF are both found in the labyrinth. Simultaneously, the main presence of KIT is found in the
maternal decidua (Motro et al., 1991; Horie et al., 1992, Kauma). At E19, only labyrinthine cells
which are in contact with maternal blood are still positive for KIT. At that stage, KIT is
undetectable in mesenchymal or endothelial cells (Horie et al., 1992). Hematopoietic
development is initiated in the placenta at mid-gestation. Hematopoietic stem cells (HSC)
which are detectable starting from E11 are KIT positive. Their population increases until E13,
then decreases until they are no longer detectable (Ottersbach and Dzierzak, 2005; Azevedo
and Pelajo-Machado, 2018, Sasaki et al., 2010). The stem cell niche consists of endothelial
cells which are SCF positive (Ottersbach and Dzierzak, 2005; Sasaki et al., 2010).

In humans, neither SCF nor KIT were found to be expressed in the non-pregnant endometrium
(Sharkey et al., 1992, 1994). Only few cells of the myometrium stain positive for SCF (Sharkey
et al., 1994). During pregnancy, SCF was shown to be expressed at the maternal-fetal
interface — its presence was detected in invasive EVT, fetal fibroblasts within the placental villi,
and maternal spiral arteries in the decidua (Kauma et al., 1996; Sharkey et al., 1994). KIT on
the other hand was detected in the invading trophoblast, STB, CTB and cells of the decidual
stroma (Kauma et al., 1996; Sharkey et al., 1994). Importantly, KIT was found to be expressed
by cells of the immune system. It was detected in Hofbauer cells within the chorionic villi,
decidual macrophages and in a subset of uterine large granular lymphocytes which represent
the main leukocyte population in the decidua during the first trimester. Therefore, the authors
suggested that KIT signaling might play a role in regulation of invading EVT as well as its

contact to the maternal immune system (Sharkey et al., 1992, 1994).
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The aim of this study focused primarily on investigating the conversion from ESC to TSC fate
— both in the murine and the human system. In this context, events such as transcription factor
interactions during the first lineage separation in mammalian development were sought to be
examined more closely.

The first goal was to achieve a complete conversion from murine ESCs to iTSCs by
overexpressing TSC specific transcription factors in ESCs while at the same time examining
the optimal cell culture conditions for this conversion approach. Transcription factors to be
tested included Gata3, Eomes, Tfap2c, Ets2 and Cdx2 — in combination and individually.
Transgene induction was carried out under serum-containing and serum-free media
conditions. Obtained cell clones were only considered to be fully converted if they showed
stem cell characteristics and bona fide TSC morphology, marker expression, methylation
profile, and in vivo functionality. Therefore, a main part of this study targeted the extensive
characterization of TSC-like clones after transient, doxycycline mediated transgene
expression. After having performed these tests on a molecular and functional level, a final
assessment would allow for selection of transcriptions factors and culture medium which are
sufficient for a complete conversion.

The knowledge obtained from studying the murine ESC to TSC conversion was then supposed
to be transferred onto the human counterpart. Thus, the second objective was to develop an
approach on how to induce hTSC fate in hiPSCs based on lentiviral transduction and
doxycycline mediated transgene activation. To this end, selection of appropriate hTSC
transcription factors was required as well as the final characterization of obtained cells
including morphology, marker expression as well as protein levels by immunofluorescent
stainings. This study aimed at finding a combination of transcription factors that would result
in an initial induction of hTSC fate.

Finally, the autoactivating mutation D816V in the KIT receptor was shown to disrupt proper
placental development. Here, the goal was to investigate if marker expression and invasive

capacity of KIT?®'®V-TGCs were affected due to constant KIT receptor signaling.
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Table 1: Equipment

Equipment

Manufacturer

Adjustable Pipettes

Eppendorf AG, Hamburg, Germany and
Gilson Incorporated, Wisconsin, USA

Agarose gel chamber 40-1214; 40-0911

Peglab Biotechnologie GmbH, Erlangen,
Germany

Bacterial Incubator

Memmert, Schwabach, Germany

Balances BP211S, CP3202P, PT120

Sartorius Lab Instruments GmbH & Co. KG,
Géttingen, Germany

Binocular MZ 16 FA

Leica, Wetzlar, Germany

Camera Control Unit DS-U3

Nikon GmbH, Disseldorf, Germany

Camera Nikon Digital Sight DS-U3 and DS-
43

Nikon GmbH, Dusseldorf, Germany

Cameras Leica DM IRB, Leica MZ 16 FA

Leica Camera AG, Wetzlar, Germany

Cell counting chamber, Neubauer Improved

Brand, Wertheim, Germany

Cell culture incubator Heracell™ 240i

Thermo Fisher Scientific Inc., Waltham, USA

Centrifuges 5424; 5417R

Eppendorf AG, Hamburg, Germany

Centrifuges Multifuge 3 S-R; Biofuge Fresco

Thermo Fisher Scientific Inc., Waltham, USA

ChemiDoc™ MP Gel Imaging System

Bio-Rad Laboratories, Inc., Hercules, CA,
USA

Electrophoresis Power Supply EV243

PEQLAB Biotechnologie GmbH, Erlangen,
Germany

Flow Cytometer FACSCanto™

Beckton Dickinson, Franklin Lakes, NJ, USA

Fluorescent Lamp Ebq 100 Isolated

Leistungselektronik JENA GmbH, Jena,
Germany

Gel iX 20 Gel Imaging System

Intas Science Imaging Instruments,
Géttingen, Germany

iMark™ Microplate absorbance Reader

Bio-Rad Laboratories, Inc., Hercules, CA,
USA

Lab balances DAA/300

Sartorius Lab Instruments GmbH & Co. KG,
Géttingen, Germany

Laminar flow cabinet; HERAsafe™

Thermo Fisher Scientific Inc., Waltham, USA

Magnetic Stirrer MR3001

Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany

Microscopes Axiovert 40C

Zeiss, Jena, Germany

Microscopes DM IRB

Leica, Wetzlar, Germany

Mini-PROTEAN® Tetra Cell SDS-Page
electrophoresis chamber

Bio-Rad Laboratories, Hercules, USA

NanoDrop™1000 Spectrophotometer

Thermo Fisher Scientific Inc., Waltham, USA

Orbital Shaker and Incubator, Innova 4000

New Brunswick Scientific, New Jersey, USA

Orbital Shaker The Belly Button

Dunn Labortechnik GmbH, Asbach,
Germany
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Pipette controller accu-jet ® Pro

BRAND, Wertheim, Germany

Shaker TL-10

Edmund Blhler GmbH, Bodelshausen,
Germany

Thermocycler 2720

Applied Biosystems, Waltham, USA

Thermocycler PTC-200

MJ Research, Waltham, USA

THERMOLAB® Shaking Waterbath

Gesellschaft flir Labortechnik mbH,
Burgwedel, Germany

ThermoMixer® Thermoblock compact

Eppendorf AG, Hamburg, Germany

Trans-Blot®Turbo™ Transfer System

Bio-Rad Laboratories, Inc., Hercules, CA,
USA

ViiA™ 7 Real-Time PCR System

Life Technologies, Carlsbad, CA, USA

Vortex-Genie™ 2

Scientific Industries, New York, USA

Water Bath TW8

Julabo GmbH, Seelbach, Germany

4.2 Consumables

Table 2: Consumables

Consumables

Manufacturer

384-well plate for gPCR

4titude, Surrey, Germany

96-well plates

Becton Dickinson, Franklin Lakes, USA

Blotting Paper

Macherey-Nagel, Duren, Germany

Cell Culture Cryo tubes

Thermo Fisher Scientific Inc., Waltham, USA

Cell Strainer

Becton Dickinson, Franklin Lakes, USA

Centrifuge tubes (15 ml, 50 ml)

Greiner, Kremsmuenster, Austria

FACS tubes

Becton Dickinson, Franklin Lakes, USA

Filter tips

Nerbe plus GmbH, Winsen, Germany

Glass slides

Marienfeld GmbH, Lauda-Kdnigshofen,
Germany

Microcentrifuge tubes (1.5 ml, 2 ml)

Sarstedt, Nuembrecht, Germany

Multiwell dishes (6-, 12-, 24-well plates, 10

cm dishes)

TPP, Trasadingen, Switzerland

Parafiim M

Pechiney Plastic Packaging, Chicago, USA

PCR tubes (100 pl)

Axygen, California, USA

Pipette tips — filtered (10, 100, 1000 pl)

Nerbe Plus, Winsen/Luhe, Germany

Pipette tips (10, 100, 1000 pl)

Greiner, Kremsmuenster, Austria

Polyvinylidene difluoride (PVDF) membrane

Roth, Karlsruhe, Germany

Reaction Tubes (5 ml)

Eppendorf AG, Hamburg, Germany

Seals for gPCR plates

4titude, Wotton, United Kingdom

Serological pipettes

Corning Incorporated, Corning, NY, USA
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Sterile filter bottles Merck Milipore, Billerica, MA, USA

Sterile filters (0.2 ym) Corning Incorporated, Corning, NY, USA

Sterile filters (0.45 uym, surfactant-free

cellulose acetate membrane (SFCA)) Corning Incorporated, Corning, NY, USA

TC Flask T75, Standard Sarstedt, Nurmbrecht, Germany

4.3 Chemicals and reagents

Table 3: Chemicals and reagents

Material Manufacturer

(RS)-N'-(7-chloroquinolin-4-yl)-N,N-diethyl-

pentane-1,4-diamine (Chloroquine) Sigma-Aldrich, St. Louis, USA

7-Aminoactinomycin D AppliChem, Darmstadt, Germany

Acetic acid AppliChem, Darmstadt, Germany

Acrylamide Mix Roth, Karlsruhe, Germany

Agar Merck, Darmstadt, Germany

Agarose Merck, Darmstadt, Germany

Ammonium persulfate (APS) Roth, Karlsruhe, Germany

Bovine Serum Albumin (BSA) AppliChem, Darmstadt, Germany

Chloroform Merck, Darmstadt, Germany

D+Glucose AppliChem, Darmstadt, Germany
Dimethylsulfoxide (DMSQ) AppliChem, Darmstadt, Germany

dNTPs Thermo Fisher Scientific Inc., Waltham, USA
Doxycycline Sigma-Aldrich, St. Louis, USA

Entellan® Merck, Darmstadt, Germany

Ethanol VWR International GmbH, Darmstadt,

Germany

Ethidium bromide Sigma-Aldrich, St. Louis, USA

Ethylene diamine tetra acetic acid (EDTA)

0.05 mM (0.02% in DPBS) Sigma-Aldrich, St. Louis, USA

FACS Clean Becton Dickinson, Franklin Lakes, USA
FACS Flow Becton Dickinson, Franklin Lakes, USA
FACS Rinse Becton Dickinson, Franklin Lakes, USA

Formaldehyde (4%) Sigma-Aldrich, St. Louis, USA

Geltrex Thermo Fisher Scientific Inc., Waltham, USA
Sﬁge Ruler 1kb plus, 1kb, 100bp, 100bp Thermo Fisher Scientific Inc., Waltham, USA
Glycin Merck, Darmstadt, Germany

Hoechst H33342 (1 mg/ml — 100x)

Sigma-Aldrich, St. Louis, USA
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Isopropanol (2-Propanol)

VWR International GmbH, Darmstadt,
Germany

Knockout Serum Replacement

Thermo Fisher Scientific Inc., Waltham, USA

Loading Dye 6x orange

Thermo Fisher Scientific Inc., Waltham, USA

Methanol

VWR International GmbH, Darmstadt,
Germany

MiniComplete Protease Inhibitors

Sigma-Aldrich, St. Louis, USA

Non-fat dried milk powder

AppliChem, Darmstadt, Germany

PageRuler Prestained Protein Ladder

Thermo Fisher Scientific Inc., Waltham, USA

PBS (Tablets)

Sigma-Aldrich, St. Louis, USA

Phosphate buffered saline (PBS) tables

AppliChem, Darmstadt, Germany

Poly-L-Lysine (0.01%)

Sigma-Aldrich, St. Louis, USA

Polybrene

Sigma-Aldrich, St. Louis, USA

Ponceau S

Sigma-Aldrich, St. Louis, USA

Potassium Acetate

AppliChem, Darmstadt, Germany

RIPA (10x)

New England Biolabs GmbH, Frankfurt am
Main, Germany

RNAse A

AppliChem, Darmstadt, Germany

Roti® Load (4x) reducing

Roth, Karlsruhe, Germany

Rotiphorese Gel 30

Roth, Karlsruhe, Germany

Sarcosyl

Sigma-Aldrich, St. Louis, USA

Shut Down Solution

Becton Dickinson, Franklin Lakes, USA

Skimmed milk powder

Nestle, Soest, Germany

Sodium acetate

Merck, Darmstadt, Germany

Sodium chloride (NaCl)

Merck, Darmstadt, Germany

Sodium deoxycholate

Sigma-Aldrich, St. Louis, USA

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich, St. Louis, USA

Sodium hydroxide

VWR International GmbH, Darmstadt,
Germany

Sodiumchloride

AppliChem, Darmstadt, Germany

TEMED

VWR International GmbH, Darmstadt,
Germany

Tetramethylethylenediamine (TEMED)

VWR International GmbH, Darmstadt,
Germany

TG-SDS running buffer, 10x liquid
concentrate

Amresco, Solon, USA

Tris-(hydroxymethyl)aminomethane

VWR International GmbH, Darmstadt,
Germany

Tris-HCI

Roth, Karlsruhe, Germany

Triton X-100

AppliChem, Darmstadt, Germany
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TRIzol™ reagent

Sigma-Aldrich, St. Louis, USA

Trypsin Inhibitor, soybean

Thermo Fisher Scientific Inc., Waltham, USA

Tween-20

AppliChem, Darmstadt, Germany

Valproic Acid

European Pharmacopeia Reference

B-Mercaptoethanol (50 mM)

Thermo Fisher Scientific Inc., Waltham, US;
Sigma-Aldrich, St. Louis, USA A

4.4 Enzymes

Table 4: Commercially available enzymes

Enzyme

Manufacturer

DNase | (RNase free; 1 U/ul)

Thermo Fisher Scientific Inc., Waltham,

USA

DreamTaq DNA Polymerase (5 U/pul)

Thermo Fisher Scientific Inc., Waltham,

USA

Fast AP (Thermosensitive Alkaline
Phosphatase, 10 U/pul)

Thermo Fisher Scientific Inc., Waltham,

USA

Fast Digest™ restriction endonucleases:
EcoRlI (1 U/ul), EcoRV (1 U/ul), Kfl (1U/ul),
Sall (1U/pl), Xbal (1U/ul)

Thermo Fisher Scientific Inc., Waltham,

USA

Klenow Fragment (10 U/ul)

Thermo Fisher Scientific Inc., Waltham,

USA

Maxima™ Hot Start Taq DNA Polymerase

Thermo Fisher Scientific Inc., Waltham,

USA

Maxima™ Reverse Transcriptase (200 U/ul)

Thermo Fisher Scientific Inc., Waltham,

USA

Platinum™ Taq DNA polymerase (10 U/ul)

Thermo Fisher Scientific Inc., Waltham,

USA

Platinum™ Taq high fidelity DNA
polymerase (5 U/ul)

Thermo Fisher Scientific Inc., Waltham,

USA

Proteinase K

Merck, Darmstadt, Germany

RNase A

Boehringer, Mannheim, Germany

T4 DNA Ligase

Thermo Fisher Scientific Inc., Waltham,

USA
4.5 Kits
Table 5: Commercially available kits
Kit Manufacturer

EZ DNA Methylation-Direct™ Kit

Zymo Research Corporation, Irvine, CA,

USA

Human TGF beta Array C2

RayBiotech Life, Inc., Peachtree Corners,
USA

Human/Mouse MAPK Phosphorylation
Array

RayBiotech Life, Inc., Peachtree Corners,
USA

Maxima™ SYBR Green/ROX qPCR master
mix

Thermo Fisher Scientific Inc., Waltham,

USA

NucleoBond® Xtra Maxi Kit

Macherey Nagel, Dueren, Germany
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NucleoSpin™ Gel and PCR Clean-up, Mini
kit for gel extraction and PCR clean up

Macherey Nagel, Dueren, Germany

Pierce™ BCA protein assay Kit

Thermo Fisher Scientific Inc., Waltham,
USA

ProFection® Mammalian Transfection
System

Promega, Madison, WI, USA

Rapid DNA Ligation Kit (T4 Ligase)

Thermo Fisher Scientific Inc., Waltham,
USA

RevertAid First Strand cDNA-Synthese-Kit

Thermo Fisher Scientific Inc., Waltham,
USA

RNeasy™ Mini Kit

QIAGEN, Hilden, Germany

TA Cloning™ Kit, with pPCR™2.1 Vector

Thermo Fisher Scientific Inc., Waltham,
USA

4.6 Buffers
Table 6: Self-prepared buffers

Buffer

Composition

Ammonium persulfate (APS) for SDS-PAGE

10% ammonium persulfate in ddH20

Blocking Buffer for immunofluorescent
stainings

2% BSA; 0.1% Triton X-100; PBS

Blocking Buffer for Western Blotting

5% non-fat milk powder; TBST

Cell Lysis Buffer

10 mM NaCl; 10 mM Tris pH 7.5; 10 mM
EDTA; 0.5% sarcosyl; 1 mg/ml proteinase K

FACS Buffer

2% FBS in PBS

LB agar

10 g tryptone; 5 g NaCl; 5 g yeast extract;
16 g agar; ad 1 | ddH20, autoclaved

LB medium (5x)

50 g tryptone; 25 g NaCl; 25 g yeast extract;
ad 11 ddH20, autoclaved

Mini Prep Buffer 1

50 mM Tris-HCI pH 8.0; 10 mM EDTA; 100
pMg/ml RNase A (kept at 4°C once RNase A
was added)

Mini Prep Buffer 2

200 mM NaOH; 1% SDS

Mini Prep Buffer 3

3M KAc pH5.5

PBST

1 PBS Tablet, 1000 ml H20, 1 ml Tween 20

Ponceau S staining solution

0.5 g Ponceau S, 5 ml acetic acid, H20 ad
500 ml

Radio Immuno Precipitation Assay Buffer
(RIPA)

10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 1%
Triton X- 100, 0.1% sodium deoxycholate,
0.1% SDS, 140 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride

Running buffer for SDS-PAGE

25 mM Tris; 192 mM glycine, 1% SDS

SDS Separation Gel (12%)

1.6 ml H20, 2.0 ml Rotiphorese Gel 30, 1.3
ml 1.5 M Tris (pH 8.8), 50 ul 10% SDS, 50
pl 10% APS, 2 ul TEMED

SDS Stacking Gel

2.1 ml H20, 500 ul Rotiphorese Gel 30, 380
pl 1.0 M Tris (pH 6.8), 30 yl 10% SDS, 30 pl
10% APS, 3 ul TEMED
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TBST

50 mM Tris; 150 mM NaCl; pH 7.5; 0.1%
Tween-20

Western blot transfer buffer (10x)

24.2 g Tris base, 144.1 g glycine, 5 ml 20%
SDS, H20 ad 11

Western blot transfer buffer (1x)

700 ml H20, 200 ml methanol, 100 ml 10x
Western blot transfer buffer

4.7 Cell culture reagents

Table 7: Cell culture reagents

Reagent

Manufacturer

Advanced DMEM

Thermo Fisher Scientific Inc., Waltham,
USA

Advanced Dulbecco’s Modified Eagle
Medium (DMEM) GlutaMAX™

Thermo Fisher Scientific Inc., Waltham,
USA

Bovine Serum Albumin (30%)

Biowest, Riverside, USA

Cellbanker® 1

Thermo Fisher Scientific Inc., Waltham,
USA

Corning™ Collagen IV, Mouse

Thermo Fisher Scientific Inc., Waltham,
USA

DMEM/F12 (without HEPES and L-
glutamine)

Thermo Fisher Scientific Inc., Waltham,
USA

DMSO

AppliChem, Darmstadt, Germany

Dulbecco’s Modified Eagle Medium
(DMEM)

Thermo Fisher Scientific Inc., Waltham,
USA

Embryonic stem-cell FBS

Thermo Fisher Scientific Inc., Waltham,
USA

Fetal bovine serum (FBS)

Sigma-Aldrich, St. Louis, USA

Fibroblast Growth Factor 4 (FGF4), human
recombinant

ReliaTech GmbH, Wolfenbuttel, Germany

kTM

FluoroBlok' Cell Culture Inserts

Corning, New York, USA

Gelatin

Sigma-Aldrich, St. Louis, USA

Heparin, sodium salt

Sigma-Aldrich, St. Louis, USA

HEPES buffer

Sigma-Aldrich, St. Louis, USA

Hygromycin (50mg/ml)

Roth, Karlsruhe, Germany

Insulin-Transferrin-Selenium-Ethanolamine
(IST-X, 100x)

Thermo Fisher Scientific Inc., Waltham,
USA

Insulin, human recombinant

Sigma-Aldrich, St. Louis, USA

Knockout Serum Replacement

Thermo Fisher Scientific Inc., Waltham,
USA

L-ascorbic-acid-2-phosphate

Sigma-Aldrich, St. Louis, USA

L-Glutamine

Thermo Fisher Scientific Inc., Waltham,
USA

Matrigel

Corning, New York, USA; Sigma-Aldrich, St.
Louis, USA

MEM Essential Amino Acids Solution (EAA)

Thermo Fisher Scientific Inc., Waltham,
USA
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MEM Non-Essential Amino Acids Solution
(NEAA)

Thermo Fisher Scientific Inc., Waltham,
USA

Penicillin/Streptomycin (P/S)

Thermo Fisher Scientific Inc., Waltham,
USA

Phosphate Buffered Saline (PBS)

Thermo Fisher Scientific Inc., Waltham,
USA

Poly-I-lysine

Thermo Fisher Scientific Inc., Waltham,
USA

Recombinant Human EGF

PeproTech, Rocky Hill, USA

Roswell Park Memorial Institute (RPMI)
1640 Medium

Thermo Fisher Scientific Inc., Waltham,
USA

Sodium pyruvate

Sigma-Aldrich, St. Louis, USA

Sodium selenite

Sigma-Aldrich, St. Louis, USA

Sodium-bicarbonate

Sigma-Aldrich, St. Louis, USA

StemMACS™ CHIR99021

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

StemMACS™ SB431542

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

StemMACS™ Y27632

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

Transferrin (holo), human

Sigma-Aldrich, St. Louis, USA

Transforming growth factor $ 1 (TGFB),
human recombinant

PeproTech, Rocky Hill, USA

TrypLE™ Express Enzyme (1x), no phenol
red

Thermo Fisher Scientific Inc., Waltham,
USA

Trypsin inhibitor

Sigma-Aldrich, St. Louis, USA

Valproic acid for system suitability

Sigma-Aldrich, St. Louis, USA

B-Mercaptoethanol

Thermo Fisher Scientific Inc., Waltham,
USA

A 83-01

Sigma-Aldrich, St. Louis, USA

Trypsin-EDTA (0.05%)

Thermo Fisher Scientific Inc., Waltham,
USA

4.8 Cell culture medium

Table 8: Cell culture medium formulas

Cell Culture Medium

Formula

293T Transfection Medium

Advanced DMEM, 2% FCS, 50 U/ml Pen/Strep, 2 mM
L-glutamine, 25uM Chloroquine

293T Virus Production Medium

Advanced DMEM, 5% FCS, 50 U/ml Pen/Strep, 2 mM
L-glutamine

Standard TS medium, 70% MEF conditioned TSC
CM medium with freshly added FGF4 (25 ng/ml) and

heparin (1 pg/ml)

DMEM-GlutaMAX™ 15% FCS, 50 U/ml P/S, 2 mM L-

ESC Medium glutamine, NEAA (1x), EAA (1x), 0.1 M B-
mercaptoethanol; 1000 U/ml LIF
HEK Medium 430 ml DMEM (high glucose); 50 ml FCS; 5 ml NEAA;

5 ml sodium pyruvate; 5 ml L-glutamine; 5 ml P/S
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hiPSC Medium

StemMACS™ iPS Brew XF

hTSC Basal Medium

486 ml DMEM/F12; 5 ml BSA (30%); 5 ml ITS-X; 2.5
ml P/S; 900 ul B-mercaptoethanol (55 mM); 250 pl
EGF (100 pg/ml); 1 ml FBS; 25 pl L-Ascorbic acid
(0.03 g/ml)

hTSC Medium

10 ml hTSC Basal Medium, 5 pl Y27632 (10mM); 1.25
pl VPA; 10 ul Inhibitor Cocktail

hTSC Medium Inhibitor Cocktail

533 pl CHIR99021 (3 mM); 80 pl A83-01 (5 mM); 80
pl SB431542 (10 mM); 107 yl DMSO

DMEM; 10% FCS; 50 U/ml P/S; 2 mM L-glutamine;

MEF Medium NEAA (1x), EAA (1x)
RPMI 1640, 20% FCS, 2 mM L-glutamine, 1 mM
TS Medium sodiumpyruvate, 50 U/ml P/S, 0.1 mM -
mercaptoethanol
TS Freezing Medium (10%) FCS, 10% DMSO
TX Freezing Medium (10%) Knockout Serum Replacement, 10% DMSO
DMEM/F12 (without HEPES and L-glutamine), 2 mM
L-glutamine, 50 U/ml Pen/Strep, 19.4 mg/ml insulin,
543 mg/l NaHCOs3, 64 mg/l I-ascorbic acid-2-
TX Medium phosphate magnesium, 10.7 mg/l holo-transferrin, 14
Mg/l sodium selenite, 25 ng/ml human recombinant
FGF4, 1 ug/ml heparin, 2 ng/ml human recombinant
TGFB
49 Celllines
Table 9: Cell lines
Cell Line Description
2102EP Embryonal carcinoma cell line. Received from Dr. Sina Jostes.
4F ESC KH2 cells carrying four doxycycline inducible transgenes (Gata3,

(clones 4F1 (E3), 4F2
(F2), 4F3 (H2))

Eomes, Tfap2c, Ets2). Received from Dr. Caroline Kubaczka.
(Kaiser et al., 2020a; Kubaczka et al., 2015).

