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CHAPTER 1

The first segregation of cells in the early mammalian embryo generates trophectoderm and
inner mass cells. The latter will form the future epiblast cells and the primitive endoderm. The
epiblast cells are a transient population of cells with a remarkable property: they can
differentiate into all cell lineages of the embryo proper (giving rise to the entire adult
organism) and a number of cell populations that will form extra-embryonal parts. This
property of the inner cell mass cells is referred to as ‘pluripotency’. Based mainly on
experiments with inner cell mass like cells in vitro, i.e. embryonic stem cells, preserving it
requires maintenance of self-renewal and inhibition of differentiation. Defining the molecular
mechanisms and factors that control the initiation, maintenance and exit from pluripotency
(which accompanies the onset of cell differentiation) is crucial in order to have a better
understanding of early development. In addition to fundamental insights in development,
pluripotent cells can be used to generate knockout or transgenic animals (through embryonic
stem cells). In principle, these cells are also a cell source for cell therapy in regenerative
medicine or personalized disease models (through induced pluripotent cells, which are
obtained from somatic cells via reprogramming, and which are similar to pluripotent
embryonic stem / epiblast cells). To fulfil the potential of induced pluripotent cells in
personalized medicine, it is of fundamental importance to fully characterize pluripotency as it
occurs in development. This introduction presents an overview of embryonic development,
the events that generate pluripotency, the transition from one type of pluripotency to

another, the signaling pathways involved in these processes and their molecular effects.

The core characteristics of pluripotent cells and their potential for developmental biology,
regenerative medicine and establishment of tumor-initiating cells by cell de-differentiation in
cancer have generated tremendous interest in understanding the molecular mechanisms
controlling them. Although significant progress has been made in the past years in elucidating
the cell extrinsic and intrinsic factors that regulate self-renewal and pluripotency, several
major gaps still remain. In particular, this introduction provides an overview of the known
mechanisms either triggered or inhibited by various signals which seemingly have opposing
effects on the molecular machinery affecting pluripotency, depending on the particular
developmental stage of the cells. This represents the crucial context in which the work

presented in this thesis must be viewed from.



CHAPTER 1

This thesis enriches the body of knowledge around pluripotency by describing a novel
pluripotent state. It deepens our understanding of cell biology, the processes establishing
pluripotency and provides new insights into improving the process of artificial generation of

pluripotent cells.

1. The establishment and dismantling of pluripotency during

embryogenesis
Vertebrate development starts after an egg s fertilized by a sperm cell. Although on a different

time scale, the processes described in this section are similar between mice and humans. Both
the egg cell and the sperm cell carry half of the genetic information of the parent they
originate from. Upon fertilization, the nuclei of the two cells merge and thus lead to the
formation of a single diploid cell: the zygote. The zygote can give rise to a whole embryo, as
well as extra-embryonic tissues, like the placenta in mammals. Therefore, it is totipotent. At
this stage, the proteins that wrap and condense the DNA still have modifications inherited
from the parents (epigenetic marks, for example the methylation of histones that wrap the
DNA). After four rounds of cell division with no significant growth, a process called cleavage,
the embryo advances to a ball of 16 cells called a morula. During these stages, cells go through
a process in which the epigenetic marks are removed. In mouse, 3 days after fertilization

(embryonic day 3 or E3), the cells go through their first specification, answering to cues from
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Figure 1. Schematic representation of peri-implantation embryo development in mouse and human. Adapted
from (Smith A., 2017).
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neighboring cells that inform them, in part based on their relative position, on their position
within the embryo (Krupa, et al., 2014). In the morula stage, a phenomenon unique to
mammalian embryos occurs, compaction. This change in shape of the embryo leads to the
formation of an outer layer of cells, called trophectoderm, from which extra-embryonic tissues
will develop, and an inner clump of cells, the inner cell mass (ICM) (Morris, et al., 2010). Fluid
collects between the trophoblast and the ICM, and following a cavitation process the morula

transitions into a blastocyst (figure 1).

The cells in the ICM segregate into primitive endoderm and the pluripotent epiblast around
E4 (in mouse) or day 7 of human embryonic development. The epiblast gives rise to all tissues
of the embryo, a property called pluripotency. It is at this stage that methylation reaches an
all-developmental low, meaning that the chromatin (DNA and proteins organized as
chromosomes) is open and all marks inherited from parents have been removed (Smith Z., et
al., 2012). The cells are therefore said to be in a naive pluripotency (Nichols & Smith , 2009).
Shortly after reaching this step, information by way of cell-cell contacts leads to the gain of
polarity in these cells and a re-arrangement of them in a rosette, with a basal membrane
towards the outside and an apical side towards the middle, coinciding with implantation
(Bedzhov & Zernicka-Goetz, 2014). Here, cells start secreting sialomucins that lead to the
formation of another cavity, which expands until the epiblast cells form the egg cylinder

(figure 2). The egg cylinder is a unique feature of mouse embryonic development.
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Figure 2. Schematic representation of mouse peri-implantation development. Adapted from (Bedzhov &
Zernicka-Goetz, 2014)

After having went through 2 rounds of specification and in preparation to the next step, which
is differentiation to one of the three germ layers, the cells that form the epiblast start

undergoing epigenetic changes that enable the cells to undertake stable differentiation.
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Because they still have the potential to differentiate into any cell type, depending on the
signaling cues they receive, these cells are also pluripotent. As opposed to the cellsin the ICM,
due to their more advanced development, these cells are in a primed pluripotent state. The
two types of pluripotency and their characteristics will be discussed in the following sections.
The next developmental event after the formation of the egg cylinder is gastrulation.
Gastrulation is a crucial stage in embryonic development, when pluripotent epiblast cells
organize to generate the germ layers: mesendoderm (initially, later yielding mesoderm and
definitive endoderm) and ectoderm. Gastrulation strongly rearranges these germ layers and
lays down the basic, primitive body plan, which will further develop into the embryo. It starts
approximately at E6.25 with (i) embryonic asymmetry (specification across the proximal-distal
and anterior-posterior axes), (ii) the formation of the primitive streak, (iii) epithelial to
mesenchymal transitions and (iv) an ingression at the primitive streak that will form the germ
layers. Gastrulation is a process that continues for several days. The exit from pluripotency
and early cell determination in the three germ layers of the embryo proper s guided by several
signaling pathways, including additional interactions at the extra-embryonal and embryonal
interface, at the future anterior (no primitive streak formation here) and posterior

(gastrulation side, visible by primitive streak formation) side of the egg cylinder.