5F ESC
(clones 5F1 (A3), 5F2
(A4), 5F3 (B1))

KH2 cells carrying five doxycycline inducible transgenes (Gata3,
Eomes, Tfap2c, Ets2, Cdx2). Received from Dr. Caroline
Kubaczka (Kaiser et al., 2020a; Kubaczka et al., 2015).

Human cytotrophoblast derived TSC line. Received from Hiroaki

CT27 Okae (Tohoku University Graduate School of Medicine, Sendai,
Japan (Okae et al., 2018)).

DR4 Murine embryonic fibroblasts (Tucker et al., 1997)

DT#3 TSC line, double transgenic for KITP'®V mutation. Received from
Dr. Caroline Kubaczka (Kaiser et al., 2020a).

DT#4 TSC line, double transgenic for KITP'®V mutation. Received from
Dr. Caroline Kubaczka (Kaiser et al., 2020a).

HEK-293T Human embryonic kidney cell lines.
KH2 cells carrying Cdx2 as doxycycline inducible transgene.

iCdx2 ESC Gt(ROSA)26Sor™!(MTAM2)ae G5]151Mm2(tet0-Cix2) Reaceived from Dr.
Caroline Kubaczka (Kuckenberg et al., 2010).
KH2 cells carrying Eomes as doxycycline inducible transgene.

iEomes Gt(ROSA)26Sor™!(MTTAM2)Jae G )1 g 1tm2(teto-Eomes)  Generated in this

study in cooperation with Nina Langer.
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iEts2

KH2 cells carrying Ets2 as doxycycline inducible transgene.
Gt(ROSA)26Sor™!(MTTAM2)Jae G )15 1Mm2(10-Es2) - Generated in this
study in cooperation with Nina Langer.

iGata3

KH2 cells carrying Gata3 as doxycycline inducible transgene.
Gt(ROSA)26Sor™!(MTAM2)jae G )15 1m2(tet0-Gatas)  Generated in this
study in cooperation with Nina Langer.

iLB-C-14ms11

hiPSC line which was reprogrammed using Sendai virus vectors
was received from Dr. Michael Peitz (LIFE & BRAIN Center,
Bonn, Germany).

iTfap2c ESC

KH2 cells carrying Tfapc2 as doxycycline inducible transgene.
Gt(ROSA)26Sor™m(tTAM2)Jae G g1 51tm2(et0-Tlap2e) ' Received from
Dr. Caroline Kubaczka (Kuckenberg et al., 2010).

KH2 WT ESC

Murine ESC line allowing for integration of transgenes into
Col1a1 by Flp-mediated recombination (Beard et al., 2006).

MCF-7

Breast cancer cell line. Received from Dr. Sina Jostes.

R26::M2-rtTA MEFs

Primary MEFs which carry reverse tetracycline-controlled
transactivator in the ROSA26 locus. Obtained from embryos at
E13.5. Received from Dr. Caroline Kubaczka.

Murine E6.5 derived TSC line from Eomes-EGFP*"conceptus.

TS-L5 Mixed background (Swiss Webster/B6). Received from Dr.
Caroline Kubaczka.
WT2.1 Wildtype TSC line. Received from Dr. Caroline Kubaczka
) (Kaiser et al., 2020).
WT2.4 Wildtype TSC line. Received from Dr. Caroline Kubaczka

(Kaiser et al., 2020).

4.10 Chemically competent bacteria

Table 10: Chemically competent bacteria

Genotype Company

E. cloni® 10G
Chemically Competent
Cells

F- mcrA A(mrr-hsdRMS-mcrBC)
endA1 recA1 ®80dlacZAM15
AlacX74 araD139 A(ara,leu)7697
galU galK rpsL nupG A- tonA (StrR)

Lucigen, Wisconsin,
USA

One Shot™ TOP10
Chemically Competent
E.coli

F-mcrA A(mrr-hsdRMS-mcrBC)
®80LacZAM15 A LacX74 recA1
araD139 A(araleu) 7697 galU galK
rpsL (StrR) endA1 nupG

Thermo Fisher

4.11 Mouse strains

Table 11: Mouse strains

Strain Description
129S2/Sv Inbred mouse strain, agouti coat color
C57BL/6J inbred mouse strain, black coat color
CB6F1 Obtained from crossing BALB/c females with C57BL/6 males,
agouti coat color
Obtained from crossing BA/2 females with C57BL/6 males
D2B6F1 ) .
(hybrid mouse strain)
D2B6F2 Obtained from crossing D2B6F1 mice (2" generation hybrid

mouse strain)
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Deleter-Cre

Strain carries Cre recombinase under transcriptional contraol of
CMV promoter, 129sv/S2 and C57BL/6 genetic background
(Schwenk et al., 1995).

D816V
R26-LSL-KIT

Strain carries GFP-2A-cKIT?'® in Rosa26 locus, 129sv/S2 and
C57BL/6 genetic background

412 Plasmids

Table 12: Plasmids
Plasmid Source
CMV-CDX2-WT Addgene, USA (#16553)
FUGW Addgene, USA (#14883)

pcDNA-GATAZ2

Addgene, USA (#1287)

pCMX_PL2_AP2y

provided by Prof. Dr. Anja BoRRerhoff (Institute of Biochemistry
and Molecular Medicine, FAU, Erlangen-Nurnberg

pCR2.1

Thermo Scientific, Waltham, USA

pLV-tetO-Cdx2

Diploma Thesis Caroline Kubaczka 2011

pLV-tetO-Eomes

Diploma Thesis Caroline Kubaczka 2011

pLV-tetO-Ets2

Diploma Thesis Caroline Kubaczka 2011

pLV-tetO-Gata3

Diploma Thesis Caroline Kubaczka 2011

pLV-tetO-hCdx2 This Thesis
pLV-tetO-hEomes This Thesis
pLV-tetO-hEts2 This Thesis
pLV-tetO-hGata2 This Thesis
pLV-tetO-hGata3 This Thesis
pLV-tetO-hTead4 This Thesis
pLV-tetO-hTfap2a This Thesis
pLV-tetO-hTfap2c This Thesis

pLV-tetO-Oct4

Addgene, USA (#19766)

pLV-tetO-Tfap2c

Diploma Thesis Caroline Kubaczka 2011

pMD2.G; VSV-g

Addgene, USA (#12259)

psPAX2; HIV-GAG

Addgene, USA (#12269)

pUC57-EOMES

Coding sequence of hEOMES was commercially synthesized
and integrated in PUC57_Bsal_Free/pBlueScript I| SK(+) by
General Biosystems, Morrisville, USA

413 Antibodies

Table 13: Primary and secondary antibodies

Target Protein Dilution Manufacturer
Alexa FIuorﬂ’I 488 IF 1:500 Thermo Fisher Scientific Inc.,
donkey anti-goat IgG ' Waltham, USA
Alexa Fluor™ 488 IF 1:500 Thermo Fisher Scientific Inc.,
donkey anti-mouse IgG ' Waltham, USA
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Alexa Fluor™ 488

Thermo Fisher Scientific Inc.,

donkey anti-rat IgG IF1:500 Waltham, USA
Alexa Fluor™ 488 IF 1:500 Thermo Fisher Scientific Inc.,
goat anti-rabbit IgG ' Waltham, USA
Alexa Fluor™ 488 IF 1:500 Thermo Fisher Scientific Inc.,
rabbit anti-mouse IgG ' Waltham, USA
Alexa Fluor™ 594 IF 1:500 Thermo Fisher Scientific Inc.,
goat anti-rabbit IgG ' Waltham, USA
Alexa Fluor™ 594 IF 1:500 Thermo Fisher Scientific Inc.,
rabbit anti-mouse IgG ' Waltham, USA
Alexa Fluor™ 647 IF 1:500 Thermo Fisher Scientific Inc.,
chicken anti-goat I1gG ' Waltham, USA
Alexa Fluor™ 647 IF 1:500 Thermo Fisher Scientific Inc.,
chicken anti-goat I1gG ' Waltham, USA
CD40 Flow Cytometry R&D Systems, Minneapolis, USA
1:100 (AF440)
) BioCare Medical LLC, Pacheco,
CDX2 IF 1:200 USA (CM226B)
. ) Santa Cruz Biotechnology Inc.,
Cytokeratin 7 (RCK 105) IF 1:100 Texas, USA (sc-23876)
) ) Santa Cruz Biotechnology Inc.,
ELF5 (C-18) IF 1:200 Texas, USA (sc-9647)
. Santa Cruz Biotechnology Inc.,
ELF5 (N-20) IF 1:200 Texas, USA (sc-9645)
EOMES IF 1:500 Abcam, Cambridge, UK (ab23345)
) ) Santa Cruz Biotechnology Inc.,
ETS2 IF 1:100-1:200 Texas, USA (sc-365666)
. Santa Cruz Biotechnology Inc.,
GATA2 (H-116) IF 1:200 Texas, USA (sc-9008)
. Cell Signaling Technology,
GATA3 IF1:200 Massachusetts USA (D13C9)
. Santa Cruz Biotechnology Inc.,
GATA3 (HG3-31) IF 1:300 Texas, USA (sc-268)
Goat Anti-Rabbit WB 1:2000 Agilent Technologies, Inc., Santa
Immunoglobulins/HRP ' Clara, USA (P0448)
) Santa Cruz Biotechnology Inc.,
NANOG WB 1:500 Texas, USA (sc-134218)
OCT4 WB 1:500 Santa Cruz Biotechnology Inc.,
IF 1:200 Texas, USA (sc-5279)
PLET1 Flow Cytometry Nordic-MUbio, Susteren, The
1:200 Netherlands (MUB1512P)
Rabbit Anti-Mouse WB 1:1000 Agilent Technologies, Inc., Santa
Immunoglobulins/HRP ' Clara, USA (P0260)
TEAD4 IF 1:200 Abcam, Cambridge, UK (ab58310)
i . Santa Cruz Biotechnology Inc.,
TFAP2A (C-17) IF 1:200 Texas, USA (sc-6312)
. Santa Cruz Biotechnology Inc.,
TFAP2C IF1:300 Texas, USA (sc-8977)
B-ACTIN (AC-15) WB 1:50000 Sigma-Aldrich, St. Louis, USA

(a5441)
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4.14 Primers

Primers developed in this study were designed using Primer 3 Plus or NCBI Primer-BLAST.

Primers were synthesized by Sigma-Aldrich (Sigma-Aldrich, Taufkirchen, Germany).

Table 14: Genotyping primer sequences

Target Gene Forward (5’->3’) Reverse (5’->3’)
TTGAGTCCTGTGACCTCCT TAAAGCAGCGTATCCACAT
Cdx2 KH2 tg TG AGCG
TTGAGTCCTGTGACCTCCT TAAAGCAGCGTATCCACAT
Cdx2 pLV-tetO tg TG AGCG
Eomes KH2 t TCCAAAGGCATGGGGGCT TTATCATGTCTGCTCGAAG
g TA CG
Eomes bl V-tetO & ACCCCCAGCAATGGAAAC AAGCAGCGTATCCACATA
P g TC GC
Ets2 KH2 tg CCTGAGCCAGAAGCCGAA GCATTCTAGTTGTGGTTTG
T TCC
GCGTCCAGCCTGATACAG AAGCAGCGTATCCACATA
Ets2 pLV-tetO tg A GC
Gata3 pLV-tetO tg TGGTGTCTGCSTTCCAACC AAGCAGCGTATCCACATA
A GC
Gata3 KH2 t AGTTCCTCCGACCCCTTCT CTCGAAGCGGCCATCGAA
g A T
pCep (pLV-tetO fw) AGAGCTCGTTTAGTGAACC AAGCAGCGTATCCACATA
pLV-tetO common reverse G GC
GACATCATCAAGGAAACC
R26R SA1 as CTGGA
CCCATTTTCCTTATTTGCC
R26R wt1 as CCTA
CTCCCAAAGTCGCTCTGA
R26R wt1 s GTTGT
Tfap2c ACACCGGGACCGATCCAG TGCTCGAGTCGTGGCGAT
p<cig CCTCC CCTCG

Table 15: qRT-PCR primer sequences

Target Gene Forward (5'->3’) Reverse (5’->3’)
CTTCAACGTTTGTCCCCAG CACGGAGCTAGGATACAT

Cdx2 A GC
GAGGCAGTAGTGGTCATC CAGTACTTCTTCCTCCGGA

Ctsq cc CcT
AAGAATGGTGTTGTCTACC CATCCAGGTTGCTCCCCTT

Dnmt1 GAC G

D GAGGGAACTGAGACCCCA CTGGAAGGTGAGTCTTGG

nmt3a c CA

TGCGTCGTTCAGACAGTA GCCCTTGTTGTTGGTGACT

Dnmt3b GG T
ATTCGCTCGCAAGGTTACT GGATGCCACAGTTCTCTTC

Elf5 cC AGG
CCTGGTGGTGTTTTGTTGT TTTAATAGCACCGGGCACT

Eomes G C

Ezrin CCACCAACCAGCCAAGAT ggAATCGTCTTTACCACCT
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ACCACAGTCCATGCCATCA TCCACCACCCTGTTGCTGT

Gapdh c A

Gata? CCTCCAGCTTCACCCCTAA ACAGGCATTGCACAGGTA
G GT

o CGATGTGAAACTGCCTCA  CTTCCTCTGTGGAGCAGT

em1 GA cC

. CTCCTCTGCTGTGGGTCTT ATGCCGTGGAGTACTGGT

Gjb3 G T

Hand1 gg.ArgECAAAAAGACGGAT CGCCCAGACTTGCTGAGG
TTCCCATCTGGCTTTTTCT  AGAGAAGAGCTGGGGAGG

hCDX2 I s

ELFS AGAACATCCGCACACAAG  TCACGGGGTATTCTTTGCT
GT C

hEOMES CGGCCTCTGTGGCTCAAA  AAGGAAACATGCGCCTGC

P CAPDH XﬁggAAAATATGATGACATC gGAGTGGGTGTCGCTGTT

GATAS XCTGACCGAGCAGGTCGT gCTCGGGTCACCTGGGTA
TGCTGTCTGCTTCTCCGTA CACCTATTCGACTCCCCTC

hGCM R <
GTGCAGGATTGCCCAGAA CTAGGTGACGTTCTTTTGG

hHCGa T A

hKRT7 ’T*AGAACCAGCGTGCCAAG TCCAGCTCCTCCTGCTTG

P TEADA GATCGGATCCTTGGAGGG GATCGAATTCTCATTCTTT
CAC GGCCGGCAC CACCAG CCTGT

PR TTCCACCCTGACTCGTTAC GAGGAGAGCCTCACTTTC
C TGT

hTFAP2C ggGTGACCCCGATTTTGG GTGGCGATCCTCGCAGTC

L nson TGAACTGTCTGGATAAGTA GGTGAAGGACTGCTTGGG

P CTGGCA AT

CCGACATCTACAGCCTTG  GGTGCCTGCTTGTGGATA

Map2k8 GA AT

" GGTGACTCCTGGTGGACC TCCGGAAGATGGAAGATG

ash2 TA TC

o CTCCTGTCCAGCAAATCTC TCTGCTTGACCACTAGGCT

cdh12 < LS

o] CTGACTTTGGACAAGCTG  GCAGCCTTGATCCTTTGGT

g GACG TG

o TGGAGCCTACATTGTGGT TGGCAGTTGGTTTGGAGG
GGA A

i CCAACGTGTGATTGTGGT  TGCCACCATGTGTTTCAGA
GT G

Plet1 ggCTATGGCTAACGTCTCT CTGTCGTCCTCCTTCACTG

o TGCTCCTGGATACTGCTCC GGCTTGTTCTTGTTTTCTG

rcl2c TA G

o ATTGGTGCTGTGTGTCCAC GCCTTCCAGGTACAGTATA

in3 T GCC

Shodde CCACATGAAGAGGCGAAG GGATGGGGTAATGAGGTG

CA

CTGT
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TCTAATGCCTTCTTCCTTG ~ GAGCAGACCTTCGTAGAG
Tead4 TGA CA
Tfap2c CACCGTGACCCCGATTGT ?éGTAATGGTCGGCGGAC
. TGATTCCAACGACATCTAC CTTCCATGAGTGCTTGAAC
Tinagl CA AG
Tpbpa %QGCACAGCTTTGGACA AGCATCCAACTGCGCTTCA

Table 16: Promoter PCR primer sequences

Target Gene Forward (5’->3’) Reverse (5’->3’)
EIf5 A TTTGTAGTTTGAGTATTTT  CAATACTTTCACTAACCTT
GGTG TCCAC
EIf5 B GTGGAAAGGTTAGTGAAA  AAAAAATTCAAACCTAATA
GTATTG TCTA
Nano TAGAGATTTTGGTAGTAAG CCAACCAAATCAACCTATC
g GTTT TAAA
Oct4 TGGGTTGAAATATTGGGTT CTAAAACCAAATATCCAAC
¢ TATT CATA
415 Software
Table 17: Software
Software Resource
BISMA (Bisulfite sequencing DNA http://services.ibc.uni-
Methylation Analysis) stuttgart.de/BDPC/BISMA/
Adobe lllustrator® (Version CS2) Adobe, San Jose, USA
Microsoft Office 365® https://www.microsoft.com/de-de/

Mendeley® Ltd. Reference Manager

https://www.mendeley.com

Ensemble genome browser online tool

https://www.ensembl.org/index.html

NCBI Primer-BLAST

https://www.ncbi.nIm.nih.gov/tools/primer-
blast/

Primer3Plus

http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi

Imaged (Version 1.50i)

https://imagej.nih.gov/ij/

FlowJo™ (Version 10.6.1)

https://www.flowjo.com

Graphpad Prism (Prism 5 for Windows,
Version 5.03)

https://www.graphpad.com

Serial Cloner (Version 2-6)

http://serialbasics.free.fr/Serial_Cloner.html
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5 Methods

5.1 Cell culture

5.1.1 Cultivation of murine stem cell lines

Murine and human stem cell lines were cultivated on tissue culture plastic (TTP). Murine ESC
and TSC were cultured in humidified incubators (Heracell 240i) at 37°C with 7.5% CO while
human iPSC and hTSC were cultured in the same incubators at 37°C and 5% CO..

Murine TSC lines were kept in 70% standard serum containing TS medium that was
conditioned by irradiated murine embryonic fibroblasts (MEF) mixed with 30% unconditioned
standard TS medium and was freshly supplemented with 25 ng/ml human recombinant FGF4
and 1 ug/ml heparin (Tanaka et al., 1998). Murine TSC were also cultured in TX medium which
was freshly supplemented with 25 ng/ml human recombinant FGF4, 1 ug/ml heparin and 2
ng/ml TGFB on Geltrex coated wells (Kubaczka et al., 2014). Respective culture medium is
indicated by ™ or ™, respectively. Medium was changed every other day. Murine ESCs were
cultured on gelatine coated wells and a feeder layer of irradiated murine embryonic fibroblasts.
For gelatine coating, phosphate buffered saline (PBS) containing 0.1% gelatine was incubated
on wells for at least 10 min at 37°C. The culture medium for murine ESCs was standard serum
containing ES medium (Evans and Kaufman, 1981). ES medium was changed every day.
Murine ESCs and TSCs were passaged when the cell culture well was subconfluently covered
by stem cell colonies. Therefore, cells were incubated with 0.05% trypsin/EDTA for 5 min at
37°C. Trypsin activity was stopped by addition of serum containing medium or trypsin inhibitor
in case cells were cultivated in TX medium. For long-term storage, cells were frozen at -80°C.
To this end, cells were harvested using 0.05% trypsin/EDTA and cell pellets were resuspended
in 10% DMSO in FBS for standard TS cultured TSCs. TX cultivated cells were resuspended in
10% DMSO in KnockOut Serum Replacement.

5.1.2 Cultivation of human stem cell lines

Human TSC were cultured in hTSC medium described by Okae et al. on wells coated with 5
pg/ml collagen (Col) IV (Okae et al., 2018). For coating, wells were incubated with Col IV
diluted in PBS for at least 1.5 h at 37°C. PBS/Col IV mixture was aspirated, wells washed with
PBS and hTSC medium was added onto the well and incubated at 37°C for at least 10 min.
Next, hTSCs were seeded onto the well. Medium was changed every other day. For
passaging, hTSC medium was aspirated and 1 ml TrypLE added onto the cell layer. Plates
were incubated for 12-15 min at 37°C. 1 ml of basal hTSC medium was added to stop the
reaction. Cells were centrifuged at 380 g for 1 min, resuspended and transferred onto a new
well coated with Col IV. For long-term storage, hTSC were frozen in Cellbanker 1 medium

according to protocol kindly provided by Hiroaki Okae (Okae et al., 2018). Human iPSCs were
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cultured in StemMACS™ iPS-Brew XF on Geltrex coated wells. Medium was changed every

day.

5.1.3 Generation of feeder fibroblasts

DR4 MEFs were seeded on cell culture dishes in MEF medium and gradually expanded. Once
sufficient 15 cm cell culture dishes showed confluent cell layers, cells were harvested, cell
pellets resuspended in MEF medium and pooled in 50 ml tubes. Cell suspensions underwent
9 Gray y-irradiation to cause mitotic inactivation of fibroblasts. Cells were either re-seeded
directly for generation of conditioned TS medium or cryopreserved in MEF medium containing
10% DMSO at -80°C.

5.1.4 Generation of conditioned murine TS medium

Mitotically inactivated DR4 MEFs were seeded on cell culture dishes in MEF Medium. On the
next day, medium was changed to standard TS medium. After 72 h, TS medium was
harvested, sterile filtered and frozen at 35 ml aliquots in 50 ml tubes at -20°C. This procedure
was repeated another two times resulting in three batches of conditioned medium. Batch | and
Il were pooled whereas Batch Il was used individually. After adding 15 ml of unconditioned

TS medium to 35 ml conditioned medium, it was ready-to-use.

5.1.5 Ectopic expression of transcription factors using the Tet-On system

For doxycycline-controlled transgene expression, the Tetracycline (Tet)-On system was
applied (Figure 10). This system was adapted from gram-negative bacteria that developed a
resistance against antibiotic treatment using tetracyclines (Das et al., 2015). In short, the
mutant reverse Tet repressor (rTetR) from Escherichia coli was fused with a transcriptional
activation domain of virion protein 16 (VP16) from herpes simplex virus to create the reverse
tetracycline-controlled transactivator (rtTA) (Gossen et al., 1995). If a tetracycline or a
tetracycline derivative such as doxycycline is present, it binds to the rtTA which in turn will bind
to the tetracycline operator (tetO) and induce expression of the gene of interest (Gossen et al.,
1995, Das et al., 2015). The pLV-tetO vector allows for integration of cDNA into an inducible
lentiviral vector (Figure 10 C). The gene of interest can be inserted into the vector using EcoRI
sites and underlies the control of a doxycycline-controllable promoter (tetOP-CMV) (Stadtfeld
2008).
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Figure 10: Tet-On system for doxycycline-controlled transgene expression

A.+B. Schematic depicting Tet-On system derived from bacterial resistance against tetracycline treatment. Without
the presence of doxycycline, tTA cannot bind to TetO promoter (A.). Once doxycycline is present, it binds to rtTA.
rtTA then binds to TetO promoter which causes induction of expression of gene of interest (B.). C. Schematic of
linearized pLV-tetO lentiviral vector that allows for integration of cDNA using EcoRI sites. Gene of interest then
underlies transcriptional control of doxycycline-controllable promoter (tetO-CMV). Modified from Das et al. 2015
and Stadtfeld et al., 2008.

5.1.6 Generation of single factor ESC lines

Two types of transgene integration were applied to generate stem cell lines that carry
doxycycline inducible transgenes stably integrated into the genome. For single factor murine
ESC lines, the KH2 cell line was implemented (Beard et al., 2006). This cell lines allows for
site-specific Flp-mediated recombination of target DNA into the Col1a1 locus (Figure 11).
Therefore, coding sequences of Gata3, Eomes, and Ets2 were cloned into the plasmid
pBS31_tetO_promoter/simian virus 40p using EcoRI restriction sites. Plasmid DNA was
purified by precipitation and resuspension in TE buffer under sterile conditions. Next, 20 ug of
ligated plasmid pBS31_Gata3, pBS31_Eomes or pBS31_Ets2 were electroporated with 10’
KH2 ESC in combination with 10 ug of a vector encoding for FIp-recombinase (pCAGGS-flpE).

Electroporation was performed at 230 V and 500 yF. Coding sequences were integrated into
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Col1a1 locus by Flp-mediated recombination now underlying the doxycycline dependent tetO-
minimal cytomegalovirus (CMV) promoter. In the ROSA26 locus, KH2 cells also carry the
reverse tetracycline transcriptional activator (rtTA) transgene (R26-M2rtTA). After successful
integration, an ATG start codon is added to a hygromycin resistance cassette present in the
Col1a1 locus allowing for selection of positive clones. For selection, 140 yg/ml hygromycin
were added to the culture medium for 10 days. Then, colonies were picked, expanded and
their genomic DNA (gDNA) sequenced for proper integration of the open reading frame (ORF)
of transgenes. For verification of transgene integration, ESCs were genotyped using primer

sequences listed in Table 14.

iTfap2c-ESC

&R

¢ { o
TetO ﬁ TetO
TFAP2C |—— —l—; TFAP2C |—

Col1at +dox Col1a1
-
ROSA26 ROSA26

Figure 11: KH2 cell line carrying doxycycline inducible transgene in Col1a1 locus

Due to Flp-mediated recombination, cDNA of gene of interest can be inserted into Col1a1 locus of KH2 ESCs. Upon
doxycycline administration, doxycycline molecules can bind to itTA which then activates TetO promoter. At the
same time, KH2 ESC carry the rtTA gene driven off the constitutively active ROSA26 promoter (Beard et al., 2006).

5.1.7 Lentivirus production

Generation of hiPSC cell lines carrying several transgenes was performed by second
generation lentiviral transduction as described in Kubaczka et al. (Kubaczka et al., 2015).
Coding sequences of hTSC transcription factors TFAP2C, TFAP2A, GATA2, GATAS3, TEADA4,
EOMES and CDX2 were cloned into the pLV-tetO (kindly provided by Konrad Hochedlinger,
Harvard University) using EcoRI restriction sites. Ligated pLV-tetO plasmids were precipitated
and resuspended in 10 mM Tris buffer under sterile conditions. HEK-293T cells were seeded
on poly-I-lysine coated 10 cm cell culture plates. HEK-293T cells were transfected using
calcium-phosphate precipitation in transfection medium for production of lentiviruses. Calcium-
phosphate precipitation mix was prepared using the ProFection Mammalian Transfection
System (Table 18).
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Table 18: Calcium-phosphate precipitation for lentiviral particle production in 10 cm dish

Reagent Amount

2 M CaCl; 61.5 pl

Lentiviral Vector DNA (pLV-tetO) 18.5 ug
Helper DNA (psPAX2) 9.25 ug
Envelope DNA (pMD2.g) 9.25 pg

Ad H20 600 pl

2x HBS Buffer 600 pl

Before pipetting the transfection mix dropwise onto the HEK-293T cells, it was incubated for
15 min at room temperature (RT). After 5-6 h, the medium was changed to virus production
medium. The next morning, medium was replaced by fresh virus production medium. The
supernatant containing the lentiviral particles was harvested 72 h and 96 h past transfection.
It was sterile-filtered using a surfactant-free cellulose acetate (SFCA) membrane with 0.45 pm

pore size. It was aliquoted and stored at -80°C.

5.1.8 Transduction of hiPSC

Next, transduction of hiPSC cells was performed with 50 pl, 100 ul or 150 ul virus supernatant
in the presence of 5 ug/ml polybrene overnight. On the next day, supernatant was discarded,
cells washed with PBS and culture medium added. After another two days of culture, cells

were expanded and frozen at -80°C for further experiments.

5.1.9 Induction of transgene expression

For induction of transgene expression in murine ESC, cells were cultured in supplemented
standard serum containing TS medium or supplemented TX medium with doxycycline (2 ug/ml)
for three days. Medium supplemented with doxycycline was changed every other day. After
three days, cells undergoing conversion were continuously cultivated in respective medium
without doxycycline addition. A TSC line derived from a E6.5 conceptus was used as a control
cell line (Kubaczka et al., 2014). For transgene induction in hiPSCs, cells were cultured in
hTSC medium published by Okae et al. supplemented with doxycycline (2 ug/ml) (Okae et al.,

2018). Medium was exchanged every other day.

5.1.10 In vitro differentiation

For induction of in vitro differentiation, cells were cultured without growth factor
supplementation. TS-Medium cultured cells were cultured without FGF4 and heparin whereas
TX cultured cells were cultured without FGF4, heparin and TGF for three, six and nine days.

At each time point, RNA was isolated from three independent samples.
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5.1.11 Invasion Assay

To assess the invasive capacity of TGCs, an invasion assay was developed. Therefore,
FluoroBlok™ Cell Culture Inserts with a pore size of 8 um were placed into a 12-well cell culture
plate. Membranes of the inserts were then coated with 0.8 mg/ml Matrigel which was dried at
37°C for 2 h followed by RT incubation overnight. On the next day, Matrigel layer was
rehydrated with TS medium. TSC were harvested using 0.05% trypsin/EDTA. They were
counted using the Improved Neubauer cell counting chamber and seeded at 2x10* cells per
insert. They were kept in differentiation medium — TS medium without CM, FGF4 or heparin —
for 5 days. The lower chamber was filled with 700 pyl TS medium as well and changed every
day. On day five, medium from the lower chamber and Matrigel from the upper chamber were
discarded. Filters were washed several times using PBS. Invaded cells on bottom side of the
filter were fixed and cell nuclei stained by incubation in methanol containing 1% Hoechst for
10 min at RT. After additional three washing steps with PBS, the quantification of invaded cells

was performed by fluorescent microscopy.

5.2 Molecular biological methods

5.2.1 Polymerase chain reaction

Amplification of DNA was achieved by polymerase chain reaction (PCR). PCR was performed
for genotyping of transgenic cell lines, amplification of cDNA for generation of lentiviral vectors
or amplification of bisulfite converted DNA for methylation analyses. The reaction set ups are
given in Table 19, Table 20 and Table 21.

Table 19: Genotyping PCR reaction

Volume
GreenBuffer (10x) 5ul
DNA polymerase Dream taq 0.2 l
Primer forward (10 uM) 1 ul
Primer reverse (10 uM) 1 ul
dNTPs (10mM) 1 ul
DNA template 100 ng gDNA
H20 (dd) ad 50 pl
95°C 2 min
95°C 30 s
Cycling Protocol 60°C 30 s 35x
72°C 30s
72°C 5 min
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Table 20: Amplification of bisulfite converted DNA — PCR reaction

Volume
Reaction Buffer (10x) 5yl
DNA polymerase Platinum taq 0.2 ul
Primer forward (10 pM) 1ul
Primer reverse (10 uM) 1ul
dNTPs (10mM) 1 ul
MgCl. 1.5 ul
DNA template 1-3 pl converted DNA
H>O (dd) ad 50 pl
95°C 2 min
95°C 30s
Cycling Protocol 61°C 30 s 40x
72°C 45 s
72°C 5 min

Table 21: Amplification of PCR products for later use in TA cloning — PCR reaction

Volume
High Fidelity PCR Buffer (10x) 5l
DNA polymerase Platinum taq High Fidelity 0.2 pl
Primer forward (10 uM) 1/2
Primer reverse (10 uM) 1/2
dNTPs (10mM) 1l
MgSO, (50mM) 2ul
DNA template 1ul
H20 (dd) ad 50 pl
94°C 2 min
94°C 30s
Cycling Protocol 55°C 30s 30x
68°C 2 min
68°C 5 min

For purification of PCR reactions, the NucleoSpin Gel and PCR Clean-up kit was used.

5.2.2 Genomic DNA isolation from in vitro cultured stem cells

Cells were harvested using 0.05% trypsin/EDTA. Cell pellet was washed with PBS and
resuspended in 400 pl cell lysis buffer containing 40 ul Proteinase K (10 mg/ml). Lysis mix was
incubated at 55°C for at least 2 h or overnight. Samples were centrifuged at 13,000 rpm for 10
min. The supernatant was transferred into a fresh tube and 2 volumes EtOH (100%) and 1/10

volume sodium acetate (3M, pH 5.2) were added. The sample was then incubated at -80°C for
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30 min for DNA precipitation. Next, sample was centrifuged at 13,000 rpm for 10 min at 4°C
and washed twice with EtOH (70%). The pellet was air-dried and resuspended in H-O.

Genomic DNA samples were stored at 4°C until further use.

5.2.3 Cloning techniques

5.2.3.1 Transformation of bacteria

LB agar plates were prepared by heating LB agar in a microwave until liquified, cooling it down
until reaching about 50°C, adding appropriate antibiotics and pouring solution into 10 cm petri
dishes. Prepared dishes were stored at 4°C after solidifying at RT. Chemically competent
bacterial lab strains E.Cloni or TOP10F Escherichia coli (E.coli) were transformed with cDNA
of transcription factors. To this end, bacteria were removed from -80°C storage and thawed on
ice. Once marginally thawed, 5 ul of ligated vector were pipetted into bacterial solution.
Bacteria and vector were incubated on ice for 20 min. Next, heat shock treatment was
performed at 42°C for 45 s followed by cooling of the mixture for 3 min on ice. 250 pl LB
medium without antibiotics was added and bacteria and medium were incubated shakingly at
37°C for 1 h. Finally, bacteria solution was spread evenly on LB agar plates containing
appropriate antibiotics using a cell spreader. Plates were incubated at 37°C overnight. Plasmid

DNA was isolated from picked colonies by Miniprep and analyzed by test digests.

5.2.3.2 Plasmid isolation from transformed bacteria - Miniprep

LB Medium (2 ml) containing antibiotics for selection of properly transformed bacteria was
inoculated with bacterial colony which was commonly picked from agar plate. Bacterial culture
was incubated shakingly overnight at 225 rpm and 37°C. On the next day, bacterial solution
was transferred into 2 ml tube and centrifuged at 13,000 rpm for 5 min. The supernatant was
removed, and the bacterial pellet resuspended in 150 ul Mini Prep Buffer 1 which was freshly
supplemented with RNase A (100 pg/ml). Next, 300 ul of Mini Prep Buffer 2 were added to the
solution, mixture was inverted 6 times and incubated at RT for 5 min. 150 pl of Miniprep Buffer
3 were added then, mixed by shaking and followed by centrifugation for 5 min at 13,000 rpm.
The pellet was discarded while the supernatant was transferred into a fresh tube filled with 1
ml of EtOH (100%) for precipitation of plasmid DNA. DNA was pelleted after vortexing for 15
Min at 13,000 rpm and 4°C. DNA pellets were washed two times using EtOH (80%). Next,

pellets were dried at RT until no residual alcohol was left and resuspended in 40 yl H2O (dd).

5.2.3.3 Plasmid isolation from transformed bacteria - Maxiprep

For high purification of high amounts of plasmid, 250 ml of LB medium were inoculated with
bacterial clone carrying the correct vector. Medium and bacteria were incubated overnight at
37°C shakingly. On the next day, plasmids were isolated by NucleoBond Xtra Maxi Kit following

the manufacturer’s instructions.
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5.2.3.4 Restriction endonuclease digest

Restriction digests were performed using restriction endonucleases for linearizing plasmids,
for separating insert from vector or identification of correct bacterial clones. To identify bacterial
clones that successfully incorporated a vector after transformation, plasmid DNA was extracted
from bacterial clones using the MiniPrep protocol and analyzed by a test digest. Here, the
reaction mix shown in Table 22 was incubated at 37°C for 30 min. The enzyme was inactivated
by incubation at 65-85°C for 5 min.

Table 22: Test digest

Volume
Fast Digest Restriction Enzyme (1 U/pl) 0.5 ul
Fast Digest Green Buffer (10x) 2yl
DNA 3ul
H20O (dd) ad 20 pl

A preparative digest was performed to obtain large amounts of linearized vector and cut-out
insert. The respective reaction mix was incubated at 37°C for 1 h (Table 23). After inactivation
of the restriction enzyme, digested samples were loaded onto a 0.7% agarose gel for
subsequent electrophoresis. Obtained DNA bands were isolated and purified using the
NucleoSpin Gel and PCR Clean-up kit.

Table 23: Preparative digest

Volume
Fast Digest Restriction Enzyme (1 U/pl) 5l
Fast Digest Green Buffer (10x) 5l
Plasmid DNA 5-10 pg
H20O (dd) ad 50 pl

5.2.3.5 Ligation

Several different techniques were applied for ligating cDNA of transcription factors into the
respective vectors. For TA cloning, the TA Cloning Kit along with the vector pCR2.1 was
employed. The kit contains a linearized pCR2.1 vector with a T-overhang that allows for
binding of PCR products with adenosine overhangs which were added by the Taq-DNA-
polymerase during amplification. See reaction setup in Table 24. The reaction was incubated

at 16°C overnight.
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Table 24: TA cloning setup

Volume
T4 DNA Ligase (40 U/pl) 1 ul
T4 DNA Ligase Buffer (5x) 2yl
pCR2.1 (25 ng/ul) 2yl
Fresh PCR product 3 ul
H20O (dd) ad 10 pl

For sticky end ligation, both the vector and the insert had to be digested with the same

restriction enzyme which generates sticky ends such as EcoRI. The linearized vector was first

dephosphorylated meaning the removal of 3’ and 5’ phosphate groups from DNA ends to avoid

recirculation. Therefore, the vector was treated with alkaline phosphatase for 10 min at 37°C

followed by heating the mixture for 5 min at 75°C for enzyme deactivation (Table 25).

Table 25: Dephosphorylation of linearized vectors

Volume
Fast AP thermosensitive Alkaline 0.5 ul
Phosphatase M
Reaction buffer for (10x) 1 ul
Linearized vector 100 ng
H20O (dd) ad 10 pl

Vector and insert were then incubated at a 1:3 ratio using T4 ligase over night at 16°C (Table

26).

Table 26: Standard Iigation setup

Volume
T4 Ligase (40 U/ul) 1ul
T4 Ligation Buffer (10x) 2yl
Dephosphorylated vector 10
Insert 7 ul
H20O (dd) ad 10 pl

For blunt cloning, either restriction enzymes generating blunt ends were used or sticky ends

were removed by treatment of digested, purified DNA with Klenow fragment which digests 3’

overhangs and fills in 3’ ends at 5’ overhangs (Table 27).
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Table 27: Klenow treatment

Volume
Klenow Fragment 2yl
Klenow Buffer 5ul
Insert or linearized vector 30 ul
dNTPs 0.5 ul
H20O (dd) ad 50 pl

Next, vector and insert with blunt ends were added at a ratio of 1:1 according to Table 28. The
complete reaction was incubated for 25 min at 25°C and stopped by addition of EDTA and

additional incubation at 75°C for 20 min.

Table 28: Blunt cIoning reaction setup

Volume
T4 Ligase (40 U/ul) 1ul
T4 Ligation Buffer (10x) 1 ul
Vector (e.g. pLV-tetO) blunt ends 100 ng
Insert (e.g. Gata2) 1ul
H20O (dd) ad 10 pl

5.2.4 Gene expression analyses

5.2.4.1 RNA isolation and mRNA quantification

Cells were harvested using 0.05% trypsin/EDTA. RNA was isolated from obtained cell pellets
using the RNeasy Kit according to the manufacturer’s instructions. Concentration and quality
of obtained RNA was detected by spectrophotometry using the NanoDrop 1000. Isolated RNA
was stored at -80°C until further use. Subsequent DNase digest was performed on 500 ng
RNA per sample using Thermo Fisher Scientific DNAse | (Table 29).

Table 29: DNase | digest

Volume
Buffer + MgClz (10x) 1 ul
DNase 1 (10 U/ul) 0.25 pl
RNA 500 ng
H.O (DEPC) ad 10 pl

Reaction mix was incubated at 37°C for 30 min. To stop the reaction, 1 uyl EDTA (50mM) was

added and incubated at 65°C for 10 min. Next, the whole DNase | digest reaction mixture was
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implemented in the complementary DNA (cDNA) synthesis using the RevertAid Premium Kit

following the manufacturer’s instructions.

RNA levels were analyzed by quantitative real-time polymerase chain reaction (QPCR) using
Maxima SYBR Green/ROX Master Mix on a ViiA7 instrument (Table 30). Respective primer
sequences are given in Table 15. qPCR reactions were performed in ftriplicates. The
expression of target genes analyzed was normalized to the geometric mean of the expression
of housekeeping reference genes glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and
phosphoglycerate kinase (Pgk1).

Table 30: qPCR reaction setup

Volume
Maxima™ SYBR Green/ROX qPCR master r
mix (2x)
Primer forward (10 uM) 0.25 pl
Primer reverse (10 uM) 0.25 yl
cDNA 1l
H20 (dd) ad 10 pl

5.2.5 Protein analysis

5.2.5.1 Protein isolation

Cells were harvested using 0.05% trypsin/EDTA. After centrifugation for 5 min at 12,000 rpm,
cells were washed with PBS and resuspended in 50 ul RIPA buffer (1x). Cells and buffer were
mixed by pipetting. After incubation on ice for 10 min, sample was centrifuged for 10 min at
10,000 rpm and 4°C. The supernatant was kept at -20°C until further analyses, the pellet was

discarded.

5.2.5.2 Western Blotting

The Pierce BCA Protein Assay Kit was used to measure protein concentrations on an iMark
Microplate Reader. Next, a 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed. Therefore, 20 ug of protein per sample were mixed with 5 pl
Roti-Load (1x) buffer and incubated at 95°C for 5 min on a thermal shaker. PageRuler
Prestained Protein Ladder was implemented as protein ladder. Proteins were electrophoresed
at 70 V for the first 30 min and 90 V for the rest of the run. A Roti PVDF membrane was
activated by 2 min incubation in methanol. Using a Trans-Blot Turbo, proteins were transferred
onto the membrane in the Western Blot Transfer Buffer (1x). A ponceau staining was
conducted for 5 min shakingly in order to assess complete transfer of proteins. Membrane was
rinsed in H2O (dd) and PBST and blocked for 1 h at RT in WB blocking buffer. Next, first
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antibody diluted in WB blocking buffer was incubated with membrane at 4°C overnight. After
washing of the membrane with PBST, it was incubated with a HRP-conjugated secondary
antibody for 1-2 hours at RT. Membrane was washed with PBST afterwards again. Antibodies
and concentrations are listed in Table 13. For detection of proteins, membrane was incubated
with Pierce ECL Western Blotting Substrate for 5 min in the dark. Signal was detected on a
ChemiDoc MP.

5.2.5.3 Immunofluorescence staining

For immunofluorescence stainings (IF), monolayers of in vitro cultured cells were washed with
PBS and fixed for 10 min at RT with 4% formalin. Permeabilization of cells was then carried
out with 0.5% Triton X-100 in PBS for 10 min. IF blocking buffer (2% bovine serum albumin
and 0.1% Triton X-100 in PBS) was incubated on cells for 1 hour at RT. Primary antibody was
diluted in IF blocking buffer and incubated on cells at 4°C overnight. After washing with PBS,
cells were stained with Alexa-Fluor-conjugated antibodies diluted in IF blocking buffer in the
dark for 1 hour at RT. For antibodies and dilutions see Table 13. Hoechst was used to stain
cells’ nuclei. For negative controls, primary antibody staining was omitted, and cells were only

stained with the secondary antibody and Hoechst.

5.2.5.4 FACS analysis

Cells were harvested on day 3 or at passage 5 using 0.05% trypsin/EDTA and filtered through
a 35 um cell strainer to obtain a single cell solution. After washing of cells with fluorescence-
activated cell sorting (FACS) buffer (2% FBS in PBS), they were incubated with first antibodies
a-CD40 antibody and a-PLET1 antibody for 30 min on ice. Following an additional washing
step with FACS buffer, cells were resuspended in Alexa-Fluor-conjugated antibodies diluted in
FACS buffer and incubated in the dark for 30 min on ice. For antibodies and dilutions see Table
13. Cells were then washed and resuspended in 7-amino-actino-mycin D (7-AAD; 1% in FACS
buffer). The subsequent flow cytometry analysis was then carried out using a FACSCanto.
Results were analyzed using FlowJo Software. Three independent samples were at least

analyzed per cell line and timepoint.

5.2.56.5 Pathway analysis

Cells were harvested from cell culture plates by incubation with 0.05% trypsin/EDTA. Cells
were lysed and protein concentration was measured using the Pierce BCA Protein Assay Kit
on an iMark Microplate Reader. Per sample, 350 ug of protein were examined using the
Human/Mouse MAPK Phosphorylation Array and Human TGF beta Array C2. The ChemiDoc
MP was implemented for signal detection whereas the signal intensities were determined using
Imaged (U.S. National Institutes of Health). Membrane background signal was subtracted from

signal densities.
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5.2.6 DNA methylation analysis

Genomic DNA was isolated from cells by precipitation-based extraction. Next, 100 ng of gDNA
were implemented in bisulfite conversion using the EZ-DNA Methylation-Direct kit. EIf5, Oct4
and Nanog promoter sequences were amplified using primers listed in Table 16. PCR products
were then ligated into the pCR2.1 vector via TA cloning. Next, vectors were transformed into
E.Cloni cells and cultured on LB agar plates overnight. Individual colonies were picked, and
DNA extracted by Miniprep. 10-15 randomly picked clones were then sequenced using M13
reverse primers by GENEWIZ Germany GmbH (Leipzig, Germany). The BISMA software was
implemented for analysis of CpG methylation. For each cell clone, six representative
sequences were shown, the mean value of methylated CpGs was determined based on all

successful analyses.