2. Naive pluripotency - Embryonic stem cells
In 1981, Evans and Kaufman were the first ones to succeed in the in vitro derivation of mouse

pluripotent stem cell lines, from the ICM of blastocysts (Evans & Kaufman, 1981). In the same
year, Martin coined the term “embryonic stem cells” (Martin, 1981). It has been shown by
clonal derived cell culture that the capacity of ICM cells to self-renew as embryonic stem cells
is gained immediately following epiblast specification (Boroviak, Loos, Bertone, Smith, &
Nichols, 2014). These first lines had a high degree of instability due to their culture conditions
(i.e. readily differentiating), which were based on a feeder layer of mitotically inactivated
fibroblasts together with fetal calf serum, with an unknown growth factor composition. A few
years later, the first factor promoting ESC maintenance was identified by Austin Smith (Smith,
et al.,, 1988), and Colin Stewart and collaborators (Williams, et al.,, 1988), as Leukemia
Inhibitory Factor (LIF). LIF was demonstrated later as being one of the factors required for the
maintenance of ESCs (Williams, et al., 1988). Serum, which has a variable and undefined

composition, was still added to the culture. An important milestone in ESC maintenance was
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the shift from a serum based medium to a defined, serum free culture. The derivation
efficiency of ESCs and their stability in culture was shown to be increased by the addition of
small-molecule inhibitors for MEK signaling (described below) (Burdon, Stracey, Chambers,
Nichols, & Smith, 1999). This led to the development of several different defined conditions,
most involving activators of the WNT pathway and MEK inhibitors (most notably three
inhibitors — 3i, and two inhibitors — 2i) (Kielman, et al., 2002) (Ying, et al., 2008). Complete
genetic ablation of Erk1 and Erk2 (MEK effectors), either individually or combined, does not
lead to a maintenance of rodent ESC survival, nor does it yield an identical phenotype to that
resulting from MEK inhibition, suggesting that MEK inhibition has additional, ERK-independent
roles in the maintenance of ESCs (Chen, et al., 2015). In 2011, ten Berge et al. demonstrated
that in addition to LIF, ESCs only require WNT signals for their homogenous maintenance and
indefinite expansion (ten Berge, et al., 2011). Other studies contradict this and argue that ESCs
can be maintained in the absence of WNT signals (Lyashenko, et al., 2011). These findings
highlight the relevance of investigating ESCs in different combinations of factors or chemical

inhibitors of their signaling that support the expansion of maintenance of the cells.

LIF and WNT signaling pathways act to retain the characteristics of ES cells. Morphologically,
the cells are small and round, and form compact, dome-shaped colonies due to the strong
adherence of the cells to each other. Upon breaking down a colony in a single cell suspension,
each individual cell can give rise to a new colony. Their pluripotency can be tested in three
ways: (i) by injecting the cells subcutaneously, which will lead to the formation of a teratoma
that contains cell types of all the three germ layers, (ii) by injecting the cells in blastocysts,
which will lead to the formation of a chimeric embryo, or (iii) by triggering in vitro
differentiation through embryoid body formation. A fourth, more recent alternative, is to mix
ESCs with TSCs, thereby generating 3D structures called ETS embryos (ESC- and TSC-derived
embryos), to show morphogenesis similar to that of natural embryos (Ellys Harrison, Sozen,

Christodoulou, Kyprianou, & Zernicka-Goetz, 2017).

Characteristic to these cells is the presence of several pluripotency regulators, which form a
core pluripotency gene regulatory network. One of the core pluripotency factors is NANOG,
first reported to be essential for sustaining pluripotency in ESCs (Mitsui, et al., 2003)
(Chambers, et al.,, 2003). NANOG-null ESCs cannot be derived from mouse ICM, further

indicating its indispensable role in establishing pluripotency in vivo (Festuccia, et al., 2012).
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Another component of the pluripotency gene regulatory network is Octamer-binding
transcription factor 4 (Oct4, also known as Pou5f1), which is expressed in ESCs and throughout
the germ line, essential for both in vivo and in vitro pluripotency (Scholer, Hatzopoulos, Balling,
Suzuku, & Gruss, 1989) (Nichols, et al., 1998) (Niwa, Miyazaki, & Smith, 2000). Upstream of
OCT4 is SRY-box 2 (SOX2), a transcription factor required for the formation of the pluripotent
epiblast (Avilion, et al., 2003) (Masui, et al., 2007). The loss of both OCT4 and SOX2 triggers
differentiation of the cells into trophectoderm, whereas the overexpression of genes encoding
both proteins leads to the differentiation of mesendoderm or neural ectoderm, respectively
(Niwa, Miyazaki, & Smith, 2000) (Thomson, et al., 2011). SOX2, OCT4 and NANOG function
together and co-occupy approximately 14,000 of potential regulatory elements in the
genome, across approximately 3,200 genes, including their own promoters, forming densely
interconnected feedback and feedforward regulatory loops (Marson, et al., 2008). Effectors
of LIF, BMP4 and WNT pathways (STAT3, SMAD1 and B-catenin-TCF7L1, respectively) directly
modulate the SOX2-OCT4-NANOG core circuit by co-occupying enhancers that are bound by
these transcription factors (Young, 2011) (Hackett & Surani, 2014). In the absence of nuclear
B-catenin, TCF7L1 (also known as TCF3) functions as a transcriptional repressor, and
antagonizes the action of OCT4 and SOX2, which colocalize with TCF7L1 at pluripotency-

associated genes (Cole, Johnstone, Newman, Kagey, & Young, 2008).

Other ESC-specific markers include alkaline phosphatase, Stella, KIf4, Esrrb, Cd31 (Brons, et
al., 2007) (Payer, et al., 2006) (Takahashi K. & Yamanaka S., 2006) (Festuccia, et al., 2012) (Li,
et al., 2005). Their gene expression profile carries a unique signature dependent on the
pluripotency transcription factors. Epigenetically, their genome can be described as “open”,
as they have a reduced prevalence of repressive histone markers (H3K27me3) at promoters
(Marks, et al., 2012). Most of the parental epigenetic marks have been erased and methylation
reaches an all-developmental low in the ICM and ESCs respectively (Smith Z. , et al., 2012). In
female cells both X chromosomes are active and repressive histone marks are limited, due to
a continuous chromatin remodeling (Niwa H., 2007) (Farthing, et al., 2008). Without inherited
epigenetic modifications, or modifications that restrict the cells’ future development into one

of the 3 germ layers, the cells are “naive” (Ying, et al., 2008).

Several proteins produced in the ICM or by ESCs do not promote naive pluripotency. Some of

them actually promote the transition to primed pluripotency. Due to the highly optimized and
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defined culture conditions, ESCs tolerate these factors in vitro. For instance, in a defined LIF/2i
culture, TCF7L1 is neutralized by adding the inhibitor for GSK3, boosting naive pluripotency
(Wray, et al., 2011). In LIF/serum conditions, TCF7L1 is able to bind to its naive pluripotency-
promoting target genes, leading to their partial repression. Thus, the naive pluripotent state
is a “zero sum game” representing the outcome of stabilizing and destabilizing factors that act

in concert (Loh & Lim, 2011).

3. Naive to primed pluripotency transition: the formative state
The in vitro transition from naive to primed pluripotency consists of a series of key events. In

vivo, in mouse embryos, the transition from naive (E3.75-4.75) to primed pluripotency (E6.0-
6.5) covers a time span of approximately 2 days (Boroviak, Loos, Bertone, Smith, & Nichols,
2014). It was hypothesized that certain events occurring in this time window are essential for
the transition, but until recently these events had not been described. For instance, cells that
have lost ES cell identity do not immediately upregulate definitive lineage specification
markers (Kalkan, et al., 2017). Accordingly, one author coined the term formative to describe
the transient period between naive and primed pluripotency (Kalkan & Smith, 2014) (Smith A.
, 2017).

A discrete formative phase, intermediate between naive and primed pluripotency is shown by
tracking the ESCs’ ability to revert to a naive state in the absence of exogenous growth factors
or serum components. Using a destabilized GFP knock-in to the Rex1 locus enables tracking of
the loss of naive pluripotency by downregulation of the fluorescent reporter, and screens
using the REX1-GFP as read-out (Kalkan, et al., 2017). Early after 2i withdrawal (16h), cells
remain uniformly REX1::GFP-positive and can revert to self-renewal very efficiently. By 25h,
the GFP expression profile becomes heterogenous: GFP-high cells are still able to self-renew
if restored to LIF/2i, but this ability is effectively lost in GFP-low. Moreover, the GFP-low
fraction readily responds to stimuli for the differentiation to the three embryonic germ layers
(Mulas, Kalkan, & Smith, 2017). An in vitro intermediate state can be captured by culturing
ESCs in a medium supplemented with FGF and Activin (two key pathways in epiblast stem cell
maintenance). This leads to epiblast-like cells (EpiLCs), which have a transcriptional state
similar to the E5.75 epiblast, which is just prior to the onset of gastrulation (Morgani, Nichols,
& Hadjantonakis, 2017). EpiLCs obtained in vitro show markers of pluripotency that are

intermediate between ESC and EpiSC: naive gene markers (e.g. Stella, Rex1 and KIf4) are

15



CHAPTER 1

downregulated, while later markers, associated with differentiation (e.g. T, FoxA2, Lefty, Sox1)
are not upregulated to the same extent as in EpiSCs, and early EpiSC markers such as Fgf5 and
Oct6 are expressed at the same or higher levels than in EpiSCs (Morgani, Nichols, &
Hadjantonakis, 2017). There are several significant differences between the formative phase
and primed pluripotency, such as the formation of blastocyst chimaeras, germ cell
competence, lower DNA methylation, expression of genes encoding early post-implantation
transcription factors and no expression of genes encoding non-ectoderm lineage transcription

factors (Smith A., 2017).

The concept of formative pluripotency acts as a bridge between the two pluripotency states
captured in vitro, but it is not limited to one cell type in particular. So far, formative
pluripotency is not a self-renewing state and formative stem cell lines have not yet been
established. EpiLCs, which may include formative cells, are currently considered as a transient
type of cells (Hayashi, Ohta, Kurimoto, Aramaki, & Saitou, 2011). Deriving formative
pluripotent stem cells is a significant challenge which has been suggested to rely on whether
a stable balance of different signaling pathways exists and can be arrested in vivo (Enver, Pera,
Peterson, & Andrews , 2009). These states all transiently and seamlessly occur within a

sequence of developmental progression.

4. Primed pluripotency - Epiblast stem cells
In vitro, epiblast stem cell were initially derived from post-implantation epiblasts of rodents,

in FGF2/Activin A supplemented medium. EpiSCs were shown to resemble more the
pluripotent human ESCs (hESCs, see below) while showing patterns of gene expression and
signaling responses that would normally function in the post-implantation epiblast (Tesar, et
al., 2007). As opposed to ESCs, they are derived from the epiblast of the post-implantation
embryo (E5.5-E7.5) (Joo, et al., 2014). In vitro they can be differentiated from ESCs by
removing WNT and activating FGF and Activin signaling. If both WNT and FGF pathways are
active, ESCs do not make the transition to EpiSCs, showing that WNT maintains naive
pluripotency regardless of FGF signaling. The two pluripotent stem cell types are easily
distinguishable by their morphology, since EpiSCs form flat, irregular colonies and individual
cells are easily identifiable. Furthermore, the maintenance and expansion of EpiSCs is done by
breaking the colonies into clumps of cells and not a single cell suspension, from which they

hardly recover because of interrupted cadherin signaling (Felicia Basilicata, Frank, Solter,
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Brabletz, & Stemmler, 2016). Although pluripotent, as assessed by teratoma assays and to a
lesser, much more inefficient way than ESCs, by chimera formation (Ohtsuka, Nishikawa-
Torikai, & Niwa, 2012), there are striking differences between ESCs and EpiSCs in terms of the
marker genes they express and their gene expression profiles. A lower but still detectable
expression of the core pluripotency transcription factors (Nanog, Oct4, Sox2) is
complemented by the upregulation of lineage commitment factors such as Oct6 and Otx2,
which also act as markers (Buecker, et al., 2014). In contrast to ESCs, this is the stage where
de novo DNA methyltransferases (Dnmt3 members) are expressed and epigenetic marks
established, which will “prime” the cells in development by allowing lineage commitment and
establishment of a somatic epigenome (Brons, et al., 2007). For example, naive marker genes
like Stella and Rex1 are silenced by methylation upon the transition to EpiSCs (Bao, et al.,
2009). One of the most important epigenetic events occurring at this stage is the random
inactivation of one of the X chromosomes in female cells (Guo, et al., 2009). In terms of their
culture requirements, EpiSCs thrive in defined, serum-free medium supplemented with FGF

and Activin (Brons, et al., 2007) (ten Berge, et al., 2011).