5.3 In vivo experiments

5.3.1 Animal studies

All animal studies were performed according to the German law of animal protection and in
agreement with the approval of the local institutional animal care committees (Landesamt fur
Natur, Umwelt und Verbraucherschutz, North Rhine-Westphalia, approval ID number: 84-
02.03.2013/A428 approved date: 31 January 2014).

5.3.2 Blastocyst injection

5F™.TSC were transduced with an EGFP expressing lentiviral vector (FUGW; Addgene
plasmid: 14883; (Lois et al., 2002)). For at least three passages, cells were then switched from
TX medium to standard TSC medium containing 1,5x FGF4 and 1,5x heparin. D2B6F2
blastocysts were obtained and 7-10 EGFP-ITSCs were injected into each blastocyst. Seven
manipulated blastocysts were subsequently transferred into each side of the uteri of pseudo
pregnant CB6F1 foster mice. At E12.5, F1 embryos and placenta were extracted and analyzed

for EGFP signal. Blastocyst injections and embryo transfer were carried out by Angela Egert.

5.4 Statistical analyses and presentation of obtained data

Statistical analyses and data calculation were performed using GraphPad Prism. Significant
differences were determined by applying unpaired t-test. Data are presented as mean *
standard error of the mean (SEM). Significant differences were indicated as follows *: p<0.05;

**: p<0.01 and ***: p<0.001. Adobe lllustrator was used to create figures.
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6 Results |

While fibroblast to murine TSC reprogramming was successfully established previously, it still
remained unknown how to achieve complete conversion of ESC to TSC (Kubaczka et al.,
2015). Though previous studies have shown that TSC-like fate can be induced by various
approaches such as overexpressing Cdx2 or downregulating Oct4, the obtained cells
remained with an epigenetic memory of ESCs (Cambuli et al., 2014). Importantly, these studies
have been conducted by using standard TS culture medium. Valuable contribution to the
current state of research was added by a CRISPR/Cas9 mediated Cdx2 activation in
combination with TX culture which yielded a TSC-like methylation pattern in obtained clones
(Wei et al., 2016). However, it is still in question whether this successful outcome was realized
because CRISPR/Cas9 mediated gene activation is advantageous compared to
overexpression using an episomal expression vector system or due to the different culture
medium applied. Hence, this study set out to elucidate which factors and culture medium are

sufficient for a complete ESC to TSC conversion.

6.1 Establishment of murine ESC-lines carrying inducible TSC transcription factors

For adjustable transient activation of transgenes, the Tet-On system provides an efficient and
convenient method that is applicable using the KH2 ESC line or the pLV-tetO vector combined
with second-generation lentiviral transduction (Beard et al., 2006; Stadtfeld et al., 2008). By
doxycycline-mediated induction of expression, transgenes are activated. In the absence of
doxycycline, transcription of transgenes is discontinued. The KH2 ESC line allows for site
specific insertion of transgenes driven by the TetO promoter into the Col1a1 locus using Flp-
mediated recombination (Beard et al., 2006). The vital reverse tetracycline transcriptional
activator (rtTA) is integrated into the ROSA26 locus. Successful recombination establishes a
hygromycin resistance providing a selective marker for generated cell clones.

Candidate TSC transcription factors were chosen to be integrated into murine ESCs as
doxycycline-inducible transgenes in order to generate stable transgenic ESC lines. These
transcription factors comprised TFAP2C, CDX2, EOMES, GATA3 and ETS2. First, single
factor (SF) lines were generated (Figure 12 A). Therefore, cDNA of individual factors was
integrated into Col1a1 locus of KH2 ESC line. Shortly, cDNA of e.g., Tfap2c was cloned into
the vector pBS31_tetO_promoter/simian virus 40p which in combination with a vector encoding
for Flp-recombinase (pCAGGS-fIpE) was electroporated into KH2 ESCs. Obtained single
factor lines were called inducible (i) Tfap2c, iCdx2, iGata3, iEomes, iEts2 (Kuckenberg et al.,
2010). Four factor (4F) lines were generated by lentiviral transduction of iTfap2c with pLV-tetO
vectors coding for Gata3, Eomes and Ets2 (Kubaczka et al., 2015). Three 4F lines were
obtained and named 4F1, 4F2 and 4F3 (Figure 12 B). Additional transduction of 4F1 with a
pLV-tetO vector harboring coding sequence of Cdx2 resulted in 5F lines 5F1, 5F2 and 5F3
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(Figure 12 C). Throughout the experiments, non-manipulated KH2 cells served as the control
for conversion experiments. Generation of different cell lines was performed by Peter
Kuckenberg, Tatiana Hesse, Monika Graf, Caroline Kubaczka and Nina Langer with the

support of Angela Egert.
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KH2 ESC Single Factor (SF) Lines
« iTfap2c
*iCdx2
» * iGata3
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T « iEts2
Control e.g. tetO-Tfap2c
Gata3
iTfap2c -~ - 4 Factor (4F) Lines
« 4F1
> . 4F2
< 4F3
tetO-Tfap2c, tetO-Eomes,
tetO-Gata3, tetO-Ets2
4F1 a2 5 Factor (5F) Lines
* 5F1
*5F2
> *5F3

tetO-Tfap2c, tetO-Eomes,
tetO-Gata3, tetO-Ets2, tetO-Cdx2

Figure 12: Schematic depicting generation of transgenic ESC lines

A. cDNA of individual transcription factors was introduced into KH2 ESC by electroporation — indicated by yellow
lightning — and integrated into Col1a1 locus by Flp-mediated recombination, thereby generating single factor (SF)
ESC lines. B. Lentiviral transduction of iTfap2c — indicated by schematic viruses — with additional transgenes
Eomes, Gata3 and Ets2 resulted in generation of 4 factor (4F) clones. C. Further transduction of 4F1 with lentiviral
vector encoding for Cdx2 established 5 factor (5F) lines.

6.2 Validation of generated transgenic ESC lines

First, generated cell lines were validated concerning integration of the constructs into the
genome as well as functionality by translation and transcription of transgenic DNA. To this end,
genotyping PCR confirmed insertion of cDNA into the genome of all established cell clones

(Figure 13). Single factors were verified for transgene integration into Col1a1 locus. Lentiviral
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transduction leads to random integration and transgene primers spanning from vector

backbone to cDNA were used for genotyping.
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5F3
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Figure 13: Genotyping PCR shows integration of transgenes in established ESC-lines

By using transgene flanking PCR primers, insertion of transgenes in ESC genome was verified. Modified from
Kaiser et al., 2020a.
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Induction of transgenes was performed by addition of doxycycline (2 ug/ml) to the culture
medium for three days. Suffixes ™ or ™ indicate whether cell clones were cultured in TS
medium or TX medium, respectively. After three days of transgene activation, transgene
expression was detected using qRT-PCR. Expression was significantly higher for clones
cultured with doxycycline than those without doxycycline administration (Figure 14 A-C).
Interestingly, transgene expression was heterogenous in between 4F and S5F clones —
indicating a varying number of lentiviral vector integrations into the genome or alterations due
to transgene silencing (Figure 14 B and C). 4F3 showed lowest transgene expression for all
four transgenes examined (Figure 14 B). Also, transgene expression was higher in clones
cultured in TX"* medium than clones in TS™* medium. Presumably, this results from serum
proteins contained in TS medium which were shown to inhibit doxycycline, thus lowering the
amount of molecules available for tTA binding and subsequent transgene activation (Riond
and Riviere, 1989; Schmidt et al., 2008). Importantly, controls without doxycycline
administration did not show induction of transgenes. Therefore, it can be assumed that once

doxycycline is no longer administered to the medium, transgenes are inactivated.
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Figure 14: Transgene expression after three days of doxycycline administration

A. Transgene expression of single factors in SF lines iTfap2c, iEomes, iGata3, iEts2 and iCdx2 detected by qRT-
PCR after three days of doxycycline administration in comparison to no doxycycline control. Cells were cultured in
TS and TX medium. B. gqRT-PCR analysis of transgene expression of Tfap2c, Eomes, Gata3 and Ets2 in 4F clones
after three-day administration of doxycycline compared to no doxycycline control. 4F clones were cultured in TS or
TX medium. C. gRT-PCR analysis of transgene expression of Tfap2c, Eomes, Gata3, Ets2 and Cdx2 in 5F clones
after three-day administration of doxycycline compared to no doxycycline control. Again, cells were either cultured
in TS or TX medium. RNA was obtained from three independent experiments. Expression was normalized to
housekeeping genes Gapdh and Pgk1. Bars display mean value + SEM. p values were calculated using unpaired
t-test and are indicated with *p < 0.05, **p < 0.01 and ***p < 0.001. Modified from Kaiser et al., 2020a.

Finally, it was tested whether transgene induction resulted in an increase of respective protein
levels using an immunofluorescence staining. In all clones, proteins levels of all transgenes
were detectable after three days of doxycycline supplementation whereas ESCs without
transgene activation remained negative for EOMES, GATA3, ETS2 and CDX2 (Figure 15 A-
G). It was already shown that also ESC colonies show few TFAP2C positive cells, whereas in
TSC colonies, all cells are TFAP2C positive (Kuckenberg et al., 2010). Also, in this study, KH2
cells showed TFAP2C positive cells. After doxycycline administration, a notable increase in
TFAP2C positive cells per colony could be detected for all clones expressing transgenic Tfap2c
(Figure 15 B, F and G).
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Figure 15: Protein levels after three days of doxycycline mediated transgene activation

A.-E. Immunofluorescence staining against CDX2 in iCdx2 clones (A.), against TFAP2C in iTfap2c clones (B.),
against EOMES in iEomes clones (C.), against GATA3 in iGata3 clones (D.) and against ETS2 in iEts2 clones (E.).
F. Immunofluorescence staining against TFAP2C, EOMES, GATA3 and ETS2 in 4F1, 4F2 and 4F3 clones. G.
Immunofluorescence staining against TFAP2C, EOMES, GATAS3, ETS2 and CDX2 in 5F1, 5F2 and 5F3 clones. All
stainings were performed after three days of doxycycline mediated transgene induction in comparison to no
doxycycline control. Insets display corresponding Hoechst staining. Scale bar: 250 ym. Modified from Kaiser et al.,
2020a.

56



Results |

6.3 Induction of transgenes for ESC to TSC conversion

After validating the generated cell lines, the main objective was determining the combination
of candidate transcription factors sufficient for a complete ESC to TSC conversion. To this end,
doxycycline-mediated transgene expression was induced for three days. The corresponding
experimental setup is depicted in Figure 16. Conversion approaches were performed in TS as
well as in TX medium in order to assess the effect of environmental conditions created by the
culture medium. On day -1, ESCs were seeded on gelatin-coated wells in ES medium without
MEF feeder layer. On the next day, medium was changed to TS or TX medium supplemented
with doxycycline (2 ug/ml). Doxycycline administration was continued for three days, thereafter

clones were kept in respective medium without doxycycline and cultured up to passage 5.

iTSC

—® — @&

A / TSC marker expression
Day 0 Actwate;i 'I;ryasnsgenes Day 3 Inactlvated Tar?snsgenes Passage 5 In vitro differentiation
v \ In vivo functionality

Figure 16: Schematic depicting ESC to TSC conversion protocol

ESCs were cultured feeder-free on gelatin coated wells in defined concentration and ES medium for 24 hours. On
the following day, medium was changed for three days to fibroblast conditioned TS medium or chemically defined
TX medium supplemented with doxycycline allowing for transgene induction. Starting from day 3, cells were
continuously propagated to passage 5 in TS or TX medium without doxycycline administration. Clones were
analyzed extensively on day 3 and at passage 5.

@

ESC

@

Splitting ratio and frequency as well as stable propagation differed between clones and
medium condition (Table 31). While most 4F, 5F and iCdx2 induction approaches could be
stably cultivated up to passage 5, remaining SF lines proved to be more susceptible to
differentiation and apoptosis. Of note, iTfap2c, iGata3, iEomes and iEts2 could not be cultured
in TX medium at all, similar to ESC control cells (Table 31). At passage 5, endpoint analyses
comprised morphology analyses, detection of TSC surface markers, TSC marker expression,

TSC methylation patterns, differentiation assays and an in vivo functionality assay (Figure 16).

Table 31: Percentage of clones that could be stably propagated up to passage 5
Modified from Kaiser et al., 2020a.

4F 5F iCdx2 iTfap2c iEomes iGata3 iEts2 ESC
TS 55 80 85 45 20 40 40 65
X 80 95 95 0 0 0 0 0

6.4 Morphology of clones changes rapidly after transgene induction

First, morphology of clones undergoing conversion was assessed. After three days of
transgene induction, cell clones cultured in TS medium lost the typical ESC appearance and

already displayed a rather flat, epithelial like colony formation, which is characteristic of TSC
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morphology (Figure 17 A-C). Cells undergoing conversion in TX medium were characterized
by a dominant differentiation throughout all colonies independent of the transgene cocktail
activated. The colonies seemed flatter and wider in size. However, while they lost the distinct
ESC morphology, they were not yet showing TSC morphology. During subsequent passaging,
4F, 5F and iCdx2 clones could be propagated up to at least passage 5 in both culture
conditions. At passage 5, 5F'°, 5F™%, iCdx2™ and iCdx2™ showed clear TSC morphology in
both media conditions (Figure 17 B and C). 4F clones, however, showed TSC morphology in
TX medium but reverted to clear ESC-like morphology in TS medium (Figure 17 A).

Figure 17: Transgene induction
yields changed colony morphology
A. Representative photomicrographs of
4F1, 4F2 and 4F3 colonies after a three-
day induction of transgenes and at
passage 5 past transgene induction in
TS and TX medium. B. Representative
photomicrographs of 5F1, 5F2 and 5F3
cultured in TS and TX medium. Images
depict morphology after three days of
transgene induction and at passage 5.
C. Representative photomicrographs of
iCdx2 clones on day 3 and at passage
5. Clones were cultured TS and TX
medium. Scale bar: 250 ym. Modified
from Kaiser et al., 2020a.
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6.5 OCT4 is downrequlated fastest in response to transgenic Cdx2 expression

While ESCs exhibit pluripotency which is maintained by a transcription factor network revolving
around OCT4, TSCs are multipotent and OCT4 negative. Consequently, it stands to reason
that during ESC to TSC conversion, OCT4 is required to be downregulated. Thus, OCT4 levels
were monitored during the first eight days of conversion for 4F3, 5F2 and iCdx2 clones in
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comparison to ESC control cells (Figure 18). Clones were cultivated in TS or TX medium
containing doxycycline for three days with subsequent culture without doxycycline up to day 8.

Proteins were isolated every other day and OCT4 levels detected using Western Blotting.

Figure 18: Monitoring of OCT4 levels TS TX
during first days of conversion do ] d2 d4 d6 d8 [d2 d4 d6 d8
4F3, 5F2, iCdx2 clones as well as [
control ESCs were cultured in TS/TX 4F3
medium supplemented with doxy-
cycline followed by a 5-day culture in 5F2
respective medium w/o doxycycline.
Protein was isolated every other day iCdx2
and OCT4 levels were detected by
Western Blotting on day 2, day 4, day 6 ESC
and day 8 of the conversion in
comparison to housekeeping control 3-
ACTIN. Modified from Kaiser et al.,
2020a.
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All clones presented with strong OCT4 levels on day 0 when still being cultured in LIF-
containing ES medium (Figure 18). A time-dependent decrease of OCT4 levels was detected
for all clones examined, however, to differing extent. 4F3 clone showed the slowest
downregulation which became apparent on day 6 in TS and on day 4 in TX medium but
detectable OCT4 levels were maintained up to day 8 under both conditions. 5F2 clones
exhibited diminishing OCT4 levels already on day 4 in TS medium and as early as day 2 in TX
medium. The fastest OCT4 downregulation concluding in complete loss of the protein was
detected for iCdx2 clones. On day 8 in TS and from day 6 in TX medium, OCT4 protein was
undetectable. As CDX2 activity is essential for OCT4 downregulation, transgenic Cdx2
expression in 5F and iCdx2 clones resulted in quicker downregulation than in 4F clones where
endogenous Cdx2 needed to be induced via the four transgenes first — resulting in a temporal
delay of OCT4 repression. Interestingly, culture in TX medium led to a quicker OCT4
downregulation than TS cultivation for all three clones. Control ESCs remained with OCT4
levels up to day 8 under both conditions, yet levels were decreasing from day 6 in TS and from
day 4 in TX medium due to the loss of LIF supplementation. It can be assumed that transgene
combinations which result in sufficient OCT4 downregulation hold the best chances for a
complete ESC to TSC conversion as they counteract the ESC transcription factor network
most efficiently. Conversion in 4F clones might take longer as they have to induce endogenous

Cdx2 expression first.

6.6 Cell surface markers CD40 and PLET1 are increasing past transgene induction

Cell surface proteins CD40 and PLET1 were described as TSC specific markers. CD40 was
shown to be expressed on TSCs but not on ESCs whereas PLET1 levels are characterized by
a biphasic expression pattern in the course of trophoblast differentiation which peaks at the
stage of undifferentiated TSCs (Murray et al., 2016; Rugg-Gunn et al., 2012). Levels of both
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markers were analyzed on day 3 and at passage 5 for 4F, 5F and iCdx2 clones as well as ESC
and TSC control cells (Figure 19). On day 3, transgene induction yielded upregulation of both
markers in TS and TX medium in all 4F, 5F and iCdx2 clones (Figure 19 A-C). However,
wildtype TSC levels were still significantly higher than in converting clones. Surprisingly, 4F1™
and 4F2'° showed high levels of double positive cells. Levels were analyzed an additional time
after five passages in the respective medium. 4F'® clones displayed lower levels than on day
3, now resembling control ESC levels indicating a reversion to ESC state (Figure 19 A). 4F™,
5FTS, 5F™ and iCdx2"™ and iCdx2™ showed higher levels of double positive cells than on day
3, which were in the range of wildtype TSC levels (Figure 19 A-C). Interestingly, this suggests
a continuing conversion past transgene induction. 5F3™ and iCdx2™ showed slightly lower
levels of double positive cells than remaining 5F1™ and 5F2F™, however, CD40 positive cells
comprised 97% in 5F3™ and 99% in iCdx2™ indicating that only PLET1 levels were reduced

in comparison to control TSCs.
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Figure 19: CD40 and PLET1 levels increase with subsequent cultivation

Flow cytometry analysis of TSC surface markers CD40 and PLET1 A. Levels of CD40 and PLET1 in 4F clones
cultured in TS and TX medium on day 3 and at passage 5. B. CD40 and PLET1 levels in 5F clones on day 3 and
at passage 5. Clones were cultured in TS or TX medium. C. CD40 and PLET1 positive cells in iCdx2, ESC and
TSC cells cultured in TS or TX medium on day 3 and at passage 5. D. Legend for visualization of flow cytometric
data. Percentages indicate CD40 and PLET1 double positive cells. Analysis was performed with samples from three
independent experiments. Modified from Kaiser et al., 2020a.
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6.7 Endogenous expression of TSC markers higher in TX medium
Key TSC transcription factors include ELF5, CDX2, EOMES and TFAP2C. To further

characterize established clones during (day 3) and past conversion (passage 5), the

endogenous expression levels of those markers were explored using qRT-PCR. RNA was
isolated from all 4F, 5F, iCdx2 and control ESCs as well as TSCs on day 3 and at passage 5.
On day 3, all clones examined showed an upregulation of marker expression in comparison to
control ESCs. Yet, wildtype TSC expression levels were significantly higher. Of note,
expression of EIf5 and Eomes was significantly higher in TX medium than in TS medium
cultured clones for all samples (Figure 20). The same could be observed for the expression of
Cdx2 and Tfap2c in most clones. Interestingly, at this point it became apparent that the TSC
transcription factor network was initiated by expression of transgenes. Even though 4F'™ and
4F™ clones did not include transgenic Cdx2 expression, they still displayed an equivalent
upregulation of endogenous Cdx2 in comparison to 5F and iCdx2 clones. In iCdx2 clones,
endogenous EIf5, Eomes and Tfap2c expression was induced to a similar extent as in 5F
clones. This strengthens previous findings that CDX2 is involved upstream of ELF5, TFAP2C
and EOMES in the transcription factor network and can activate their expression intrinsically
(Beck et al., 1995; Niwa et al., 2005).

As flow cytometry analyses revealed an ongoing conversion past transgene induction, marker
expression was again analyzed at passage 5. In comparison to transcript levels on day 3, an
upregulation for EIf5, Cdx2 and Eomes for clones cultured in TX medium was observed (Figure
20). Levels were now comparable to those of control TSCs. Similar to day 3, expression in TX
cultured clones was significantly higher than for respective clones cultured in TS medium.
While 4F 'S displayed no expression of EIf5, Cdx2 and Eomes, 5F' and iCdx2™ showed at
least low expression levels of respective genes. For all clones, Cdx2 expression remained
below levels detected for bona fide TSCs. It was significantly higher in 4F™ than 4F™, but
equivalent in 5F™ and 5F ™ as well as iCdx2™ and iCdx2™. 5F3' showed significantly higher
Cdx2 expression than 5F3™. 4F and iCdx2 clones displayed significantly higher levels of
Tfap2c when cultured in TX medium which were comparable to wildtype TSC levels. 5F'S, 5F™
and iCdx2™ demonstrated increased Tfap2c expression compared to day 3 but levels
remained below those of bona fide TSCs. Interestingly, transcript analyses confirm the
previous finding of ongoing conversion past transgene induction. In the end, this persistent
process results in a TSC-like expression pattern for all clones except for 4FS. In conclusion,
data obtained from morphology, cell surface protein and gene expression analyses suggest
that an induction of TSC fate had taken place in 4F™, 5F'S, 5F™X iCdx2™ and iCdx2™. Even
though 4F™ showed an initial response to transgene activation on day 3, morphology and

marker expression relapsed into an ESC-like state at passage 5.
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Figure 20: Higher TSC marker expression in TX medium
than in TS medium

Analysis of endogenous expression of TSC gatekeeper EIf5 as
well as Cdx2, Eomes and Tfap2c using qRT-PCR for 4F, 5F
and iCdx2 clones in comparison to ESC and TSC control cells.
Clones were cultured either in TS or TX medium and RNA was
isolated on day 3 and at passage 5. RNA was obtained from at
least three independent experiments. Expression is normalized
to housekeeping genes Gapdh and Pgk1. Bars display mean
value + SEM. p-values were calculated using unpaired t-test
and are indicated with *p < 0.05 and **p < 0.01. Modified from
Kaiser et al., 2020a.
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6.8 Activation of remaining single factors does not induce TSC-fate

In contrast to 4F, 5F and iCdx2 clones, the remaining SF clones iEomes, iGata3 and iEts2 did
not result in stable induction of TSC fate. On day 3, first analyses revealed morphology of
iTfap2c'™, iTfap2c™ and iEomes™ to be comparable to ESC control cells (Figure 21 A).
iGata3'™ and iGata3™ as well as iEts2™ were characterized by an epithelial-like appearance.
iEomes, iEts2 and ESC cultured in TX medium showed occurrence of severe differentiation.
At passage 5, SF lines iEomes'™ and iEts2™ remained with ESC-like morphology similar to
ESC control cells while iTfap2¢™ and iGata3™ appearance was neither alike ESCs nor TSCs
(Figure 21 A). In TX medium, these SF cell lines could not be stably propagated comparable
to control ESCs. Within the first two passages, they differentiated, ceased proliferation, or
underwent apoptosis. Also, CD40 and PLET levels detected on day 3 were not increased in
iTfap2c, iEomes and iEts2 — neither in TS nor in TX medium (Figure 21 B). Only iGata3 showed
an increase in levels of double positive cells. Additionally, SF lines did not show an
upregulation in transcript levels of EIf5, Cdx2, Eomes and Tfap2c on day 3 (Figure 21 A-C).