The first hESCs derived from blastocysts showed significant differences with mouse ESCs in
their characteristics and culture requirements (Thomson, et al., 1998). hESCs, either derived
from blastocysts, or iPSCs obtained by direct in vitro reprogramming rely on FGF2 and Activin
A, but not LIF signaling (Bertero, et al., 2015). Moreover, human ESCs do not upregulate the
expression of FGF5 or N-CADHERIN mRNAs, and they have high levels of several naive
pluripotency marker genes (NANOG, PRDM14) (Gafni, et al., 2013). Other naive pluripotency
marker genes (e.g. REX1, KLF17, DPPA3) show a low expression in hESCs, similar to mouse
EpiSCs (Chia, et al., 2010). The active deposition of H3K27me3 over developmental genes, loss
of pluripotency upon inhibition of MEK-ERK signaling, lack of global hypomethylation (as seen
in the ICM), and lack of a pre-X inactivation state in most conventional female human
pluripotent lines suggest that hESCs are developmentally closer to murine EpiSCs (Smith Z. ,
et al., 2014) (Mekhoubad, et al., 2012). A complete parallel between hESCs and murine
epiblast stem cells (EpiSC) cannot be drawn. hESCs are functionally dependent on NANOG and
PRDM14, as losing these factors induces differentiation (Chia, et al., 2010). Even the
distribution of DNA methylation is similar to murine ESCs grown in serum-supplemented

medium, rather than murine EpiSCs expanded in FGF2/Activin A (Hackett, et al., 2013)
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(Shipony, et al., 2014). Lastly, the localization of TFE3, whose intracellular redistribution
affects the exit from pluripotency (nuclear TFE3 — no differentiation; cytoplasmic TFE3 — exit
from pluripotency), is different from both murine pluripotent states: whereas in murine ESCs,
TFE3 is located exclusively in the nucleus and in EpiSCs exclusively in the cytoplasm
(Betschinger, et al., 2013), hESCs show an intermediate configuration, in which TFE3 is present

in both the cytoplasm and nucleus (Gafni, et al., 2013).

While we commonly tend to think of ESCs and EpiSCs as two completely separate cell types,
the in vitro reality is that these two states are on opposite sides of a pluripotency spectrum.
Each cell in culture has the ability to move closer or further away from naive pluripotency, in
the case of ESCs, or primed pluripotency, in the case of EpiSCs (Hayashi, Lopes, Tang, & Surani
, 2008). This translates to some of the ESCs triggering differentiation to EpiSCs, as assayed for
example by subtle changes in the expression of some genes. Depending on WNT activity, this
transition can be completed or not. Vice-versa, EpiSCs do not normally revert to a “naive”
state, indicating a ‘point of no return’ in differentiation. The fully defined serum-free media
supplemented  with  specific  molecules helps keeping the naive-primed
differentiation/reversion processes in check and maintaining homogenous cultures. Whereas
naive pluripotency is maintained by LIF and WNT and primed pluripotency by FGF and Activin,

exit from pluripotency is guided by an interplay between WNT, BMP and Nodal.

5. Signaling pathways affecting pluripotency
a. LIF signaling

The ability to maintain and propagate naive pluripotency in vitro through ESCs relies on two
essential signaling pathways. Chronologically, the first identified was the Leukemia inhibitory
factor (LIF) (Smith, et al., 1988) (Williams, et al., 1988). LIF is a member of the family of
interleukin (IL)-6-type cytokines, which signal through a heterodimer consisting of the
receptor subunit gp130, in association with the low-affinity LIF receptor (LIFR), a ligand-
specific receptor subunit (Graf, Casanova, & Cinelli, 2011). This complex leads to the activation
of the receptor-associated Janus kinases (JAKs), which in turn phosphorylates receptor
docking sites, and recruits the Src homology-2 (SH2) domain containing proteins such as STAT3

(signal transducer and activator of transcription 3). Upon binding to the receptor, STAT3
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molecules dimerize. The
dimers then translocate to
the nucleus, where they
bind to promoters and
enhancer regions of their
target genes (figure 3). In

mouse ESCs, LIF does not

only activate the STAT3-

- Differentiation Self-renewal ~

mediated cascade, but may e AN

also induce the ERK-
Figure 3. Schematic representation of the LIF-pathway.

pathway, through the
mitogen-activated protein kinase (MAPK) (Shoni, et al., 2014).

LIF signaling was shown to be necessary to maintain self-renewal of mouse ESCs in the absence
of feeders (Matsuda, et al., 1999) (Niwa, Burdon, Chambers, & Smith, 1998) (Cinelli, et al.,
2008). Among its downstream targets, the transcription factor c-MYC was described to have
a significant role in self-renewal by functioning as a key target of LIF/STAT3 signaling
(Cartwright, et al., 2005). In support of this hypothesis, constitutive expression of c-Myc was
shown to support self-renewal independent of LIF activity. This observation was made for
other genes involved in the maintenance of pluripotency, such as Nanog (Chambers, et al.,
2003) or Klf2 (Hall, et al., 2009). Expression of a dominant negative form of c-MYC promotes
differentiation (Cartwright, et al., 2005). 55% of the putative STAT3 target genes display
binding sites for NANOG, and 41% of the putative NANOG target genes display binding sites
for STAT3 (Chen, et al., 2008). LIF/STAT3 was also shown to target KIf4 (Hall, et al., 2009) (Niwa,
Ogawa, Shimosato, & Adachi, 2009). This emphasizes the co-regulation of the expression of a
large set of target genes by these transcription factors, which are involved in the maintenance
of naive pluripotency.

b. WNT signaling

The WNT signaling pathways are a group of highly conserved signal transduction pathways
formed by proteins that carry signals from outside of a cell through cell surface receptors to

the inside of the cell. In vivo, WNT activity was detected in E3.5 and E4.5 mouse embryos, but

19



CHAPTER 1

not in E5.5 implanted embryos (ten Berge, et al., 2011). WNT activity can once again be

detected in the region of the primitive streak, starting from E6.5 (ten Berge, et al., 2008).
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the cytoskeleton and (iii) Figure 4. Schematic representation of the WNT pathway.
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WNT/calcium pathway, which regulates the intake of calcium (Komiya & Habas, 2008). First
described in Drosophila as the Wingless gene (Wg), and in mouse as the int1 (integration 1)
oncogene, they were later discovered to be part of the same pathway which was renamed
WNT (Wingless-related integration site) (Rijsewijk, et al., 1987) (Nusse, et al., 1991). Of
relevance for pluripotency is the canonical WNT pathway (Wray, et al., 2011) (ten Berge, et
al., 2011). The family is comprised of 19 WNT signaling proteins in human and mouse. Given
the correct signals, a cell will start transcribing Wnt genes, which will be translated in the
cytoplasm into 350-400 amino acid proteins. The proteins are post-translationally lipid-
modified by palmitoylation, which is required for the initiation of the targeting of the WNT
protein to the plasma membrane, followed by its secretion. The protein is also glycosylated to
insure proper secretion (Kurayoshi, Yamamoto, lzumi, & Kikuchi, 2007). In vitro, WNT
production can be blocked by using a synthetic molecule called Inhibitor of WNT Production
2 (IWP2) which inhibits the enzyme that palmytoylates WNT, porcupine (Chen, et al., 2009).
After secretion, the WNT protein mostly acts in an autocrine or paracrine manner. In the
canonical pathway, upon binding to its receptors, Frizzled and its co-receptor LRP5/6, the WNT
signal reaches the phosphoprotein Dishevelled which in turn sequesters the “destruction
complex” to the cell membrane (Rao & Kuhl, 2010) (Komiya & Habas, 2008) (figure 4). This

complex is made of Axin, adenomatosis polyposis coli (APC), glycogen synthase kinase 3
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(GSK3) and casein kinase la (CKla) (Minde, Anvarian, Rudiger, & Maurice, 2011). In the
absence of WNT signaling, the “destruction complex” degrades B-catenin by targeting it for
ubiquitination and proteasomal digestion (MacDonald, Tamai, & He, 2009). Immediately upon
binding of a WNT protein to its receptors, the “destruction complex” is disturbed, which leads
to an accumulation of B-catenin in the cytoplasm followed by its translocation to the nucleus.
Here, it acts as a transcriptional coactivator of transcription factors belonging to the TCF/LEF
family. In vitro, instead of soluble WNT proteins, the pathway can also be activated by the
addition of a GSK3 inhibitor, as is the case in the 2i culture condition of ESCs. While TCF1, TCF4
and LEF1 are not bound to DNA when WNT is off and activate genes once beta-catenin
translocates to the nucleus, TCF7L1 is bound to DNA even in the absence of WNT (without
GSK3 inhibitor) and has a repressive role (Staal & Clevers, 2000) (Yi, et al., 2011). Upon WNT
activation, this repression is relieved and active transcription begins (Wu, et al.,, 2012).
Moreover, TCFf3 has been shown to act broadly, genome-wide, to reduce the levels of naive
genetic markers (Nanog, Tbx3, Esrrb) while not affecting genes that show a relatively similar
expression in both ESCs and EpiSCs (Oct4, Sox2, Fgf4). This has led to the conclusion that
TCF7L1 acts as an inhibitor of naive pluripotency cell self-renewal (Yi, Pereira, & Merrill, 2008).
Contradicting reports indicated that B-catenin may not be needed for transcription, but for
cadherin-mediated cell adhesion (Lyashenko, et al., 2011). Other hypothesis implies that beta-
catenin directly interacts with the pluripotency network by upregulating Nanog after
physically associating with OCT4 (Takao, Yokota, & Koide, 2007) (Kelly, et al., 2011). In
contrast, WNT signaling has a different function in primed pluripotency. Instead of stimulating

self-renewal, WNT signaling effectively stimulated differentiation of EpiSCs.

Several earlier studies of the role WNT has in ES cells suggested that the signal triggers
differentiation. Otero et al. observed neural differentiation in ESCs cultured with WNT3a
conditioned medium (Otero, Fu, Kan, Cuadra, & Kessler, 2004). Overexpression of B-catenin
yielded similar results. Not all reports, upon induction of WNT signaling, show differentiation
or commitment towards the same lineage. Others reported that WNT signaling is required for
mesoderm/endoderm specific differentiation in both human and mouse ES cells (Bakre, et al.,
2007) (Lindsley, Gill, Kyba, Murphy, & Murphy , 2006). Activation of WNT signaling either by
supplying cells with WNT3a or by inhibiting GSK3 resulted in the upregulation of certain

mesoderm and endoderm specific markers in human and mouse ES cells. The progenitor cells
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could still be maintained long term in culture despite the partial differentiation, suggesting
that WNT signaling might be responsible for the self-renewal of these cells. Other studies
showed that overexpression of stabilized B-catenin led to an increase in self-renewal and
impaired neural differentiation in mouse cells after 14 days of embryonic body formation.
Together, these studies suggest an important role for WNT signaling during early
differentiation. All these results are in sharp contrast with other studies in which WNT3a
(either purified protein or conditioned medium) did not induce differentiation but was instead
reported to promote self-renewal of ESCs (ten Berge, et al., 2011) (Sato, Meijer, Skaltsounis,
Greengard, & Brivanlou, 2004). In contrast, Davidson et al. found that activation of WNT
signaling either by supplying hESCs with WNT3a or by inhibiting GSK3 reduced self-renewal,
indicating a significantly different role for WNT in hESCs (Davidson, et al., 2012). The
requirement of WNT signaling during differentiation does not exclude that WNT signaling is

also paramount for ESC self-renewal.

c. FGF signaling

In 1974, a protein was identified that, upon tests in bioassays, was discovered to promote
fibroblast proliferation (Gospodarowicz, 1974). It was later found that this protein belonged
to a bigger family of proteins, fibroblast growth factors (FGF). FGFs are proteins that interact
with membrane-associated heparan sulfate proteoglycans, in the form of four receptors
(FGFR1, FGFR2, FGFR3 and FGFR4), driving FGF signal transduction and thus constituting the
FGF signaling pathway. It is involved in several important processes, like angiogenesis, wound
healing, proliferation, survival, migration and differentiation. Of relevance for this thesis is the
role FGF signaling has in the early embryonic development in vivo and the loss of naive

pluripotency/gain of primed pluripotency.

After binding to its receptors, the FGF signal can be carried through four distinct pathways:
the Janus kinase/signal transducer and activator of transcription (JAK/STAT), phosphoinositide
phospholipase C (PLC), phosphatidylinositol 3-kinase (PI3K) and MAP kinase pathways (Dailey,
Ambrosetti, Mansukhani, & Basilico, 2005). MAP kinases are a family of proteins that control
the activity of downstream kinases and transcription factors. In pluripotent stem cells MAP
kinase is active through MEK1 and MEK2, which in turn regulate the transcriptional activity of
ERK1/2. Early in development (E3.0-E3.75) FGF regulates the formation of primitive endoderm

from the ICM (no connection to the naive-primed transition). Later in development (not clear
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when this happens in vivo but peri-implantation), FGF is required for the transition to primed
pluripotency. Upon activation of ERK1/2 by FGF stimulation, it was demonstrated that
pluripotent ESCs lose the ability to self-renew and gain the capacity to undergo lineage
commitment (Kunath, et al., 2007). While ESCs experience autocrine FGF4 signaling (Ma, et
al., 1992), only after removal of WNT activity do the cells undergo the transition (ten Berge,
et al., 2011). This indicates WNT and FGF have sequential roles in the naive-primed transition.
Since then, it was shown that ERK activation leads to the export of KLF4 from the nucleus of
ESCs, which in turn leads to a rapid decline in Nanog and KIf4 transcription. This disrupts the
entire core pluripotency network, leading to differentiation (Dhaliwal, Miri, Davidson, Tamim

El Jarkass, & Mitchell, 2018).