Preliminary molecular analyses of TS-cultured SF lines at passage 5 revealed that no stable
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increase in TSC marker levels was achieved and clones remained ESC-like (data not shown).
Taken together these results clearly indicate that a conversion to TSC fate did not occur
following a three-day induction of transgenes in SF lines iTfap2c, iEomes, iGata3 and iEts2.
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Figure 21: Analysis of conversion approaches using remaining single factor lines

A. Representative photomicrographs of iTfap2c, iGata3, iEomes and iEts2 depicting colony morphology on day 3
in TS or TX medium and at passage 5 in TS medium (Scale bar: 250 ym). B. Flow cytometry analysis of CD40 and
PLET1 positive cells in iTfap2c, iGata3, iEomes and iEts2 on day 3. Clones were cultured in either TS or TX medium
supplemented with doxycycline. Flow cytometry analysis was performed with samples from at least two independent
experiments. Percentages indicate CD40 and PLET1 double positive cells within the upper right gate. C. qRT-PCR
analysis of endogenous expression of TSC marker EIf5, Cdx2, Eomes and TfapZ2c for iTfap2c, iGata3, iEomes and
iEts2 in comparison to TSC control cells on day 3. Clones were cultured either in TS or TX medium supplemented
with doxycycline. RNA was obtained from at least three independent experiments. Expression is normalized to
housekeeping genes Gapdh and Pgk1. Bars display mean value + SEM. Modified from Kaiser et al., 2020a.
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6.9 CDX2 and TFAP2C positive colonies in 4F™, 5F™S, 5F™ iCdx2'S and iCdx2™

As endogenous expression of Cdx2 and Tfap2c at passage 5 remained low in comparison to

wildtype TSCs, immunofluorescence staining against CDX2 and TFAP2C was carried out to
verify the presence of the respective proteins within the colonies. 4F™, 5F™S, 5F™ iCdx2"™ and
iCdx2™ unanimously showed colonies positive for CDX2 and TFAP2C that in terms of quality
and pattern did not vary from control TSCs (Figure 22 A-F). CDX2 positive cells were scarce
in 4F' colonies while TFAP2C positive cells could be found to a similar extent as in control
ESC (Figure 22 A and B). This coincides with data obtained from transcript level analyses
(Figure 20). Importantly, 4F and ESC control cells remained negative for OCT4 after five
passages in TS medium (Figure 22 G).

4F1 4F2 4F3 |

A [ 4F1 4F2 4F3 |

TS p5

TX p5

TS p5 IO [

Figure 22: Presence of endogenous CDX2 and TFAP2C in converted clones

A.+B. Immunofluorescence staining against CDX2 (A.) and TFAP2C (B.) in 4F clones cultured in TS and TX
medium at passage 5. C.+D. Immunofluorescence staining against CDX2 (C.) and TFAP2C (D.) in 5F clones
cultured in TS and TX medium at passage 5. E. Immunofluorescence staining against CDX2 and TFAP2C in iCdx2
clones cultured in TS and TX medium at passage 5. F. Immunofluorescence staining against CDX2 and TFAP2C
in TSC control cells cultured in TS and TX medium G. Immunofluorescence staining against OCT4 in 4F1 clone
and ESC control cells at passage 5 cultured in TS medium. Insets in A.-G. display corresponding Hoechst staining,
scale bar represents 250 um. Modified from Kaiser et al., 2020a.

64



Results |

6.10 TSC methylation pattern indicates complete conversion to TSC fate

Next, methylation status of EIf5, Oct4 and Nanog promoter was analyzed. The EIf5 promoter
holds a differentially methylated region that is hypomethylated in TSCs and hypermethylated
in ESCs (Ng et al., 2008). Accordingly, EIf5 is repressed in ESCs and expressed in TSCs.
Previously, it was shown that even though TSC markers were upregulated, ESC to TSC
conversion remained incomplete due to an epigenetic memory of ESCs in TSC-like cells
(Cambuli et al., 2014). Subsequently, EIf56 promoter methylation was assessed for 4F, 5F and

iCdx2 clones at passage 5.
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All 4F clones and iCdx2 cultured in TS medium retained an ESC-like methylation pattern as
the EIf5 promoter remained hypermethylated (Figure 23 A and C). The same clones cultured
in TX medium displayed a hypomethylated region. Surprisingly, all 5F clones showed a
hypomethylated promoter independent of culture conditions (Figure 23 B). Similar to the EIf5
promoter, Oct4 promoter and Nanog promoter too are differentially methylated in ESCs and
TSCs, though, here the respective regions are hypomethylated in ESCs and hypermethylated
in TSCs (Kuckenberg et al., 2011). Next, 4F3, 5F2 and iCdx2 clones were analyzed for the
methylation status of Oct4 and Nanog promoter. Corresponding to EIf5 promoter findings, 4F ™

and iCdx2' retained a methylation pattern reminiscent of ESCs — both promoter regions
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remained hypomethylated (Figure 24 A and B). 4F™, 5F™S, 5F™% and iCdx2™ displayed a
hypermethylation of both regions similar to wildtype TSCs further reinforcing the complete

conversion taking place in these clones.
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Figure 24: Oct4 and Nanog promoter display TSC methylation in TX clones

A. Oct4 promoter methylation status of 4F3, 5F2 and iCdx2 cultured in TS and TX medium. B. Methylation status
of Nanog promoter of 4F3, 5F2 and iCdx2 cultured in TS and TX medium. Filled circles represent methylated CpGs,
open circles depict unmethylated CpGs. Representative six sequencing reads are presented in the figure. C. qRT-
PCR analysis of Dnmt1, Dnmt3a and Dnmt3b expression levels of 4F3, 5F2 and iCdx2 clones at passage 5 cultured
in TS or TX medium. RNA was obtained from at least three independent experiments. Expression is normalized to
housekeeping genes Gapdh and Pgk1. Bars display mean value + SEM. p values were calculated using unpaired
t-test and are indicated with *p < 0.05 and **p < 0.01. Modified from Kaiser et al., 2020a.

Of note, these results demonstrated that the DNA was not only demethylated in the course of
the conversion, but DNA methylation patterns were newly established. The transfer of methyl
groups to cytosines is mediated by DNA methyltransferases (DNMTs). To investigate whether
a change in methylation was associated with DNMT transcript levels, expression of Dnmt1,

Dnmt3a and Dnmt3b was examined next in 4F3, 5F2 and iCdx2 clones at passage 5 as well
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as in control ESCs and TSCs (Figure 24 C). Transcript levels of DNMT1 which ensures the
maintenance of methylation patterns were akin — independent of cell lines and culture
condition. Interestingly, high expression levels of Dnmt3a and Dnmt3b which are introducing
de novo methylation were found in those clones that showed hypermethylation of Oct4 and
Nanog promoter at passage 5. Dnmt3a was significantly higher expressed in 5F2™ than in
5F2™ and control TSC. Other clones showed low expression levels comparable to control
TSC. 4F3™, 5F2™ and iCdx2™ showed higher expression of Dnmt3b than respective clones

cultured in TS medium (Figure 24 C).

Taken together, these results demonstrate that 4F™ and iCdx2' did not completely convert to
TSC fate. When cultured in TX medium, however, these clones showed a full conversion,
indicating the importance of environmental conditions for reprogramming approaches. 5F
clones displayed TSC methylation pattern independent of culture conditions indicating the

importance of transgenes activated.

6.11 Upregulation of markers driven by differentially methylated promoters in TX

clones
Recently, a study showed that EIf5, Oct4 and Nanog promoters do not represent the only
differentially methylated loci between ESCs and TSCs (Cambuli et al., 2014). The authors
could introduce nine additional genes promoters that are hypermethylated in ESCs but
hypomethylated in TSCs. Hence, transcript levels of supplementary markers Tead4, Ezrin,
Hand1, Lasp1, Map3k8, Plet1, Rin3, Sh2d3c and Tinagl were assessed next for 4F, 5F and
iCdx2 clones in both culture conditions at passage 5 (Figure 25). Expression was induced
extensively for most markers in 4F™, 5F'S, 5F™* iCdx2™ and iCdx2™ and levels were
comparable to TSC levels. 4F™ clones showed significantly higher levels than 4F™ clones for
all transcripts analyzed except Hand1. It can be assumed that the respective promoter regions
became hypomethylated during the course of conversion thereby allowing expression of

respective genes detected in this experiment.
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Figure 25: Additional TSC marker show higher expression in TX than in TS medium

gRT-PCR analysis of endogenous expression of TSC marker Tead4, Ezrin, Hand1, Lasp1, Map3k8, Plet1, Rin3,
Sh2d3c and Tinagl in 4F, 5F and iCdx2 clones in comparison to ESC and TSC control cells at passage 5. Clones
were cultured either in TS or TX medium after three-day induction of transgenes. RNA was obtained from at least
three independent experiments. Expression is normalized to housekeeping genes Gapdh and Pgk1. Bars display
mean value + SEM. Significance was determined by unpaired f-test and indicated with *p < 0.05 and **p < 0.01.
Modified from Kaiser et al., 2020a.

6.12 Success of conversion in TX medium is not caused by MAPK or TGFf signaling

When considering the data obtained as of yet, it is evident that TX medium influenced the ESC
to TSC conversion severely, as 4F and iCdx2 clones showed TSC methylation pattern in TX
medium only. Presumably, medium components or the concentration thereof in the TX medium
could impinge on signaling pathways within the converting cell and thereby promoting TSC
fate. On the other hand, unknown factors secreted by fibroblasts in the conditioned medium
could inhibit certain TSC pathways. To elucidate this question, two prominent pathways in
TSCs, MAPK signaling and TGF@ signaling were examined (Figure 26). Proteins were isolated
from cell lysates of iCdx2 cells at passage 8 converted in TS and TX medium as well as TSC
control cells from both conditions. Signaling cascades were investigated using a
phosphorylation array for MAPK and a protein array for proteins involved in the TGF pathway
(Figure 26 A and B). However, quantification of signal densities showed no difference between
medium conditions regarding phosphorylation in MAPK pathway or protein levels of TGFf3
pathway (Figure 26 C and D).
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Figure 26: Pathway analysis reveals no difference between TS and TX culture
A. Phosphorylation Array of phosphorylated proteins involved in MAPK pathway in iCdx2™ and iCdx2™ cells
compared to wildtype TSCT® and TSC™. Proteins were analyzed in duplicates. B. TGF Array of proteins involved
in TGFB pathway in iCdx2™ and iCdx2™ cells compared to wildtype TSC™ and TSC™. Proteins were analyzed in
duplicates. C. Signal density quantification of phosphorylated MAPK pathway proteins. D. Signal density
quantification of TGF[ pathway proteins. Modified from Kaiser et al., 2020a.
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6.13 4F3™ 5F2™ and iCdx2™ self-renew in vitro

Important characteristics of stem cells comprise unlimited self-renewal as well as differentiation

along their respective lineage. 4F3™, 5F2™ and iCdx2™ were thus tested for long-term stability
and in vitro differentiation into trophoblast subtypes. First, long-term stability was assessed by
cultivating the clones for about five months up to passage 38 in TX medium. At passage 38,
cells were analyzed for morphology, gene expression and protein levels of known TSC
markers. The three clones remained with distinct TSC morphology (Figure 27 A). Neither cell
proliferation nor level of differentiation altered over the course of time. Also, colonies remained
positive for CDX2, EOMES and TFAP2C (Figure 27 A). Gene expression analyses revealed
high levels of EIf5, Cdx2, Eomes and Tfap2c comparable to levels detected at passage 5
indicating a stable transcription process and showing long-term stability of clones examined
(Figure 27 B).
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Figure 27: Converted clones cultured in TX medium are stable in long-term culture

A. Representative photomicrographs of 4F3™, 5F2™% and iCdx2™ at high passage 38 depicting TSC morphology
in brightfield images. All clones exhibit CDX2, TFAP2C and EOMES positive colonies as revealed by the
immunofluorescence staining. Insets display corresponding Hoechst stainings; Scale bar: 250 ym. B. Endogenous
expression of TSC markers EIf5, Cdx2, Eomes and Tfap2c analyzed in 4F3™%, 5F2™ and iCdx2™ by qRT-PCR at
passage 38. Analyses were obtained from three independent RNA isolations, expression is normalized to
housekeeping genes Gapdh and Pgk1, bars display mean value + SEM. Modified from Kaiser et al., 2020a.
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6.14 4F3™, 5F2™ and iCdx2™ differentiate along the trophoblast lineage in vitro

The in vitro differentiation potential of 4F3™, 5F2™ and iCdx2™ was explored by culturing

clones in differentiation-inducing medium for nine days (Figure 28). This entailed the
withdrawal of growth factors FGF4, heparin and TGFB from culture conditions. On day 3 of
differentiation, TGCs were arising for the first time and increasing in number up to day 9 (Figure
28 A). Every third day, RNA was isolated from differentiating cells in order to assess the
expression of several trophoblast differentiation markers. Markers analyzed comprised Tfap2c,
Hand2, PI1, PI2, PIf1 and Tpbpa — all of which are involved in different stages of differentiation.
TFAP2C becomes upregulated during differentiation while HAND1 is involved in giant cell
differentiation and found in the ectoplacental cone. PL1, PL2 and PLF1 are markers for P-
TGCs while TPBPA is a spongiotrophoblast marker (Simmons et al., 2007). For all clones,
withdrawal of growth factors yielded an upregulation from day O to day 9 for all markers
indicating a proper differentiation to diverse placental subtypes (Figure 28 B). However, the

increase in expression was most profound in 5F2™.
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Figure 28: 4F™X, 5F™ and iCdx2™ differentiate in vitro upon growth factor withdrawal

A. Representative photomicrographs demonstrating morphology of 4F3™, 5F2™ and iCdx2™ undergoing in vitro
differentiation for 0, 3, 6 and 9 days caused by growth factor withdrawal from culture medium. White arrows indicate
trophoblast giant cells. Scale bar: 250 um. B. Analysis of TSC differentiation markers Tfap2c, Hand1, PI1, PI2, PIf1
and Tpbpa in 4F3™%, 5F2™ and iCdx2™ during differentiation using gqRT-PCR. Cells were kept under differentiation
inducing conditions for 3, 6 and 9 days. RNA was obtained from three independent experiments. Expression was
normalized to housekeeping genes Gapdh and Pgk1. Data is represented by mean value + SEM. Modified from
Kaiser et al., 2020a.

6.15 5F2™ cells contribute to placental tissue upon blastocyst injection

While the in vitro data consistently indicated a conversion to bona fide TSC fate in 5F™* clones,
in vivo functionality and multipotency were yet to prove. Even though Cambuli et al. showed
that also incompletely converted TSC-like cells contribute to placental tissue, blastocyst
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injections remain an important tool in TSC research to show a clone’s full potential. Hence, the

2™ cells was assessed next. Clones 5F2™ and 5F3™ at

in vivo differentiation potential of 5F
passage 5 were transduced with the lentiviral vector FUGW which is carrying EGFP driven by
the ubiquitin C promoter. As EGFP intensity differed between colonies, single green
fluorescent colonies were picked. Subclones were expanded until showing a confluent and
homogeneous EGFP positive population followed by a flow cytometric analysis to determine

the amount of EGFP positive cells.

Figure 29: Placenta chimerization of 5F2™ upon blastocyst injection

A. Representative photomicrograph depicting EGFP-positive cells of 5F2™ subclone K. Scale bar: 250 ym. B.
87.4% of the cells of transduced 5F2™ subclone K were detected to be EGFP-positive using flow cytometry. C.
Micrographs depicting manipulated E3.5 blastocysts after injection of EGFP-positive 5F2™ subclone K. Scale bar:
50 um. D. Dissected placenta on day E12.5 after blastocyst injection demonstrating chimerization of 5F27%. Scale
bar: 1mm. E. Associated embryo is not showing integration of EGFP-positive 5F2™-cells. Scale bar: 1mm. Modified
from Kaiser et al., 2020a.
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Based on the amount of EGFP positive cells and stability in culture, 5F2™ subclone K with
87.4% EGFP-positive cells was chosen for blastocyst injections (Figure 29 A and B). Prior to
injection, medium was switched from TX culture to TS medium with 1.5x FGF4 and heparin.
7-10 EGFP-positive 5F2™-TSCs were injected into E3.5 blastocysts (Figure 29 C).
Manipulated blastocysts were transferred into uteri of pseudo-pregnant foster mice. On E12.5,
embryos and placentas were analyzed for contribution of injected cells. EGFP positive cells
could be found in the placental tissue but not in the embryo (Figure 29 D and E). Overall
contribution rate was determined as 18.2% which is in line with contribution rates previously
established.

In summary, clone 5F2™

was extensively analyzed and demonstrated full TSC potential in
terms of morphology, gene expression, methylation status and multipotency in vitro and in vivo.
Therefore, going forward, these 5F™ cells as well as 4F™, 5F' and iCdx2™ were considered

as completely induced TSC.

6.16 TSC fate is not induced by TX medium culture alone

Having conducted the comprehensive molecular analyses described in the previous chapter,
some questions had yet to be addressed. While 4F™ and iCdx2™ clones achieved a full
conversion, 4F™ and iCdx2™ did not. As transgene combination, duration of transgene
induction as well as doxycycline concentration remained constant, the culture medium
represented the decisive factor. TX medium was suggested to mimic the in vivo environment
more closely than standard TS medium (Kubaczka et al., 2014). Also, TX medium was shown
to be strictly selective for bona fide TSCs (Kubaczka et al., 2014). This finding was supported
in this study as control ESCs and incompletely converted cells iTfap2c™, iGata3™, iEomes™
and iEts2™ could not be cultured in TX medium and were lost within two passages. However,
the reason as to why TX medium promotes ESC to TSC conversion still needed to be
investigated.

As other studies could show that altered environmental conditions can affect cell fate
decisions, it was first excluded that withdrawal of LIF and TX culture alone was sufficient to
induce TSC fate in ESCs. Thus, control ESCs were subjected to different TSC culture
conditions (Figure 30). As already shown before, ESCs can be cultivated in TS medium, lose
OCT4 positivity but remain with ESC-like methylation pattern at passage 5. When changing
ES medium to TX medium, ESC control cells cannot be propagated. As the apoptosis
observed in those ESCs could also result from abrupt serum loss, ESCs were switched
gradually from ES to TX medium culture next. To this end, the percentage of TX medium in
ES medium was increased daily from 25% to 50% to 75% until reaching 100% TX culture

medium on day 4. However, also this stepwise medium change led to loss of proliferation,
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increase in differentiation and apoptosis in ESC within two passages past medium change.
Finally, ESC™ at passage 5 were further cultured in TS medium up to passage 12 or switched
gradually to TX medium (ESC™>™) resulting in ESC-like colonies in TS medium but loss of

cells in TX medium (Figure 30).

Passage 5 Passage 12
/ \ self-renewing continuous culture ( @ N\  self-renewing
ESCikecells  inTSmedum > \ ) ESCHike cells
TS Medium TS Medium
Control-ESC S )
/ \ one time switch to ) loss loss
N /) TX medium of cells of cells
TX Medium TX Medium
loss
of cells
TX Medium

Figure 30: TSC culture conditions alone do not result in TSC fate in ESCs

ESC control cells were switched from ES medium to TS or TX medium. Medium switch to TX medium was also
performed stepwise — every day medium was adjusted from 25% TX to 50% TX to 75% TX to finally 100% TX
medium. After both switches to TX medium, cells could not be propagated for more than two passages. Cells
ceased proliferation, differentiated, and underwent apoptosis. In TS medium, cells lost OCT4 positivity but continued
self-renewing and proliferating until passage 5. At passage 5, ESCs were either kept in TS medium until passage
12 or switched stepwise to TX medium again. Cells remained unharmed in TS medium but could not be cultured in
TX medium.

Thus, TSC culture conditions alone did not result in induction of TSC fate in ESC control cells

under the different settings evaluated demonstrating the necessity of transgene induction.

6.17 Additional culture in TX medium induces TSC fate in 4F™S and iCdx2™S

Next, 4F3" and iCdx2™ clones were examined further. Morphological analyses and FACS

analyses showed a homogenous population for both clones. 4F3'™ colonies remained with
ESC-like morphology whereas iCdx2' closely resembled TSC morphology. Correspondingly,
FACS analyses demonstrated that merely 2% of 4F3' cells were double positive for CD40
and PLET1 while 91% of iCdx2'® cells at passage 5 were positive for both markers. Yet, both
clones did not show TSC methylation patterns. Yet again, cells were also negative for OCT4.
Interestingly, even though both clones showed neither distinct ESC nor TSC characteristics,
they continued proliferating in TS medium without undergoing apoptosis. Further analyses,
such as single-cell RNA-sequencing, could help evaluating the state of these cell populations
in depth. Here, in a first attempt, 4F3'™ and iCdx2'® at passage 5 were switched to TX medium

and named 4F3™>™ and iCdx2™>™. As TX was shown to be strictly selective for bona fide

75



Results |

TSCs, these incompletely converted cell clones were assumed not be stable in TX medium.
Unexpectedly, in contrast to ESCs, they did not undergo apoptosis, differentiate or stop
proliferating. Thus, development of these clones in TX medium was monitored further. During
this additional setup, 4F™ and iCdx2' clones were converted and cultured up to passage 5 in
TS medium reaching a stage of incomplete conversion. At this timepoint, clones were switched
gradually from TS to TX medium culture in order to exclude effects of abrupt serum loss on
cell survival, proliferation and differentiation (Figure 31). 4F™ and iCdx2™ control cells were
kept in TS medium. During gradual medium switch from 25% to 100% TX medium, cells were
continuously observed for increased differentiation or apoptosis (Figure 32). This experiment

was performed with cell clones originating from three independent conversion attempts.
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Figure 31: Schematic depicting switch to TX medium for 4FTS and iCdx2'® at passage 5

After culturing 4F3 and iCdx2 clones in TS medium to passage 5 in TS medium, culture medium was switched to
TX medium gradually or cultivation was continued in TS medium for further passages. At passage 12, cells were
again analyzed for cell surface marker levels, gene expression and methylation status of EIf5 promoter in
comparison to clones continuously cultured in TS medium.

Under 75% TX medium culture, differences in morphology became apparent (Figure 32). While

FTS—)TX

iCdx2™ and iCdx2™>™ were not affected by medium change, 4 cells displayed

FTS%TX

increased differentiation. Surprisingly, in 4 clones on day 4 of medium switch, TSC-like

colonies could be detected amidst differentiating areas. Starting from passage 7, clear TSC
colonies were emerging in 4F"S>™ and iCdx2"5>™ clones without the presence of increased

CTS—)TX

differentiation or apoptosis. As described before, ES were lost within two passages.
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Figure 32: Switch of TS to TX culture of 4F™ and iCdx2™S at passage 5

Representative photomicrographs depicting change in morphology upon medium switch in 4F3TS, iCdx2™ and
ESCTS to TX medium at passage 5 in comparison to same clones continuously cultured in TS medium. Scale bar
represents 250 ym.