The report by ten Berge et al. in 2011 showed that using the same MEK inhibitor as in the 2i
ESC culture condition, together with soluble WNT protein, lowers the level of WNT3a protein
required for optimal self-renewal (ten Berge, et al., 2011). The existence of an interaction
between the two pathways and at what level is still an open question in the field (Kurek & ten
Berge, 2012). Consistent with the in vitro data, FGF4 was also detected in the inner cell mass
of the blastocyst (Rappolee, Basilico, Patel, & Werb, 1994). WNT activity has been detected in
vivo at E3.5 and E4.5, but not at E5.5, stages which developmentally correspond to naive and
primed pluripotent states, respectively (ten Berge, et al., 2011), suggesting that WNT activity
must be inhibited for the transition from one state to another to occur. Additionally,
suppression of ERK signaling stimulates the maintenance of naive cells within the ICM in the
mouse embryo by blocking specification of primitive endoderm (Nichols, Silva, Roode, &

Smith, 2009).

d. Nodal/Activin signaling

The primitive streak formation is initiated by WNT and Nodal, on the posterior side of the
embryo (Huelsken, et al., 2000) (Brennan, et al., 2001), while primitive streak formation is
inhibited at the future anterior side of the embryo by growth factor antagonists and
intracellular back-up mechanisms (Pereira, et al., 2012). A positive feedback loop is initiated
where proNodal (Nodal precursor) induces the expression of Bmp in the extraembryonic
ectoderm (Ben-Haim, et al., 2006). BMP then promotes the expression of Wnt3 in the
posterior epiblast, the site of the primitive streak. WNT signaling induces the T box

transcription factor Brachyury, routinely used as a mesodermal marker, which has an
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important role in the establishment of the anterior-posterior axis. WNT activity also positively

regulates the levels of proNodal, which initiates the feedback loop.

Nodal belongs to the transformation growth factor beta (TGFB) superfamily of secreted
growth factors. Nodal (and Activin A, which mimics its effects) activates a complex of type |
and type Il cell surface serine threonine kinase receptors, that in turn phosphorylate the
downstream cytoplasmic effector proteins SMAD2 and SMAD3. Phospho-SMAD complexes
(usually 2/3), in association with the co-SMAD, SMADA4, translocate to the nucleus and, acting
together with additional DNA-binding partners, selectively regulate target gene expression
(figure 5) (Massague, Seoane, & Wotton, 2005). In the mouse embryo, Nodal activity peaks in
the anterior primitive streak (Kaufman-Francis, et al., 2014). In vitro, mouse EpiSCs are
maintained by culturing them in the presence of Activin A (another TGFB-related factor) and
FGF2, reminiscent of the provision of Nodal and FGF signals at the anterior primitive streak
(Tam & Loebel, 2007). Similarly, TGFB signaling through Activin/Nodal is necessary for the
maintenance of pluripotency in human embryonic stem cells (James, Levine, Besser, &

Hemmati-Brivanlou, 2005).
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Figure 5. Schematic representation of the Nodal pathway.

e. BMP4 signaling

BMPs are also members of the TGFB superfamily. They are involved in regulation of cell
proliferation, differentiation, and apoptosis, and therefore play essential roles during
embryonic development and pattern formation (Massague, TGF-beta signal transduction,
1998). BMP functions through receptor-mediated intracellular signaling and subsequently
influences target gene transcription, similar to Nodal. Two types of receptors are required in

this process, type | and type Il. While there is only one type Il BMP receptor (BMPRII), there
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are three type | receptors: ALK2, ALK3 @
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known as SMADS8) (figure 6). Two

Figure 6. Schematic representation of the BMP

phosphorylated SMADs form a pathway.

heterotrimeric complex with a common

SMADA4. The SMAD heterotrimeric complex translocates into the nucleus and cooperates with
other transcription factors to modulate target gene expression. A parallel pathway for the
BMP signal is mediated by TGFB1 activated tyrosine kinase 1 (TAK1, a MAPKKK) and through
mitogen activated protein kinase (MAPK) (Derynck & Zhang, 2003) (Massague, 2000), which
also involves cross-talk between the BMP and WNT pathways (Smit, et al., 2004) (Ishitani, et
al., 2003). In Xenopus, dorsal-ventral polarity patterning was shown to be an effect of dorso-
ventral BMP and antero-posterior WNT signaling, through inhibition of phospho-BMP-SMADs
by concerted action of GSK3B and MAPK (Fuentealba, et al., 2007).

BMP4 was shown to induce the differentiation of primed pluripotent cells (Ying, Nichols,
Chambers, & Smith, 2003). In contrast, LIF through STAT3 can block mesoderm and endoderm
differentiation but favors neural differentiation (Ying, Nichols, Chambers, & Smith, 2003).
BMP4 drives hESC differentiation into a mixture of mesoderm and trophoblast committed
cells (Drukker, et al., 2012). In addition, supplementing the culture of hESCs with BMP4
induces a rapid decrease in the level of expression of OCT4 and SSEA3, while increasing the
expression of the differentiation gene marker SSEA1 (Vallier, et al., 2009). This confirms that

in contrast to mouse ESCs, hESCs are not maintained as pluripotent cells by BMP4 signaling.
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6. Epigenetic seesaw
As important as signaling pathway effectors and transcription factors are, an additional layer

of complexity is laid by the epigenetic machinery. Epigenetic modifications and cofactors play
a significant role both in the maintenance of the two pluripotent states, but also in their
transition. Transcriptional co-activators and co-repressors are protein complexes that do not
bind DNA on their own, but regulate the action of sequence-specific transcription factors via

chromatin-mediated mechanisms (Li & Belmonte, 2017).

Histone modifications have been extensively used to define and annotate distinct functional
regions such as promoters and enhancers. The chromatin landscape of pluripotent cells was
first described in murine ESCs. It showed that active and repressive chromatin marks colocalize
genome-wide, for instance the trimethylation of lysine 4 on histone 3 (H3K4me3) and
trimethylation of lysine 27 on histone 3 (H3K27me3) (Bernstein, et al., 2006) (Azuara, et al.,
2006). This ‘bivalent’ chromatin signature is considered a key element that enables genes
repressed in ESCs to follow alternative fates. In hESCs, a significant set of genes shows the
same bivalent H3K4me3 and H3K27me3 marking, but few genes exhibit H3K27me3 alone
(Pan, et al., 2007) (Zhao, et al., 2007). This indicates that, at least in hESCs, bivalency is the
default chromatin state at genes essential for proper developmental control. A particular
feature associated with the naive phase of pluripotency is the presence of two active X
chromosomes in female cells. In XX embryos the paternal Xiis initially inactive (Takagi & Sasaki,
1975) and is reactivated in the naive epiblast (Mak, et al., 2004). Subsequently, one of the X
chromosomes is randomly inactivated in each cell. In common with the naive epiblast, female
ESCs exhibit two active X chromosomes that undergo random inactivation during

differentiation (Rastan & Robertson, 1985).

ESCs are extremely sensitive to oscillations in several cofactors, such as Mediator and cohesin
(Kagey, et al., 2010), the Tat-interactive protein — p400 chromatin remodelling complex
(Fazzio, Huff, & Panning, 2008), the RNA polymerase-associated factor 1 (PAF1) complex (Ding,
et al., 2015), and the co-repressors CCR4-NOT transcription complex subunit 3 (CNOT3) and
tripartite motif-containing protein 28 (TRIM28) (Hu, et al., 2009). Mediator and cohesin are
especially relevant for the maintenance of naive pluripotency, due to their role in the 3D
genome organization of the core pluripotency transcription machinery. Mediator and cohesin

are relatively large protein complexes that enable physical interaction between transcription
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factor-bound enhancers and promoters (Li, Liu, & Izpisua Belmonte, 2012) (Gorkin, Leung, &
Ren, 2014). The transcription of pluripotency-associated genes depends on interactions
between distant regulatory elements. For instance, the expression of Oct4 requires its
upstream enhancer, bound by OCT4, SOX2, KLF4, Mediator and cohesin, to come into contact

with its promoter (Wei, et al., 2013) (Zhang, et al., 2013).

EpiSCs show several differences, when compared to ESCs, in enhancer histone modifications.
For example, Oct4 enhancer usage switches from a distal enhancer (DE, preferentially used in
the naive state) to a proximal enhancer (PE, primarily used in the primed state) (Tesar, et al.,
2007) (Yeom, et al., 1996). DNA methylation also varies: whereas ESCs have hypomethylated
genomic DNA, EpiSCs are hypermethylated (Weinberger, Ayyash, Novershtern, & Hanna,
2016) (Hackett, et al., 2013) (Hayashi, Lopes, Tang, & Surani , 2008). Perhaps the difference
easiest to observe in the status of the X-chromosome inactivation in female cells. Whereas
female ESCs have both X chromosomes active, in EpiSCs the random inactivation of one of

them is already completed (Guo, et al., 2009) (Bao, et al., 2009).

Thus, the transition from naive (ESCs) to primed (EpiSCs) pluripotency is induces significant
changes in the chromatin landscape. It then becomes essential for naive cells to undergo an
intermediary state, where they remove naive marks and lay primed ones, as it allows proper
remodeling in order to prepare for the correct segregation of all definitive embryonic lineages.
The exact steps and sequence of events in the naive-to-primed remodeling, as well as their
function, are currently poorly understood. Learning more about this process could provide

insight into how to direct it in the reverse way (i.e. reprogramming), to increase its efficiency.

7. Reprogramming somatic cells to pluripotent stem cells
In 2006, the direct in vitro reprogramming of somatic cells to pluripotency by ectopic

expression of defined factors was achieved in groundbreaking research by Yamanaka, with the
final aim of using these “induced pluripotent stem cells” for gene therapy (Takahashi K. &
Yamanaka S., 2006). In theory, one could harvest cells (e.g., fibroblasts) from a diseased
patient, reprogram them to a pluripotent stem cell state which can expand indefinitely, use
gene editing technologies to fix the underlying defect (with, for example, CRISPR/Cas9),
differentiate the stem cells back to cell types of interest and perform an autologous transplant

back into the patient, thus curing the disease. Viewed as a “Holy Grail” in modern medicine,
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this approach to personalized medicine is sidestepping the ethical issues of working with
human embryonic stem cells but it is still hindered by a number of factors, mainly inefficient
reprogramming/differentiating, especially in the human cells, of most clinical importance.
That is due to a failure to erase their epigenetic memory; instead they acquire a state that
resembles developmentally-primed cells, with a differentiation potential biased towards their
lineage of origin (Kim, et al., 2010). In contrast, mouse iPSCs acquire a state of naive
pluripotency that supports complete reprogramming. Ultimately, it is the growth conditions
that are used to expand such cells in vitro that determine the pluripotent state they attain (i.e.
complete erasure of developmental history or developmentally-primed) (Hanna, et al., 2009).
The key to unlock the full potential of human iPSCs rests therefore in understanding the

essential differences between the different types of pluripotency.

8. Scope of the thesis

The focus of this thesis is on extending our knowledge on stem cell biology by investigating
different aspects of pluripotency in mouse and human pluripotent stem cells. Specifically, we
aimed to thoroughly describe the effect key signaling pathways have on pluripotency, with a
particular view towards providing a more complete view of the controversy of the role of WNT
signaling in pluripotency. This thesis aimed to investigate the major differences between naive
and primed pluripotent cells derived from both mouse and human, the balance between
various signaling pathways that lead to pluripotency maintenance or exit, and how their

downstream effectors lead to different pluripotency states.

Chapter 2 investigates EpiSCs and the cues these cells respond to. Specifically, we aimed to
describe the effect of WNT signaling on primed pluripotency. In vivo, the corresponding cells
see a pulse of BMP and WNT during gastrulation. We proceeded with describing this process
in vitro. We found that BMP induces Wnt. Consequently, the activation of WNT pathway leads
to loss of pluripotency in EpiSCs and hESCs. Moreover, in EpiSCs, WNT inhibition confines the
cells to a pregastrula epiblast state which is able to contribute to blastocyst chimeras. Our
findings led to a clear model of how WNT affects exit from pluripotency, ending the
controversy around the contradicting findings previously published which indicated that WNT
can both maintain naive pluripotency but also trigger differentiation. This chapter also
describes new culture conditions that maintain homogenous cultures of mouse EpiSCs and

human ESCs.
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Chapter 3 addresses the question of identifying the specific roles WNT and MEK inhibition
have in naive pluripotency, in the mouse early embryo, as they are not needed simultaneously
for a homogenous culture. In doing so, we identified a novel pluripotent stem cell type, which
shares characteristics with both ESCs and EpiSCs, while also having unique features.
Interestingly, cells with similar properties are found in the peri-implantation embryo, shortly
after the cells gain polarity and form the embryonic rosette, indicating that they occupy an
intermediate pluripotent state. This chapter focuses on the characterization of this newly
identified stem cell type, which we named Rosette-like stem cells. The identification and in
vitro capture of rosette-stage pluripotency allows new insights into the processes that install

functional pluripotency.

Chapter 4 is based on the findings from Chapter 2, that WNT signals regulate the transition
from naive pluripotency to rosette-stage pluripotency. Our focus in this chapter was to obtain
mechanistic insight into the regulation of this pluripotent state transition by WNT signals.
Therefore, we set out to identify and characterize the transcription factor complexes that

mediate the effects of WNT signals in these states.