Next, cells were continuously propagated to passage 12 in TS or TX medium. At passage 12,
4F3™>™ and iCdx2™>™ clones were cultured in TS medium for five passages followed by an
additional cultivation in TX medium. At this time point, obtained clones were re-examined for
colony morphology, levels of cell surface markers CD40 and PLET1, marker expression of
EIf5, Cdx2, Eomes and Tfap2c and methylation status of EIf5 promoter region.
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Figure 33: Analysis of 4FTS and iCdx2'® at passage 12

A. Representative photomicrographs of 4F3, iCdx2 and ESC control cells depicting colony morphology at passage
12 in TS or TX medium. Scale bar represents 250 uym. B. Flow cytometry analysis of CD40 and PLET1 positive
cells in 4F3, iCdx2 and ESC control cells at passage 12. Clones were cultured in either TS or TX medium starting
from 4F3TS, iCdx2™ and ESC™S at passage 5. Flow cytometry analysis was performed with samples from three
independent experiments. Percentages indicate CD40 and PLET1 positive cells within the gate. C. gRT-PCR
analysis of endogenous expression of TSC marker EIf5, Cdx2, Eomes and Tfap2c for 4F3, iCdx2 and ESC control
cells at passage 12 in comparison to TSC control cells. Clones were cultured in either TS or TX medium starting
from 4F3TS, iCdx2™S and ESC™® at passage 5. RNA was obtained from three independent experiments. Expression
is normalized to housekeeping genes Gapdh and Pgk1. Bars display mean value + SEM. Significance was
determined by unpaired f-test and indicated with **p < 0.01. D. EIf5 promoter methylation status of 4F3, iCdx2 and
ESC control cells at passage 12 cultivated in either TS or TX medium starting from 4F37S, iCdx2™ and ESC™® at
passage 5. Filled circles represent methylated CpGs, open circles depict unmethylated CpGs. Representative six
sequencing reads are presented in this figure.
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After being cultured in TS medium for 12 passages past transgene induction, 4F3™ still
remained with an ESC-resembling morphology (Figure 33 A). However, colonies appeared
decomposed and were characterized by decreased proliferation. Interestingly, 4F37S>™%
showed clear TSC morphology, as did iCdx2™ and iCdx2™>™ clones. ESC'® retained typical
ESC morphology. As described before, ESC™>™ could not be propagated up to passage 12
(Figure 33 A). Cell surface protein levels of CD40 and PLET1 levels were low in 4F3™ (Figure
33 B). While iCdx2™ showed higher percentage of CD40 and PLET1 positive cells, only
4F3TS>™ and iCdx2"S>™ exhibited levels of more than 90% of CD40 and PLET1 positive cells,
indicating TSC-like cell surface protein levels. EIf5 expression was significantly higher in clones
cultured in TX medium than in clones cultured in TS medium (Figure 33 C). 4F3™>™ and
iCdx2"S>™* EIf5 expression was equivalent to bona fide TSCs. Also, Cdx2, Eomes and Tfap2c
expression was higher in clones switched to TX medium than of respective clones continuously
cultured in TS medium. Tfap2c levels reached TSC wildtype levels for both clones in TX
medium. Analysis of the EIf5 promoter methylation at passage 12 revealed that 4F3'
remained with ESC methylation pattern (Figure 33 D). Interestingly, iCdx2™ demonstrated an
intermediate state of methylation pattern which was neither hypo- nor hypermethylated.
4F3™5>™ and iCdx2™>™, however, showed clear demethylation of the differentially methylated

region indicating a complete conversion at passage 12.
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Figure 34: Summary of successful ESC to TSC conversion approaches of this study

A. 5F-ESC convert to bona fide iTSC after three days of transgene induction under both culture conditions. B. 4F-
ESC and iCdx2-ESC convert to iTSC after three days of transgene induction and culture in TX medium only. When
culturing 4F-ESC and iCdx2-ESC for 5 passages after three-day transgene induction in TS medium followed by
additional passages in TX medium, these clones also indicated a complete conversion to TSC fate.

In conclusion, 4F3™ and iCdx2"™ clones seem to harbor the potential to fully convert to TSC
fate (Figure 34). However, under environmental conditions created by standard TS medium

this potential had not been fully tapped. In TX culture only, these clones convert completely.

Parts of this chapter have been published in:

Franziska Kaiser, Caroline Kubaczka, Monika Graf, Nina Langer, Jan Langkabel, Lena
Arévalo, and Hubert Schorle. “Choice of Factors and Medium Impinge on Success of ESC to
TSC Conversion.” Placenta 90, 2020.
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As presented in the previous chapter, murine ESC to TSC conversion was now intensively
analyzed. In the human system, however, theoretical knowledge and culture experience of
hTSCs remains limited. Only recently, the first stable hTSC lines were derived which self-
renewed in vitro and fulfilled most established hTSC criteria such as expression of GATAS3,
demethylation of the ELF5 promoter and in vitro differentiation into EVT- and STB-like cells
(Lee et al., 2016; Okae et al., 2018). While TFAP2C expression was demonstrated, presence
of TFAP2C protein was not detected. Moreover, all obtained lines remained CDX2 negative
(Okae et al., 2018). In contrast to murine TSC cultivation, the newly developed human culture
medium relies on inhibition of TGFB pathway, activation of the Wnt signaling and
supplementation of epidermal growth factor (EGF). A similar growth medium was used by two
groups establishing organoid based hTSC culture (Haider et al., 2018; Turco et al., 2018). In
terms of conversion to the human trophoblast fate, it was repeatedly shown that exposure to
BMP4 results in induction of hTSC fate in hiPSC cells (Amita et al., 2013; Dong et al., 2020;
Horii et al., 2020). However, it was not established yet, if overexpression of hTSC specific
transcription factors yields TSC fate in hiPSCs as well. Hence, the second part of this thesis
aimed at further examining published hTSC lines and providing preliminary data on elucidating
the conversion from hiPSCs to hTSCs.

7.1 Characterization of human TSCs

In the aforementioned study, human TSCs were derived from human blastocysts or
cytotrophoblast of the first trimester (Okae et al., 2018). Three cytotrophoblast (CT) and three
blastocyst (bTS) cell lines were received from the authors for the following experiments. First,
cell lines CT27 at passage 11 and bTS4 at passage 14 were taken into culture and expanded
according to the published procedure (Okae et al., 2018). Colony morphology of both lines
displayed a monolayer of epithelial-like cells (Figure 35 A). After several passages, qRT-PCR
analysis and immunofluorescence staining were conducted to assess CT27 cells for
expression of previously described hTSC marker. Gene expression analyses showed that
CT27 expressed KRT7, HCG and low levels of GATA3 (Figure 35 B). TFAP2C and GATAS3
were detectable in CT27 colonies, however, CDX2, EOMES and ETS2 could not be detected
(Figure 35 C).
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Figure 35: Characterization of hTSC lines

A. Brightfield images depicting colony morphology of hTSC lines CT27 and bTS4 cultured in hTSC medium. Scale
bar: 250 um. B. gRT-PCR analysis of expression of CDX2, ELF5, EOMES, TFAP2C, GATA3, KRT7 and HCG in
CT27 at p13. C. Immunofluorescence staining of CT27 at p14 against TFAP2C, GATA3, CDX2, EOMES and ETS2.
Insets display corresponding Hoechst stainings; scale bar: 250 pym.

7.2 Candidate transcription factors for hiPSC to hTSC conversion approaches

First, suitable candidate genes for induction of human TSC fate were selected. These were
supposed to include CDX2 as well as GATA3, EOMES, TFAP2C and ETS2 (GETE) factors
which proved successful in murine ESC to TSC conversion (Kubaczka et al., 2015). It was also
reported that the so-called “TEtra" factors comprising TFAP2A, TFAP2C, GATA2 and GATA3
are of importance in initiating the hTSC transcription factor network in human pluripotent stem
cells (Krendl et al., 2017). Additionally, TEAD4 was repeatedly demonstrated to play an
important role in human trophoblast development (Home et al., 2012; Lee et al., 2016; Okae
et al., 2018). Thus, first analyses were conducted with the following eight hTSC transcription
factors: TFAP2A, TFAP2C, GATA2, GATA3, EOMES, CDX2, TEAD4 and ETS2.

After choosing adequate transcription factors, their cDNA was cloned into the lentiviral vector
pLV-tetO for subsequent transduction of hiPSCs. To this end, plasmid pLV-tetO-Oct4
(Addgene: #19766) was obtained and linearized by excision of Oct4 cDNA using EcoRI digest.

The origin of transcription factor cDNAs varied and three different cloning strategies were
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applied including sticky-end ligation, blunt-end ligation and integration of PCR products via TA
cloning. In short, coding sequence of hGATA2 was obtained from pcDNA plasmid (Addgene:
#1287) and coding sequence of hEOMES was commercially synthesized and integrated in
PUC57_Bsal_Free/pBlueScript Il SK(+) by General Biosystems (Morrisville, USA). In their
respective vector of origin, cONAs were flanked by two EcoRI restriction sites. Thus, cDNA
was separated from vector backbone by preparative digest using EcoRI and subsequently
inserted into the target vector pLV-tetO using its sole EcoRlI site. TFAP2C cDNA was obtained
from plasmid pCMX_PL2 provided by Prof. Dr. Anja Bolerhoff (Institute of Biochemistry and
Molecular Medicine, FAU, Erlangen-Nurnberg). Coding sequence of TFAP2C was released
from the vector by EcoRV digest yielding blunt ends. CDX2 cDNA was isolated from CMV-
CDX2-WT (Addgene: #16553) by double digest with restriction enzymes Sall and Xbal.
Obtained fragments and linearized pLV-tetO backbone were treated with Klenow fragment to
prepare ends for blunt cloning. Using T4 ligase, TFAP2C cDNA as well as CDX2 cDNA were
inserted into the pLV-tetO vector. Finally, ETS2 is expressed in human peripheral blood
monocytes (PBMC), the MCF-7 cell line expresses TFAP2A and TEAD4 is found in the
2102EP cell line. Therefore, cDNA from these three cell types was used to generate cDNA of
ETS2, TFAP2A and TEAD4 by PCR. GATA3 was amplified from plasmid pENTR/Dtopo Ty1-
TEV-GATA3. Amplified coding sequences were ligated into pCR2.1 vector via TA cloning.
Inserts in pCR2.1 were flanked by EcoRI restriction sites which were used to isolate cDNAs
by restriction digest and for subsequent ligation into the pLV-tetO backbone. Dominik Nitsche
performed generation of tetO-TFAP2A and tetO-TEAD4 as well as identification of the right
clone for tetO-TFAP2C, tetO-GATA2, tetO-GATAS by applying test digests. Restriction digest
of eight obtained pLV-tetO vectors using EcoRI showed successful insertion of all candidate
cDNAs into the vector (Figure 36). Next, all vectors were verified by Sanger sequencing to

ensure that no mutations had been introduced in the coding sequence throughout amplification

and cloning steps. Further, correct orientation of insert was confirmed.
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Figure 36: Human candidate transcription
factor cDNA integrated into pLV-tetO
vectors

Photograph depicting restriction digest of pLV-
tetO vectors and integrated cDNA of TFAP2C,
TFAP2A, GATA2, GATA3, CDX2, TEAD4,
EOMES and ETS2 using EcoRI. As coding
sequence of TFAP2C itself contains an EcoRI
restriction site, three fragments were obtained.
1kb DNA ladder was used as reference.
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Second generation lentivirus production was performed in 293T HEK cells using transfer vector
pLV-tetO as well as a helper (psPAX2) and an envelope plasmid (pMD2.G). Completed virus
particles were harvested in the supernatant on two subsequent days. Obtained lentiviruses
were first tested on murine R26::M2-rtTA MEFs to verify efficient protein synthesis of
transgenic transcription factors. These rtTA-MEFs carry the rtTA cDNA integrated in the
ROSA26 locus, expression thereof is driven by endogenous ROSA26 promoter. Dose-
dependent transduction was tested in order to establish the appropriate volume for sufficient
transgenic protein levels after 24 hours of transgene induction. Therefore, 50 ul, 100 ul and
150 pl of virus solution were applied as exemplarily shown by pLV-tetO-GATA3 transduction
(Figure 37). Cells were cultured in MEF medium and transgene expression induced by
doxycycline administration. Higher virus concentration was associated with higher levels of
GATAS positive cells whereas transduced cells without doxycycline administration remained
without detectable GATA3. As addition of 50 pl virus containing supernatant yielded overall

increased GATAZ3 levels, this volume was implemented for further investigations.

5041 100l

Figure 37: Transduction of rtTA MEFs
with a lentiviral vector encoding for
hGATA3

R26::M2-rtTA MEFs were transduced
with pLV-tetO-GATA3 lentiviruses and
cultured with doxycycline for 24 hours.
Corresponding photomicrographs depict
detection of GATA3 in comparison to no
doxycycline control cells. Insets display
corresponding Hoechst stainings; scale
bar: 250 pm.

+ dox

- dox

Next, the presence of remaining transgenic proteins was verified after 24 hours of transgene
induction, here shown for R26::M2-rtTA MEFs transduced with 50 pl harvested virus
supernatant (Figure 38). GATA2, ETS2 and CDX2 levels remained low after transduction and
could not be increased by higher volumes of virus containing medium. Also, repeated lentivirus
production of pLV-tetO-GATA2 and pLV-tetO-CDX2 showed a similar result. In the future,
prolonged doxycycline administration could be tested as well as different antibodies to increase

presence and detection of respective proteins.
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Figure 38: Transgenic protein levels after 24 hours of transgene induction

Immunofluorescence staining against TFAP2C, TFAP2A, GATA3, GATA2, TEAD4, EOMES, ETS2 and CDX2 after
transduction of R26::M2-rtTA MEFs with lentiviral vectors pLV-tetO-TFAP2C, pLV-tetO-TFAP2A, pLV-tetO-GATAS,
pLV-tetO-GATA2, pLV-tetO-TEAD4, pLV-tetO-EOMES, pLV-tetO-ETS2 or pLV-tetO-CDX2 and doxycycline
mediated transgene induction for 24 hours. Insets display corresponding Hoechst stainings. Scale bar: 250 pm.

7.3 Transduction of hiPSCs with viral vectors encoding for hTSC transcription factors

Next, hiPSCs were transduced overnight with six different combinations of generated lentiviral
vectors (Table 32). The hiPSC iLB-C-14ms11 cell line which was reprogrammed from somatic
cells using Sendai virus vectors, was received from Dr. Michael Peitz (LIFE & BRAIN Center,
Bonn) and served as the starting cell population for the following investigations. Each approach
was conducted with 50 pl lentiviral solution of each transgene in combination with a lentiviral

vector encoding for rtTA and in the presence of polybrene (5 pug/ml).
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Table 32: First-time establishment of transgenic hiPSC lines

Clone Transgenes
iTFAP2C tetO-TFAP2C
iCDX2 tetO-CDX2

tetO-TFAP2A, tetO-TFAP2C,

ITETRA tetO-GATA2, tetO-GATA3
GETE tetO-GATA3, tetO-EOMES,
tetO-TEAP2C, tetO-ETS2
GETT tetO-GATA3, tetO-EOMES,
tetO-TEAP2C, tetO-TEADA4
tetO-TEAP2A. tetO-TFAP2C,
- tetO-GATA2, tetO-GATA3,

tetO-EOMES, tetO-TEAD4,
tetO-ETS2

24 hours after transduction of hiPSCs and prior to transgene induction, colonies remained with
unchanged hiPSC-like morphology as well as unaltered amount of differentiation and
apoptosis indicating that respective virus load was tolerated by cells (Figure 39).

[ iTFAP2C iCDX2 iTETRA iGETE iGETT i7F

Figure 39: Morphology of transduced hiPSCs prior to transgene induction

Representative photomicrographs of different transgenic hiPSC lines 24 hours past transduction. hiPSCs were
transduced with lentiviral vectors encoding for (1) TFAP2C, (2) CDX2, (3) TFAP2A, TFAP2C, GATA2, GATAS (4)
GATA3, EOMES, TFAP2C, ETS2 (5) GATA3, EOMES, TFAP2C, TEAD4 and (6) TFAP2A, TFAP2C, GATAZ2,
GATAS3, EOMES, TEAD4 and ETS2. Scale bar represents 250 ym.

Past transduction, cells were expanded in hiPSC medium in preparation for transgene
induction. Then, cell culture medium was changed to hTSC medium published by Okae et al.
and supplemented with doxycycline (2 ug/ul) for 30 days (Okae et al., 2018). Analyses were
performed after 10 days, 20 days and 30 days of doxycycline mediated transgene induction.

7.4 iPSC transduction results in initial hnTSC fate induction in iTETRA clones

After 10 days of doxycycline mediated activation of transgenes, iTETRA clones showed

formation of colony-like structures due to transgene activation. No morphological differences
were detectable for iCDX2, iTFAP2C, iGETE, iGETT and i7F in comparison to clones cultured
without doxycycline (Figure 40 A). However, distinct iPSC colony formation was lost.
Interestingly, proliferation rate seemed to be increased in cells cultivated with doxycycline
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administration. RNA expression analyses revealed that iTETRA clones showed slight increase
in levels of CDX2, TFAP2C, GATA3, HCG and KRT7 in comparison to respective clone
cultivated without doxycycline (Figure 40 B). However, all transcript levels remained very low,
therefore, no interpretation of data on day 10 was not possible. For technical reasons, iCDX2
had to be excluded from transcript analyses.
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Figure 40: Morphological and molecular analyses
after ten days of transgene induction

A. Representative photomicrographs of different
transgenic hiPSC lines after ten days of doxycycline
administration and culture in hTSC medium in
comparison to clones cultured without doxycycline.
Scale bar represents 250 ym. B. qRT-PCR analysis of
expression of TSC marker CDX2, TFAP2C, GATAS,
EOMES, HCG and KRT7in iTFAP2C, iTETRA, iGETE,
iGETT and i7F on day 10 of doxycycline supplemented
culture in comparison to no doxycycline control. RNA
was obtained from one single experiment. Expression
is normalized to housekeeping gene GAPDH.

iGETT

i7F

All clones were further explored for protein levels of hnTSC markers GATA3, TFAP2C, EOMES,
ETS2 and CDX2 on day 10. Interestingly, iTETRA showed presence of few GATA3, TFAP2C
and CDX2 positive colonies (Figure 41 A). Moreover, as mentioned before, morphological
analyses of iTETRA revealed formation of distinct colonies in a confluent cell layer (Figure
41 B). These defined colonies coincide with GATA3-, TFAP2C- and CDX2-positive cells and
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are further characterized by a widespread organization of cell nuclei in comparison to

surrounding cells as depicted in Hoechst staining of analyzed colonies.

Figure 41: iTETRA colonies are GATA3, TFAP2C and CDX2 positive on day 10

A.-C. Immunofluorescence staining against GATA3 (A.), TFAP2C (B.) and CDX2 (C.) in iTETRA clones after ten
days of transgene induction. Scale bar represents 250 ym. D. Representative brightfield photomicrographs of
iTETRA clone after ten days of doxycycline administration. Scale bar represents 250 pm.

Under constant doxycycline supplementation, transgenic clones were further cultured up to
day 20 and day 30. Continuous passaging resulted in formation of distinct colonies for
remaining clones as well. However, this development remained most pronounced in iTETRA
clones (Figure 42 A). On day 30, expression of CDX2, TFAP2C, GATA3, EOMES, HCG and
KRT7 was again analyzed in comparison to levels of wildtype hTSC line CT27 (Figure 42 B).
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Figure 42: iTETRA show increased levels of hTSC
markers on day 30

A. Representative photomicrographs of different
transgenic hiPSC lines after 20 and 30 days of
doxycycline administration and culture in hTSC
medium. Scale bar represents 250 ym. B. gqRT-PCR
analysis of expression of TSC marker CDX2, TFAP2C,
GATA3, EOMES, HCG and KRT7 in iTFAP2C,
iTETRA, iGETE, iGETT and i7F on day 30 of
doxycycline supplemented culture in comparison to
wildtype CT27 hTSC. RNA was obtained from one
single experiment. Expression is normalized to
housekeeping gene GAPDH.

iGETT

i7F

Due to limited data available, interpretation of transcript levels was difficult. Shortly, TFAP2C,
GATA3, HCG and KRT7 expression was highest in iTETRA clones in comparison to remaining
transgenic clones but only low levels of CDX2 and EOMES were detected in iTETRA.
Surprisingly, with further passaging, iTETRA clones showed selection for distinct structures
observed on day 10. On day 30, only colonies highly resembling hTSC colonies remained in
culture (Figure 43 A).
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Figure 43: iTETRA show hTSC morphology on day 30

A. Brightfield images of iTETRA clone on day 30 in comparison to wildtype hTSC line CT27. Scale bar represents
250 pm. B. Immunofluorescence staining against GATA3, TFAP2C, EOMES and CDX2 in iTETRA clones on day
30 showing positive colonies for all proteins investigated. Insets display corresponding Hoechst stainings. Scale
bar represents 250 pm.

These colonies were found to be GATA3, TFAP2C, EOMES and CDX2 positive. While most
of the colonies were GATAS3 positive, only 5% of all the colonies analyzed showed CDX2
positive cells indicating an induction of hTSC fate in these colonies (Figure 43 B; Table 33).
Moreover, representative micrographs in Figure 43 shows a colony that is both EOMES and
CDX2 positive.

Table 33: Percentage of colonies positive for GATA3, EOMES, TFAP2C and CDX2
Percentage of all colonies

GATA3 positive colonies 80%
EOMES positive colonies 30%
TFAP2C positive colonies 30%
CDX2 positive colonies 5%

Furthermore, also clones iTFAP2C, iGETE and iGETT clones stained positive for GATA3 on
day 30, however, not for other hTSC markers (Figure 44). Overall, the GATA3 positivity in

these clones was reduced in comparison to iTETRA clones.
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Figure 44: GATAS3 positive colonies detected in iTFAP2C, iGETE and iGETT on day 30
Immunofluorescence staining against GATA3 in iTFAP2C, iGETE and iGETT clones on day 30 showing few
GATAS3-positive colonies. Insets display corresponding Hoechst stainings. Scale bar represents 250 pm.

Albeit limited in number of samples examined and scope of analyses conducted, this data
suggests that an induction of hTSC fate in hiPSCs is indeed possible by overexpressing hTSC
specific transcription factors. In this approach, combination of TFAP2A, TFAP2C, GATA2 and
GATAS3 proved most promising. Further experiments will show whether a full conversion can
be achieved. Therefore, single colonies should be picked and extensively analyzed. Also,

length of transgene induction and further transgene combination could be investigated.
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Previously established data showed that the KIT®'®V autoactivating mutation resulted in an
aberrant placental phenotype characterized by reduced proliferation resulting in severe growth
retardation of the embryo (Kaiser et al., 2020b). The placental structure was immensely
affected — demonstrated by a decreased labyrinth and spongiotrophoblast layer. Further, an
excessive and premature differentiation into P-TGC subtypes was detected while other TGC-
subtypes remained underrepresented (Kaiser et al., 2020b). TGCs possess various functions
essential for correct placental development. Among others, these comprise secretion of
placental hormones and proteins, attaching the blastocyst to the uterine wall and connecting
maternal and fetal blood flow. To this end, TGCs are required to invade into the uterine wall
(Simmons and Cross, 2005; Simmons et al., 2007). In order to assess the KITP?'® effect on
TGC capabilities more closely, it was tested whether KITP®'V-TSCs demonstrate altered

invasiveness and skewed differentiation in comparison to control TSCs.

8.1 Establishment of a TGC invasion assay

In a first step, an assay was established to investigate the invasive capacity of TGCs. A
previous study applied the Boyden chamber for such approaches (Hemberger et al., 2004).
Here, the authors monitored trophoblast migration and invasion through a Matrigel covered
filter membrane of the Transwell insert. Cells adherent to the bottom side of the filter were
stained using hematoxylin and the membrane was mounted onto microscope slides
(Hemberger et al., 2004). While the experimental setup was easy to handle, the evaluation of
this technique was challenging as visualization of invaded cells with hematoxylin did not yield
clearly distinguishable cells and identification and quantification of TGCs remained difficult.
Therefore, a protocol commonly used for cancer cells was adapted for TGC invasion assay
approaches (Esser et al., 2022). Here, FluoroBlok Cell Culture Inserts were implemented
which allow for DAPI or Hoechst staining of the migrated cells’ nuclei. Interestingly, it was
shown that cell densities and Matrigel concentration were crucial to the outcome of the invasion
assay (Hemberger et al., 2004). Increased invasive capacity was observed for lower cell
concentrations. Further, non-TGCs did not migrate through thick Matrigel layer, therefore,
higher Matrigel concentration could serve as a preselection for TGCs (Hemberger et al., 2004).
Thus, experimental conditions were adjusted by performing dilution series for the number of
cells seeded onto the filter membrane and for Matrigel concentrations. Similarly, the duration
of differentiation and invasion was customized. Final, optimized TGC invasion experiments
were then performed by coating filter membranes of inserts with 0.8 mg/ml Matrigel which was
dried at 37°C for two hours first, then overnight at RT (Figure 45 A). On the next day, Matrigel
was rehydrated using supplemented RPMI. KITP®'8V-TSCs and control TSCs were harvested,

and 2*10* cells were seeded per well. Cells were kept under differentiating conditions for five
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days (Figure 45 B). The lower chamber was filled with TS medium without CM, FGF4 or
heparin and changed every day. On day 5, Matrigel in upper chamber and medium in lower
chamber were discarded. Filter inserts were fixed and stained with Hoechst in methanol for 10
minutes (Figure 45 C). First attempts with TSC control cells yielded a clear visualization of
invaded cells on the filter membrane after five days of growth factor removal. The stained
nuclei strongly resembled TGC nuclei in structure and size indicating a successful identification

of invasive TGC.

Transwell

Chamber Dehydrated

Matrigel

100 pl Matrigel
(0.8 mg/ul)
in PBS

2h37°C
Upper —_—) —_—
Chamber RT ON
Lower Chamber
Rehydrated 2*10% cells
Matrigel with seeded
TS Medium
5 days
— —=ry
TS Medium 800 pl
Filter washed Addition of
with PBS Hoechst in
Methanol
| 10 min

Figure 45: Schematic depicting invasion assay for TGCs

A. FluoroBlok Cell Culture Inserts were placed into 24 well plates. Filter membranes of inserts were coated with
100 pl of Matrigel diluted in PBS (0.8 mg/ml). Matrigel layer was dried at 37°C for two hours followed by incubation
at RT overnight. B. Matrigel layer was rehydrated with supplemented RPMI medium. 2*10* cells were seeded into
the upper chamber and the lower chamber was filled with TS medium without CM, FGF4 and heparin. Cells were
kept under differentiating conditions for five days to allow for migration and invasion. C. Next, the Matrigel layer and
the medium in the lower chamber were discarded and filters were washed with PBS. Hoechst diluted in methanol
was then added to the lower chamber to fix and stain cells’ nuclei. Detection of TGC nuclei was carried out by
fluorescence microscopy. Schematic depiction adapted from Konig and Runge, 2021.

8.2 KITP®'®V.TGCs are significantly more invasive than wildtype TGCs

The invasive capability of KITP®'V-TGCs was assessed in comparison to wildtype (WT)-TGCs.
After five days of culture under differentiation inducing conditions, invaded TGCs were

detected by fluorescence microscopy and quantified per filter. Interestingly, the KITP8'®V-TSC
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line showed significantly more invaded cells in comparison to the wildtype TSC line (Figure 46
A and B).
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Figure 46: KITP818V.TGCs are significantly more invasive than control TGCs

A. Representative photomicrographs of nuclei of TGCs that invaded through Matrigel covered filter membrane due
to five-day culture under differentiating conditions. Nuclei were stained by Hoechst and are indicated by white
arrows. Scale bar represents 250 pm. B. Quantification of TGCs that invaded through the membrane per filter in
KITP816V.TSC line and WT-TSC line. Data was obtained in two independent experiments and is represented by
mean value + SEM. Significance was determined by unpaired t-test and indicated with *p<0.05. C. qRT- PCR
analysis of endogenous expression of Tpbpa, Ctsq, Gjb3, Pcdh12, Tfap2c, Mash2 and Hand1 in KITP316V.-TSC line
#4 and WT-TSC line 2.1 D. gRT- PCR analysis of endogenous expression of Gata2 in KITP8'8V-TSC line #4 and
WT-TSC line 2.1. RNA was obtained from three independent replicates at dO in an undifferentiated state and after
six days after culture under differentiation conditions. Expression was normalized to the housekeeping gene Gapdh;
data is represented by mean value + SEM; Significance was determined by unpaired t-test and indicated with *p <
0.05 and **p < 0.01. In vitro differentiation of TSCs and gRT-PCR were performed by Jan Langkabel. Modified from
Kaiser et al., 2020b.

Next, markers Tpbpa, Ctsq, Gjb3, Pcdh12, Tfap2c and Hand1 were investigated for their in

vitro expression in KITP®'®V-TSCs after six days of differentiation. To this end, CM and growth
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factors were withdrawn from culture medium and KITP8'®V-TSCs and wildtype TSCs were kept
under differentiating conditions for six days. Upon growth factor withdrawal,
spongiotrophoblast marker Tpbpa, labyrinth and S-TGC marker Ctsq and GlyT marker Gjb3
and Pcdh12 were downregulated in KITP2'®V-TSCs in comparison to wildtype TSCs (Figure 46
C). These findings were also confirmed by in vivo analyses which demonstrated increased
levels of P-TGC markers as well as decreased levels of S-TGC, C-TGC and SpA-TGC markers
in KITP#"®_placentas (Kaiser et al., 2020b). Differentiation marker Hand1 which is expressed
in the ectoplacental cone and mediates TGC differentiation was also significantly upregulated
in KITP8'®V.TSCs after six days of differentiation. Interestingly, both Hand? and TSC
differentiation marker Tfap2c were already increased under stem cell culture conditions in

KITP#18V_TSCs, indicating premature differentiation in KITP®'®V placentas. As KITP8%Y

was
shown to increase GataZ2 expression in the hematopoietic system, Gata2 was analyzed next
in KITP®"®V.TSCs undergoing differentiation (Haas et al., 2015; Zeuner et al., 2011). After six
days of growth factor withdrawal, KITP2'®V-TSCs demonstrated a significant increase in Gata2
expression which remained unaltered in wildtype TSC (Figure 46 D). Also, GataZ2 levels were
higher in KITP®"®V-TSCs than in wildtype TSCs on day 6. Taken together, these analyses
suggest a premature differentiation in KITP2'%V-TSCs which favors differentiation to P-TGCs at
the expense of other TGC subtypes and leads to earlier and increased gain of invasive

capacity, thereby yielding a higher number of invasive cells.

Parts of this chapter have been published in:

Franziska Kaiser, Julia Hartweg, Selina Jansky, Natalie Pelusi, Carolina Kubaczka, Neha
Sharma, Dominik Nitsche, Jan Langkabel and Hubert Schorle. “Persistent human KIT receptor
signaling disposes murine placenta to premature differentiation resulting in severely disrupted

placental structure and functionality.” International Journal of Molecular Sciences 21, 2020.
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9 Discussion |

9.1 TX medium promotes ESC to TSC conversion

This part of the study set out to shed light on the first lineage decision in mammalian
development by achieving complete conversion from murine ESC to TSC fate. In vivo,
trophectoderm and epiblast are strictly separated by distinct transcription factor circuits and
maintenance of an epigenetic barrier (Cockburn and Rossant, 2010; Hemberger et al., 2009;
Rugg-Gunn et al., 2010; Senner et al., 2012). Previous studies could show that TSC-like cells
can be obtained by individually overexpressing Tfap2c, Gata3 or Cdx2 (Kuckenberg et al.,
2010; Niwa et al., 2005; Ralston et al., 2010). However, it was also reported that TSC-like cells
retain an epigenetic memory of ESCs when e.g. overexpressing Cdx2 or activating the MAPK
pathway (Cambuli et al., 2014). Therefore, this study investigated the combination of TSC
transcription factor activation required for ESC to TSC conversion, while at the same time
examining the optimal culture conditions for this approach. Different culture media are
commonly used for murine TSC culture. First, the conventional serum containing TS medium
was developed which requires to be conditioned by fibroblasts (Tanaka et al., 1998). Then two
chemically defined media compositions that forgo serum and vyield homogenous,
undifferentiated TSC colonies were introduced (Kubaczka et al., 2014; Ohinata and
Tsukiyama, 2014).

Here, it was shown that a three-day overexpression of five factors Tfap2c, Eomes, Gata3, Ets2
and Cdx2 is sufficient to induce bona fide TSC fate in ESCs independent of culture medium.
Interestingly, induction of 4F (Tfap2c, Eomes, Gata3 and Ets2) or iCdx2 resulted in TSC fate
only when clones were cultured in the chemically defined TX medium, indicating the
importance of culture conditions in combination with transgene induction (Figure 47). Factors
supplied with the TX medium are able to substitute for either four factors in the case of iCdx2
or for CDX2 in the case of 4F clones. The iTSC clones could be stably propagated for more
than four months and presented with high levels of TSC specific cell surface markers and
expression of TSC markers which was comparable to wildtype TSCs. Importantly, in all
aforementioned approaches, the epigenetic barrier was overcome. Moreover, 5F2™-TSCs
showed in vivo functionality as they contributed to placental chimerization upon blastocyst
injection. As reported by Cambuli et al., iCdx2" clones showed upregulation of TSC markers
but the EIf5 promoter remained methylated (Cambuli et al., 2014). Similarly, 4F™ clones did
not result in a conversion to iTSCs which confirmed previously published results (Kubaczka et
al., 2015). Single factor lines iTfap2c, iGata3, iEomes and iEts2 did not achieve induction of
TSC fate in both culture conditions: ESC methylation pattern was retained, and clones

exhibited only low levels of TSC marker.
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In the course of the study, the established clones were first verified for the presence of
transgenes. Genotyping showed proper integration of transgenes in the genome and
doxycycline administration induced transgene expression and protein transcription in clones
after three days. Strikingly, transgene expression was higher in clones cultured in TX medium
than in clones cultured in TS medium. This might be due to a technical problem since serum
proteins included in TS medium were shown to bind small molecules such as doxycycline, thus
a decreased number of molecules might be available for binding to transactivator rtTA (Riond
and Riviere, 1989; Schmidt et al., 2008). TX medium on the other hand might result in higher
concentrations of free doxycycline molecules and unimpaired binding, therefore reaching
transgene expression levels required for successful ESC to TSC conversion. Analysis of
transgene expression also showed that levels varied between the different 4F clones. Clone
4F3 showed lower transgene expression of Eomes, Gata3 and Ets2 but higher Tfap2c
expression than 4F1 and 4F2 in both media conditions. Within the 5F clones, 5F2™ showed
the highest transgene expression of all factors. While Tfap2c was introduced into Col1A1
locus, the remaining factors were delivered into the genome by lentiviral transduction thereby
being random in site and number of integrations. Further variations might result from
methylation-induced transgene silencing which was shown to occur with transgenes delivered
by lentiviral vectors albeit less frequently than following simple retrovirus transduction (Pfeifer
et al., 2002; Wen et al., 2021).

After successful validation of ESC clones, transgenes were induced for three days in clones
cultured in TS or TX medium, respectively. Interestingly, endogenous expression on day 3

depended directly on levels of transgene expression as 4F3 showed less CD40+/PLET1+ cells
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and lower levels of EIf5, Cdx2, Eomes but not of Tfap2c than 4F1 and 4F2. As TFAP2C was
shown to exhibit a self-reinforcing capacity, presence of transgenic Tfap2c resulted in high
levels of endogenous Tfap2c expression (Kidder and Palmer, 2010). Similarly, high expression
of all transgenes in 5F2™ yielded the highest expression of EIf5 on day 3. Still, TSC marker
expression and protein levels were significantly lower compared to bona fide TSCs in all
clones. With propagation from day 3 to passage 5, an increase in levels of CD40 and PLET1
as well as rising expression levels of EIf5, Cdx2, Eomes and Tfap2c were observed. This
indicates a continuous conversion process independent of transgene induction. The
reprogramming process from somatic cells to iPSCs is separated into three phases termed
initiation, maturation and stabilization (Hawkins et al., 2014; Samavarchi-Tehrani et al., 2010).
In our approach, three days of transgene induction represent the initiation stage of cell fate
conversion which is followed by maturation with ongoing cultivation. Continuous passaging of
clones resulted in stabilization of TSC fate at passage 5 which was then confirmed by

methylation analyses.

In contrast to 5F clones, 4F and iCxd2 clones achieve a full conversion in TX medium only.
These results are in line with two other publications. Cambuli et al. showed that Cdx2
overexpression in ESCs cultured in TS medium yields only TSC-like cells with a methylation
pattern reminiscent of ESCs while Wei et al. demonstrated a complete conversion by
CRISPR/Cas9 mediated activation of Cdx2 in TX medium (Cambuli et al., 2014; Wei et al.,
2016). Besides implementing different methods for Cdx2 induction, these two studies also
differ in the culture medium used. There are two distinct qualities of TX medium presumably
supporting the conversion. Firstly, TX medium was shown to be strictly selective for
undifferentiated TSCs (Kubaczka et al., 2014). The extent of spontaneous differentiation was
demonstrated to be reduced in TX medium due to cells eventually undergoing apoptosis upon
differentiation (Kubaczka et al., 2014). Thus, TX medium yields a homogenous TSC population
which is equivalent to E7.5 trophoblast (Kubaczka et al., 2014). As a result, ESC control cells
and incompletely converted cells developing from single factor lines iTfap2c, iEomes, iGata3
and iEts2 could not be propagated in TX medium. Secondly, TX medium was reported to mimic
the in vivo environment more closely than TS medium (Kubaczka et al., 2014). In this context,
Cambuli et al. could show that blastocyst injections of incompletely converted TSC-like cells
yielded chimeric placentas anyway (Cambuli et al., 2014). The authors propose that a
completion of conversion occurs due to factors present in the in vivo environment (Cambuli et
al., 2014; Lu et al., 2008). TX medium could be exhibiting a similar promoting effect on cells
converting from ESC to TSC fate. However, it is important to note that TX medium alone is not
sufficient to cause TSC fate induction in ESCs. Withdrawal of LIF and switch to TX medium

resulted in ESCs undergoing apoptosis even when performing the medium change gradually
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or after intermediate culture in TS medium. Therefore, the necessity for overexpression of TSC

specific transcription factors is indispensable.

As previously shown, Cdx2 expression results in downregulation of OCT4, while Tfap2c
expression yields downregulation of NANOG (Kuckenberg et al., 2012; Niwa et al., 2005). The
effect of Cdx2 overexpression in ESCs was analyzed in detail and it was reported that CDX2
does not bind directly to regulatory regions of pluripotency genes but inhibits a pro-pluripotency
complex (Nishiyama et al., 2009). When monitoring OCT4 levels during the first eight days of
ESC to TSC conversion, Western Blotting analyses revealed the fastest downregulation of
OCT4 in iCdx2™ clones. Interestingly, all clones showed reduction in OCT4 levels faster when
cultured in TX medium compared to culture in TS medium. 5F and iCdx2 clones trigger OCT4
downregulation directly by expression of transgenic Cdx2. 4F clones, however, are required to
induce endogenous Cdx2 expression first. That is the reason why for 4F3' and 4F3™, OCT4
downregulation was delayed and protein levels still detectable on day 8. Endogenous Cdx2
expression was detected in 4F clones on day 3 in combination with consequential OCT4
downregulation starting from day 4 in TX medium and day 6 in TS medium. Cdx2 expression
can be induced by different transgenic TSC transcription factors: GATA3 was reported to
regulate Cdx2 transcription by binding to the Cdx2 chromatin domain (Home et al., 2009). Also
ETS2 was shown to regulate Cdx2 expression (Donnison et al., 2005). Summarized, the
results confirm that downregulation of OCT4 and thereby loss of pluripotency is essential for
ESC to TSC conversion as clones with a rapid and complete downregulation of OCT4 achieve

a full conversion.

Besides OCT4 downregulation, the activation of the hierarchical, self-reinforcing TSC
transcription factor network plays an important role during the conversion and in regulating
TSC fate. Cdx2 and the remaining factors Eomes, Tfap2c, Gata3 and Ets2 are involved in
activating specific parts of the intrinsic network. In vivo, CDX2 is directly targeted and induced
by TEAD4. CDX2 is regarded as determining factor of trophoblast fate, as it is not found in
non-TE cells while TEADA4 is still present in all cells of morula (Nishioka et al., 2009). In TSCs,
CDX2 was demonstrated to act upstream of TFAP2C and ETS2 (Beck et al., 1995; Niwa et
al., 2005) as well as being able to induce Eomes and reinforce its own expression (Niwa et al.,
2005). Interestingly, iCdx2™ and iCdx2™ clones show an equivalent upregulation of Eomes
expression compared to 5F clones and higher than in 4F clones. This indicates that Eomes is
most prominently induced by CDX2. Also, EIf5, Tfap2c and endogenous Cdx2 expression was
increased after the only short induction of transgenic Cdx2 on day 3. In parallel to CDX2,
GATAS3 is activated by TEADA4. In iGata3 single factor clones, induction of Eomes was most
striking after three days of transgene activation. In iEomes on the other hand, transgenic

EOMES was capable of upregulating all markers examined — EIf5, Cdx2 endogenous Eomes
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and TfapZ2c. Interestingly, induction of Eomes expression was most pronounced in all single
factor clones indicating that EOMES plays a central role in the TSC transcription factor
network. The strongest Tfapc2 induction was detected in iTfap2c, strengthening the finding of
its self-reinforcing capacity (Kidder and Palmer, 2010). Induction of transgenes in neither
iTfap2c, iGata3 nor iEts2 caused upregulation of Cdx2 or EIf5 which could be an important
reason as to why conversion to TSC fate failed in these clones. Several of previously described
interactions in the TSC transcription factor network were detected in this study. On top of that,
the data showed that also ETS2 and TFAP2C are capable of activating Eomes expression
(Figure 48).
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| arrows.
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To summarize, 5F clones presented with the highest conversion efficiency since transgenic
CDX2 caused downregulation of OCT4 while simultaneously transgenic TFAP2C
downregulated NANOG. All five transgenes contributed to activating the innate transcription
factor network. Thereby, 5F clones reproduced most of the interactions that take place in bona
fide TSCs at the stage of the first lineage separation. 5F clones, however, do not require the
presence of TEAD4 to initiate the regulative network. Even though single factor lines did not
yield TSC fate, they were well suited for verifying the activation cascade within the transcription

factor network.

Interestingly, 4F™ and iCdx2™ at passage 5 present with a homogenous, proliferating
population but are neither comparable to bona fide ESCs nor TSCs. 4F3'™ clones showed
ESC-like morphology and only 2% of the cells were positive for CD40 and PLET1. iCdx2'™
cells showed TSC-like morphology and 91% of the cells were CD40 and PLET1 positive. Both

clones showed ESC-like methylation pattern but were OCT4 negative. For additional
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investigation of these clones, they were continuously propagated up to passage 12. Here,
clones cultured for 12 passages in TS medium remained with ESC methylation pattern of the
EIf5 promoter. 4F2™>™ and iCdx2™>™ clones that were switched to TX medium at passage
5 for an additional 5 passages in TX medium showed a demethylation of the EIf5 promotor at
passage 12. Morphological observations especially in 4F3™>™ clones suggest that increased
apoptosis and differentiation were co-occurring with the medium switch. Yet, neither of the
clones showed extensive apoptosis comparable to ESC control cells cultured in TX medium.
This suggests that a preliminary TSC fate was initiated even in 4F™ and iCdx2™ clones due
to previous transgene induction that could be completed by TX culture. Schwarz et al. and
other groups investigated the reprogramming process from murine somatic cells to iPSC
including the reprogramming efficiency which is low under standard conditions. The authors
could show, however, that it could be drastically increased if they sort for cells poised for
reprogramming using distinct cell surface markers as they discovered that not all cells in a bulk
population harbor the same potential for reprogramming (Brambrink et al., 2008; Schwarz et
al., 2018; Stadtfeld et al., 2008). Correspondingly, the conversion efficiency in 4F™ and
iCdx2™ clones might be particularly low. Poised or already converted cells are obscured by
the majority of cells that did not initiate the conversion. Sorting for a subpopulation that is
poised for conversion to TSC fate would be possible after identifying appropriate cell surface
markers. Further experiments using techniques such as single cell RNAseq could help
characterizing the incompletely converted cells that suggest being caught in an intermediate
state between ESCs and TSCs.

The epigenetic barrier between ESCs and TSCs is maintained by several differentially
methylated loci comprising EIf5, Nanog, Oct4, Tead4, Ezrin, Hand1, Lasp1, Map3k8, Plet1,
Rin3, Sh2d3c and Tinagl (Cambuli et al., 2014; Kuckenberg et al., 2011; Ng et al., 2008). As
Cambuli et al. showed that the epigenetic pattern remained ESC-like when e.g.,
overexpressing Cdx2 in ESCs, the analysis of Elf5, Oct4 and Nanog promoter methylation
represented an important milestone in this study. 5F'S, 5F™ 4F™ and iCdx2™ clones showed
demethylation of the EIf5 promoter and hypermethylation of the Oct4 and Nanog promoter at
passage 5. They also presented with high expression levels of the additional genes that were
identified to have differentially methylated promoter regions in ESCs and TSCs. Therefore, a
complete conversion to TSC fate could be successfully shown in these clones. Of note, ESC-
like methylation patterns were still detected for all the clones on day 3 (data not shown)
confirming the continuing conversion to TSC fate past transgene induction. And while primary
upregulation of marker expression was achieved within three days, changes in methylation
required more time. Additionally, the expression of de novo DNA methyltransferases Dnmt3a

and Dnmt3b as well as expression of Dnmt1, the main maintenance DNMT were tested in 4F3,
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5F2,iCdx2, ESC and TSC clones (Okano et al., 1999; Song et al., 2012). Interestingly, Dnmt3a
and Dnmt3b were highly expressed in those clones that achieved a full conversion. It stands
to reason that the high activity of these de novo DNMTs was required for establishing
methylation in Oct4 and Nanog promoter regions and additional genes that are repressed in
TSCs but not in ESCs. Expression levels of Dnmt1 were comparable for all clones tested —
including wildtype ESCs and TSCs. Thus, the maintenance of methylation after cell replication
was upheld in all clones tested. Interestingly, it was reported that inhibition of DNMTs or
depletion of DNTM substrate SAM promotes conversion from somatic to iPSC cells by causing
demethylation of silenced pluripotency genes (Hou et al., 2013; Mikkelsen et al., 2008; Qin et
al., 2017; Shi et al., 2008).

As appropriate modulation of signaling pathways was shown to support and direct the
reprogramming from somatic cells to iPSCs, cardiac cells and neural cells (Hawkins et al.,
2014; Qin et al., 2017; Tanabe, 2015), it was investigated whether components of TX medium
activate distinct TSC pathways to a greater extent than TS medium. In this context, it was
shown for instance that altering the MAPK or Wnt/B-catenin pathway could promote
reprogramming of somatic cells (Sanges and Cosma, 2011). The Ras-MAPK signaling was
also demonstrated to be essential for pre-implantation development by controlling the
establishment of the trophectoderm (Maekawa et al., 2005). Inhibition of Ras-MAPK signaling
resulted in impaired cavity formation and adverse development and functionality of early extra-
embryonic lineages in vivo as well as loss of Cdx2 expression (Lu et al., 2008; Maekawa et
al., 2005). By contrast, TSC fate could be induced in ESCs by Ras activation (Cambuli et al.,
2014; Lu et al., 2008). Also, TGF was identified as an essential factor for maintenance of TSC
fate and was able to support proliferation of TSCs in the absence of fibroblast conditioned
medium (Erlebacher et al., 2004; Kubaczka et al., 2014). Inhibition of TGFf signaling resulted
in enhanced differentiation (Erlebacher et al., 2004). Greater activation of any one of these
pathways could be a reason for faster and more efficient conversion to TSC fate in TX medium.
Hence, the phosphorylation of proteins involved in MAPK pathway (AKT1, CREB, ERK1/2,
GSK3A, GSK3B, HSP27, JNK, MEK, MKK3, MKK6, MSK2, mTOR, p38, p53, p70S6K, RSK1
and RSK2) as well as the levels of proteins involved in TGFf signaling (Activin A, ActivinR1A,
BAMBI, Beta-IG-H3, BMP2, BMP4, BMP6, BMP7, BMP8, BMP9, BMP15, BMPRIA, BMPRII,
Follistatin, GDF11, GDF15, LeftyA, NOGGIN, SMAD3, SMAD4, TGFa, TGFB1, TGFB2,
TGFBRII, TGFBRIII) were examined in cell lysates from clones iCdx2™, iCdx2™, TSC'™ and
TSC™ using specific microarrays. Yet, when comparing levels of said proteins in both

pathways, no alteration could be detected between TS or TX culture conditions.
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In this study, transgene induction in SF lines iTfap2c, iEomes, iGata3 and iEts2 did not result
in stable induction or even transient upregulation of TSC markers. In contrast, other studies
could show that also single factor activation in ESCs can result in induction of TSC fate. These
studies, however, have only been conducted in TS medium and complete conversion was
never assessed as methylation status remained unevaluated. Tfap2c overexpression for ten
days resulted in TSC-like cells that were expressing EIf5 (Kuckenberg et al., 2012). Six-day
overexpression of Eomes yielded TSC-like cells that were morphologically comparable to
bona-fide TSCs and expressed Cdx2 and Eomes (Niwa et al., 2005). Overexpression of Gata3
for six days was shown to lead to an induction TSC marker expression in ESC, but also here,
stable TSC lines could not be established (Ralston et al., 2010). These approaches have in
common that transgene induction was continued for more than three days. Transgene
activation for only three days might be insufficient for individual transgenes Tfap2c, Eomes,

Ets2 or Gata3 to induce TSC marker expression or even conversion to TSC fate.

In conclusion, complete conversion from ESC to TSC fate was achieved in 5F'S, 5F™%, 4F™
and iCdx2™ clones. This was verified by TSC marker expression, protein levels and TSC
methylation patterns. The clones also show long-term stability as well as the full potential to
differentiate into trophoblast subtypes in vitro. 5F™ also showed in vivo functionality upon
blastocyst injection. This study also highlighted the importance of culture conditions for cell
fate changes as components of the TX medium promoted ESC to TSC conversion. Today,
there is a wide range of reprogramming techniques including pathway activation, transgene
integration by lentiviral transduction or CRISPR/Cas9 mediated gene expression (Rao and
Malik, 2012), but small molecule reprogramming is gaining increasingly more attention. It is
caused by not-integrating viral vectors, microRNAs and non-viral and non-integrating chemical
compounds approaches (Baranek et al., 2017; Chen et al., 2020; Ma et al., 2017). For instance,
studies set out to identify chemical compounds which are capable of substituting the
Yamanaka factors in murine fibroblast to iPSC reprogramming (Ma et al., 2017). Hou et al. and
Zhao et al. could demonstrate reprogramming from murine somatic cells to iPSCs by using a
cocktail of small-molecule compounds (Hou et al., 2013; Qin et al., 2017; Zhao et al., 2015).
In that approach, inhibition of TGF signaling promoted mesenchymal to epithelial transition
while induction of Wnt signaling promoted the expression of pluripotency genes. Late stage
reprogramming was facilitated by MAPK/ERK inhibition (Chen et al., 2020; Qin et al., 2017).
Also, derivation of neurons from hiPSCs was facilitated by appropriate cell culture environment
and initial induction of hTSC fate can be triggered in hiPSCs by adding BMP4 to the culture
medium (Amita et al., 2013; Castel et al., 2020; Cinkornpumin et al., 2020; Dong et al., 2020;
Horii et al., 2020; Mischler et al., 2021). Deciphering the complex mechanisms that cause cell

fate conversion, cell reprogramming or transdifferentiation is of great importance for modeling
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of diseases and subsequent drug research (Ma et al., 2017). Small molecules have the
advantage that they could be transformed into appropriate drugs with targeted delivery to the
affected areas (Ma et al., 2017). Future studies will show whether cell reprogramming will
eventually find implementation in therapeutic approaches to treat conditions such as cardiac

failures or cancer.

Parts of this chapter have been published in:

Franziska Kaiser, Caroline Kubaczka, Monika Graf, Nina Langer, Jan Langkabel, Lena
Arévalo, and Hubert Schorle. “Choice of Factors and Medium Impinge on Success of ESC to
TSC Conversion.” Placenta 90, 2020.
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10.1 Induction of hTSC fate in primed hiPSC

Human trophoblast stem cells are presumed to be a subset of villous cytotrophoblasts that

proliferate, self-renew and differentiate along all human trophoblast lineages. As effects of
aberrant hTSC development could manifest later in development in form of preeclampsia, fetal
growth restriction, miscarriage or choriocarcinomas, it is of great interest to analyze the proper
development of hTSCs and establish connections between them and the aforementioned
malfunctions (Burton et al., 2016; Hemberger et al., 2020; Knéfler et al., 2019). While mouse
TSCs were first derived in 1998, human TSCs still remain a relatively new field of research
(Castel et al., 2020; Tanaka et al., 1998). And even though human ESCs were already derived
from human blastocysts, stable hTSCs could first not be established in vitro (Castel et al.,
2020; Thomson et al., 1998). Only in 2018, Okae et al. showed successful derivation of hTSC
lines from blastocysts and first-trimester cytotrophoblasts (Okae et al., 2018). The obtained
hTSCs proliferated stably in culture, showed cobblestone-like morphology and differentiated
into EVT as well as STB lineages. Importantly, the authors developed a new medium for hnTSC
culture. This medium contains EGF, a Wnt pathway activator as well as NODAL/TGFR
inhibitors (Okae et al., 2018). Human placental organoids that were established shortly before,
rely on similar culture conditions (Haider et al., 2018; Turco et al., 2018). Interestingly, this is
in contrast to murine TSC culture conditions which rely on administration of FGF4 and TGFR
(Kubaczka et al., 2014; Tanaka et al., 1998).

Here, the cell lines newly established by Okae et al. were first expanded and further analyzed
(Okae et al., 2018). The cell line CT27 derived from first-trimester cytotrophoblasts showed
typical epithelial-like colonies which were positive for TFAP2C and GATA3, however, negative
for CDX2, EOMES and ETS2. Furthermore, cells were expressing low levels of GATA3 as well
as high levels of KRT7 and HCG which is in line with results shown by Okae et al. (Okae et

al., 2018). An assessment of these derived hTSCs will be part of the ensuing discussion.

Next, this study set out to elucidate the combination of hTSC specific transcriptions factors that
is sufficient to induce hTSC fate in hiPSCs. As of yet, several approaches for induction of h TSC
fate have been conducted, all of which relied on cell fate conversion using chemical
compounds. To this end, it was shown that BMP4 addition or medium switch to hTSC medium
can result in an induction of a TSC-like state (Amita et al., 2013; Castel et al., 2020;
Cinkornpumin et al., 2020; Dong et al., 2020; Horii et al., 2020; Mischler et al., 2021). Primed
hPSCs which are equivalent to post-implantation epiblast were shown to adopt a trophoblast
fate after being exposed to BMP4 or BAP treatment (Amita et al., 2013; Horii et al., 2020).

While these cells showed conversion to trophoblast-like fate, they did not self-renew and rather
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resembled differentiated trophoblasts. Other groups even claimed that hiPSCs did not undergo
conversion to hTSC-like cells but rather differentiated to mesoderm- or amnion-like cells
(Bernardo et al., 2011; Guo et al., 2021; Roberts et al., 2014).

Interestingly, naive hiPSCs which represent the human pre-implantation epiblast harbor a
capability to convert to hTSC fate that is distinct from primed iPSCs (Dong et al., 2020; Huang
et al., 2014). To this end, Dong et al. could show that BMP4 addition to the medium resulted
in induction of hTSC-like fate in primed but not in naive hiPSCs. Naive hiPSCs were required
to be cultured in standard hiPSC medium first before responding to BMP4 treatment. Naive
hiPSCs, however, show a conversion to hTSC fate after switch to hTSC medium (Dong et al.,
2020). This was even successful when reprogramming fibroblasts using OSKM factors under
hTSC culture conditions (Castel et al., 2020; Takahashi et al., 2007). These obtained hiTSCs
showed self-renewal, differentiation potential to STB and EVT and share expression profiles
with hTSCs established by Okae et al. (Castel et al., 2020; Okae et al., 2018). For primed
hiPSCs, however, a mere change to hTSC medium is not sufficient to induce hTSC fate. This
is in line with results obtained in this study as primed hiPSCs control cells did not show
induction of hTSC fate after culture in hTSC medium for several passages. It was suggested
that hiPSCs’ potential to convert to hTSCs is depending on their developmental stage with
naive hiPSCs being most prone to the conversion (Castel et al., 2020). While murine ESCs do
not form cells of the trophectoderm lineage without exogenous genetic or epigenetic
modifications, recent results suggest more plasticity between cell fate lineages in the human
system and that hNPSCs harbor an intrinsic capacity to generate trophectoderm cells (Guo et
al. 2021; Posfal et al., 2021).

In this study, it took ten days for morphological changes towards hTSC fate to become
apparent in iTETRA clones while the other clones remained unaltered in comparison to their
respective control clone cultured without doxycycline. iTETRA clones also showed increased
expression of CDX2, TFAP2C, GATA3, HCG and KRT7 as well as presence of GATAS3,
TFAP2C and even CDX2 positive colonies. The hTSC medium itself was not selective for
hTSC-like cells as also hiPSCs and transduced cells cultured without doxycycline could be
stably propagated. Yet, iTETRA clones showed a selection for distinct colony structures, which
were highly resembling hTSC colonies while unconverted cells were lost with further passages
up to day 30. In 80% of all iITETRA colonies, all cells were now detected to be GATA3 positive
indicating that GATAS3 negative cells were not further supported or also converted to GATA3
positive cells. Also, there was an increase in transcript levels of TFAP2C, GATA3, HCG and
KRT7 detectable from day 10 to day 30 in iTETRA clones. KRT7 levels of iTETRA even
exceeded those of bona fide hTSCs (Okae et al., 2018). These findings suggest that there is

a continuous conversion occurring further strengthening the hTSC-like fate. Interestingly, in a
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few iITETRA colonies, cells were even CDX2 positive on day 30. In further experiments, it
would be important to pick those single colonies in order to enrich for CDX2 positive cells. As
clones were cultured under constant doxycycline administration, it cannot be distinguished
between endogenous and transgenic GATA3 and TFAP2C positive cells. EOMES, CDX2 and
HCG and KRT7, however, were activated through the intrinsic hTSC transcription factor
network in iTETRA clones and expressed endogenously. In clones iGETE, iGETT and
iTFAP2C, GATAS3 positive colonies were detected, but to a lesser extent than in iTETRA
clones. Further, no TFAP2C, EOMES, CDX2 positive colonies were detectable there. This
indicates that these transcription factor combinations might not be sufficient for complete
induction of hTSC fate. Even though limited to a single approach, iTETRA induction represents

the most promising combination of hTSC transcription factors.

As TETRA factors were regarded as the earliest drivers of trophoblast fate, it is not unexpected
that overexpression of these factors resulted in the most promising approach. When assessing
the effect of BMP4-induced conversion from hiPSCs to hiTSCs, Krendl et al. discovered the
circuit of TFAP2A, TFAP2C, GATA2 and GATAS3 transcription factors and coined the
expression trophectoderm four (TEtra) factors (Krendl et al., 2017). It was shown that these
factors induce trophoblast specific gene expression while also suppressing the pluripotency
network by binding to the first intron of OCT4. In this context, GATA3 was regarded as a
pioneer factor (Krendl et al., 2017). TEAD4 was not found to be induced in the early stages of
hiPSC to hiTSC conversion indicating a reason as to why iGETT clones did not achieve an
induction of hTSC fate (Krendl et al., 2017). While CDX2, TFAP2C, GATA3 were found in
human TE progenitors indicating their role in early trophoblast development, they were not
sufficient for h TSC induction in this setting (Deglincerti et al., 2016; Niakan and Eggan, 2013).

Of note, the presence of CDX2 positive cells is the most striking difference between hTSC-like
cells established in this study and hTSCs derived from blastocysts or first term placentas (Okae
et al., 2018). The existence of both CDX2+ and CDX2- human trophoblast cells might result
from different developmental stages in vivo, which these in vitro cultures correspond to. To this
end, single cell RNA-seq of the human embryo during peri-implantation development from E3-
E14 showed that primary, CDX2 negative hTSCs resemble E8-E10 cytotrophoblast cells.
CDX2 positive cells, however, are found earlier in TE development — around E5-E6 (Castel et
al., 2020; Okae et al., 2018). Therefore, hTSCs published by Okae et al. can be studied for
early trophoblast lineage development but not pre-implantation TE (Cinkornpumin et al., 2020;
Dong et al., 2020; Kndéfler et al., 2019; Mischler et al., 2021). Recent data showed the parallel
conversion of hESCs to both hiTSCs®*P?* and hiTSCs®?*? (Mischler et al., 2021). Those two

populations require distinct cell culture conditions and exhibit different gene expression
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patterns. Similarly, the CDX2- population is comparable to placental derived hTSCs and villous
cytotrophoblasts. The authors also suggest hiTSCs®*?* to be a more primitive cell type than
hiTSCs®P*%, Therefore, CDX2+ hiTSC-like cells obtained in this study could represent early

stages of human TE development and could be used for studies of the pre-implantation phase.

If preliminary results obtained in this study can be confirmed in the future, overexpression of
hTSC specific transcription factors such as iTETRA factors could be introduced as a first
method to convert primed hiPSCs to pre-implantation, CDX2 positive hiTSCs (Figure 49).
Further experiments need to be performed investigating among others iTETRA-CDX2+
subclones, overexpression of additional transcription factors individually or in combinations
and minimal length of transgene induction for sufficient induction of bona fide hTSC fate. When
obtaining homogenous hiTSC cell lines, ELF5 methylation status as well as in vitro
differentiation potential to STB and EVT should be examined in addition to markers analyzed
so far (Lee et al., 2016). Further, it would be worthwhile to verify if they are able to form
trophoblast organoids to investigate 3D self-organization capacity (Haider et al., 2018; Turco
et al., 2018).

Figure 49: Initial hTSC fate induction
integrated into current state of
research

Extract from Figure 9, integrating the
findings from this study into the network
obtained from previous reprogramming
and conversion approaches. Results
from this study suggest that
overexpression of TFAP2A, TFAP2C,
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Generation of hiPSC-derived bona fide hiTSCs is of great interest as it offers the possibility to
study diverse genetic backgrounds and allows for in vitro disease modeling. Thereby,
regulators of early human placentation and pregnancy complications can be discovered.
Development of in vitro blastoids or synthetic human embryos consisting of hiPSCs and
hiTSCs would allow not only to analyze the stem cell types individually but also the crosstalk
between them. This could lead to improving human embryo culture media with possible
implementation in in vitro fertilization (Castel et al., 2020). In general, it would strengthen our
understanding of early human development with implications for reproductive and regenerative

medicine.
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11.1 Activating mutation in KIT receptor causes increased invasiveness of TGCs

The effect of continuous KIT signaling on placental development due to activating mutation
D816V was assessed in the final part of this study. It was shown by our group that the KITP®1%V
mutation interferes with proper placental development (Kaiser et al., 2020b). Effects found in
the placenta comprised decreased proliferation in combination with premature differentiation
to P-TGCs. Further, specialized TGC subtypes were decreased in number and the placental
structure was hallmarked by a reduced labyrinth and spongiotrophoblast layer. The embryo
displayed growth retardation due to insufficient nourishment by the placenta (Kaiser et al.,
2020b). The results obtained in this study demonstrated that spongiotrophoblast and S-TGC
markers were downregulated in differentiating KITP2'® TSCs whereas differentiation markers
Hand1 and Tfap2c were already expressed under stem cell conditions suggesting premature
differentiation. Also, KIT®"®V-TGCs demonstrated significantly increased invasiveness in
comparison to WT-TGCs. The invasive capacity of TGCs is of great importance for proper
implantation of the blastocyst into the uterine wall and must be carefully controlled (Sharkey et
al., 1994). Sharkey et al. postulated that pre-eclampsia and intrauterine growth retardation
appear to be associated with inadequate invasion or premature differentiation of the invading
trophoblast. Continued invasion through the uterine wall, as seen in placenta percreta,
however, can be lethal to the mother (Sharkey et al., 1994). Interestingly, already in 1992,
Sharkey et al. suspected that the KIT-receptor and SCF are involved in the regulation of
trophoblast invasion (Sharkey et al., 1992). Taken together, these results suggest that KITP8'5Y
causes premature differentiation which entails aberrant structural development of the placenta

as well as early and increased acquiring of invasiveness in TSCs (Kaiser et al., 2020b).

Chronic KIT activation resulted in increased differentiation into P-TGC subtypes at the expense
of SpA-TGCs, S-TGCs and C-TGCs. However, these underrepresented TGCs contribute to
distinct and essential processes in the placental development. These functions comprise apart
from invasion into the uterine wall, also secretion of placental hormones and vasodilators,
establishing the connection of the maternal blood flow to the placenta and remodeling of the
maternal spiral arteries (Hu and Cross, 2010; Simmons et al., 2007). Reduction of any of these
highly specialized cell types will have imminent effects on proper development of the embryo.
For instance, insufficient blood flow between mother and fetus due to incorrectly formed blood
vessels causes lack of exchange of gases and nutrients resulting in malnourishment of the

embryo. This could be a reason for the observed growth retardation in embryos of the KITP8'5Y

mouse model. As KITP8'6V

positive cells could not be detected in the embryo but in the placenta
only, additive embryonic effects are unlikely to contribute to the phenotype (Kaiser et al.,

2020b).
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Moreover, it was shown here, that Gata2 expression increased significantly in KIT?8'®V-TSCs
upon differentiation which was not the case in differentiating WT-TSCs. This is in line with
previous results which showed that Gata2 expression increased in cells of the hematopoietic
system due to KIT?®'®V (Haas et al., 2015; Zeuner et al., 2011). Interestingly, also increased
levels of PL1 and PLF positive cells were detected in KIT®'®V placentas (Kaiser et al., 2020b).
Both genes were shown to be transactivated by GATAZ2 in trophoblast cells (Ma et al., 1997;
Ng et al.,, 1994). This indicates that in trophoblast as well as in hematopoietic cells, KIT
signaling causes induction of Gata2 expression. In trophoblast cells, GATA2 then induces
transactivation of PL1 and PLF (Kaiser et al., 2020b).

Another publication could show that administration of retinoic acid (RA) to the mother resulted
in a similar phenotype as observed for KITP®'%V placentas (Kaiser et al., 2020b; Yan et al.,
2001). The RA phenotype was characterized by increased differentiation, higher number of
invasive TGCs and severe decrease in proliferation (Hemberger et al., 2004; Yan et al., 2001).

Also, comparable to the KITP#18V

phenotype, TPBPA levels were lower, PL1 levels higher and
spongiotrophoblast layer smaller than in WT placentas (Yan et al., 2001). Like administration
of RA, also deficiency of suppressor of cytokine signaling (SOCS) 3 resulted in an atypical

OOVt is

placental phenotype comparable to the one caused by the expression of Kl
represented by e.g., a decreased spongiotrophoblast layer and augmented TGC differentiation
(Takahashi et al., 2008). This indicates that KIT, RA and SOCS are involved in the same
pathway (Kaiser et al., 2020b; Takahashi et al., 2003). In SOCS3 deficient mice, also STAT3
was reported to be constitutively activated (Takahashi et al., 2003). KITP®'%V placentas showed
augmented presence of phosphorylated STAT3 upon differentiation of KIT®'%V-TSCs (Kaiser
etal., 2020b). STAT3 is involved in cell migration and invasion which were found to be affected
in KIT?®®V.TSCs (Huang, 2007). STAT3 is part of the LIF/JAK/STAT3 signaling and is involved

in cell migration and invasion (Huang, 2007; Suman et al., 2013).

From all data collected, the following signaling cascades were proposed by us (Kaiser et al.,
2020b): First, it was concluded that RA acts upstream of KIT and that independent of RA
administration, RA signaling was activated in KITP2'®Y placentas due to constant KIT signaling.
It was further proposed that the KIT receptor plays a role in LIF/JAK/STAT3 signaling.
LIF/JJAK/STAT3 signaling is induced by binding of LIF to its receptor which results in activation
of JAK. JAK phosphorylates STAT3 which in turn activates SOCS3. SOCS3 is part of a
negative feedback loop that inhibits LIF (Suman et al., 2013). When KIT signaling is active, it
represses SOCS3 which leads to the loss of the negative feedback loop, increased LIF levels
and accumulation of phosphorylated STAT3 in the cytoplasm (Kaiser et al., 2020b). This in
combination with active RA signaling and increase in PL1 and PLF due to GataZ2 expression

TD816V

results in the various effects detected in Kl placentas such as increased invasive capacity
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and premature differentiation indicated by expression of differentiation markers already at the
stem cell stage (Kaiser et al., 2020b). Our group hypothesized that under stem cell culture
conditions, constant FGF4 signaling maintains a stem cell state in KIT?®'®V-TSCs, albeit with
differentiation already in place as seen by upregulation of Tfap2c and Hand1 expression due

to active KIT signaling (Kaiser et al., 2020b). Upon growth factor withdrawal, differentiation is

then initiated prematurely and quicker than in WT-TSCs (Kaiser et al., 2020b).
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Figure 50: Proposed signaling cascades
in KITP¥16V.TSCs

The KITP818V receptor is activated even
without binding of its ligand SCF. LIF binds
to its receptor LIFR, thereby causing
initiation of LIF/JAK/STAT signaling which is
controlled by a negative feedback loop
including SOCS3. However, the active
KITDP818V receptor represses SOCS3 which
results in accumulation of phosphorylated
STATS3. Activated KIT signaling also results
in RA signaling independent of RA presence
and an increase in Gata2 expression which
in turn transactivates PL1 and PLF. In
combination, this results among others in
increased differentiation to P-TGCs and
increased invasiveness of TGCs derived
from KITDP816V_.TSCs. However, under stem
cell culture conditions, FGF4 signaling is
proposed to be capable of overruling KIT

signaling. Modified from Kaiser et al., 2020b.

The understanding of the role that the KIT receptor plays in specific pathways is of great
importance for finding appropriate drugs to treat diseases such as cancer that result from
constitutively active receptor signaling. To this end, it was shown that inhibition of PI3K and
MAPK pathways in combination with KIT inhibitors can serve as treatment for gastrointestinal
stromal tumors (Gupta et al., 2021). Even though, it would be a long way to treating adverse
placental development due to aberrant KIT signaling, these findings allow us to understand
the mechanisms and pathway involvement of the receptor and might even be transferred onto

other tissues.

Parts of this chapter have been published in:

Franziska Kaiser, Julia Hartweg, Selina Jansky, Natalie Pelusi, Carolina Kubaczka, Neha
Sharma, Dominik Nitsche, Jan Langkabel and Hubert Schorle. “Persistent human KIT receptor
signaling disposes murine placenta to premature differentiation resulting in severely disrupted

placental structure and functionality.” International Journal of Molecular Sciences 21, 2020.
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