Chapter 5 presents an exploratory study that identifies downstream targets of the
pluripotency signaling pathways regulating the naive-rosette transition. We identify possible
synergies in targets between signaling pathways which may highlight key players in the
transition. Moreover, we found a specific link between the MEK signaling pathway and the

DNA hypomethylation observed in naive pluripotency in vitro.
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SUMMARY

Therapeutic application of human embryonic stem cells (hESCs) requires precise control over their differentiation. However, sponta-
neous differentiation is prevalent, and growth factors induce multiple cell types; e.g., the mesoderm inducer BMP4 generates both meso-
derm and trophoblast. Here we identify endogenous WNTsignals as BMP targets that are required and sufficient for mesoderm induction,
while trophoblast induction is WNT independent, enabling the exclusive differentiation toward either lineage. Furthermore, endoge-
nous WNT signals induce loss of pluripotency in hESCs and their murine counterparts, epiblast stem cells (EpiSCs). WNT inhibition ob-
viates the need to manually remove differentiated cells to maintain cultures and improves the efficiency of directed differentiation. In
EpiSCs, WNT inhibition stabilizes a pregastrula epiblast state with novel characteristics, including the ability to contribute to blastocyst
chimeras. Our findings show that endogenous WNT signals function as hidden mediators of growth factor-induced differentiation and

play critical roles in the self-renewal of hESCs and EpiSCs.

INTRODUCTION

Pluripotent stem cells can generate all cell types of the body
and hold great potential for transplantation medicine and
the study of early development. Pluripotency arises in the
inner cell mass of blastocyst-stage embryos during forma-
tion of the epiblast, and both human and mouse blastocysts
can give rise to pluripotent embryonic stem cells (ESCs).
Differentiation of the pluripotent epiblast toward the
primary germ layers occurs after implantation of the em-
bryo during the process of gastrulation. Signaling proteins
belonging to the BMP and WNT families are key gastrula-
tion factors that mediate induction of the primitive streak
in the embryo and can induce primitive streak derivatives
in human ESCs (hESCs) and mouse ESCs (mESCs) (Bakre
et al., 2007; Blauwkamp et al., 2012; Davidson et al., 2012;
Drukker et al., 2012; Gadue et al.,, 2006; Lako et al.,
2001; Lindsley et al., 2006; Nostro et al., 2008; Sumi et al.,
2008; ten Berge et al., 2008). However, BMP4 additionally
induces trophoblast (Drukker et al., 2012; Xu et al., 2002),
complicating efforts to obtain single lineages. Furthermore,
other reports show that both BMP and WNT signals support
the self-renewal of mESCs instead (Hao et al., 2006; Ogawa
et al., 2006; Singla et al., 2006; ten Berge et al., 2011; Ying
etal., 2003). These conflicting reports may reflect the action
of BMP and WNT signals on different pluripotent states, as
the epiblast of post implantation mouse embryos can also
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give rise to a pluripotent cell type, the epiblast stem cell
(EpiSC) (Brons et al., 2007; Tesar et al., 2007). EpiSCs are
developmentally more advanced than mESCs and possess
different morphology, growth factor requirements, gene
expression profile, and epigenetic state (Brons et al., 2007;
lesar et al., 2007). They can generate teratomas, a measure
of pluripotency, but unlike mESCs are not competent to
contribute to blastocyst chimeras.

EpiSCs express many differentiation factors present in
the primitive streak (Brons et al., 2007; Tesar et al., 2007)
and were found to comprise heterogeneous populations
of cells with distinct potency (Bernemann et al., 2011; Tsa-
Kkiridis et al., 2014). This suggests that EpiSCs are to some
extent prespecified, and their pluripotent state has there-
fore been designated “primed,” as opposed to the unspeci-
fied “naive” pluripotent state of mESCs (Nichols and
Smith, 2009). Similar observations were made for hESCs,
consistent with them occupying a primed pluripotent state
(Blauwkamp et al., 2012; Davidson et al., 2012; Drukker
et al., 2012; Stewart et al., 2006). Interestingly, for both
EpiSCs and hESCs, it has been shown that endogenous
WNT proteins, produced by the cells themselves, drive pre-
specification of the cells (Blauwkamp et al., 2012; Frank
et al., 2012; Sumi et al., 2013; Tsakiridis et al., 2014).

Here we address the consequences of endogenous
WNT signals for directed differentiation and self-renewal
of human and mouse pluripotent cells. We show that
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endogenous WNT signals mediate differentiation decisions
in response to BMP signals and furthermore that they are
the main cause of spontaneous differentiation in both
hESCs and EpiSCs.

RESULTS

BMP4-Induced Differentiation of EpiSCs Is Mediated
by WNT Signals
Both WNT and BMP signals are implicated in the initiation
of gastrulation and induction of the primitive streak. To
monitor these processes in vitro, we established EpiSCs
carrying the T-GFP reporter for the primitive streak marker
Brachyury by differentiating T-GFP ESCs (Fehling et al.,
2003) into EpiSCs by culture in FGF2 and ACTIVIN. We
included IWP2, a small molecule inhibitor that blocks the
biosynthesis of mature WNT proteins (Chen et al., 2009),
to increase the efficiency of differentiation (ten Berge et al.,
2011). Phenotypic and functional assays veritied the com-
plete differentiation (Figures SIA-S1D available online).
Treatment of the T-GFP EpiSCs with either WNT3A or
BMP4, in the presence of ACTIVIN and FGF2, strongly
induced reporter expression, followed by loss of the plurip-
otency marker SSEA1 (Figure 1A). However, in the BMP4-
treated cells, these events were delayed, possibly because
BMP4 may act indirectly, by inducing WNT signals in
EpiSCs (Figure 1A). Indeed, BMP4 protein strongly induced
a reporter for WNT signaling in Axin2-LacZ EpiSCs (ten
Bergeetal., 2011) (Figure 1B). This was due to the induction
of endogenous WNT proteins as reporter expression was in-
hibited by IWP2 (Figure 1B). Importantly, IWP2 prevented
not only the induction of T-GFP butalso theloss of SSEA1 in
response to BMP4 (Figure 1A), suggesting that BMP4-medi-
ated exit from pluripotency requires the activation of WN'L.
Indeed, while both WNT3A and BMP4 induced expression
of differentiation markers and loss of EpiSC markers, IWP2
prevented the gain or loss of these markers in response to
BMP4, demonstrating that it relied on the induction of
WNT signals (Figures 1C and S1E). IWP2 did not interfere
with WNT signal transduction or differentiation per se
since it did not block the effects of WNT3A (Figure S1F).
We used RNA-Seq to analyze the interactions between
BMP4 and WNT in EpiSCs treated for 48 hr in the presence
of ACTIVIN and FGF2. Principal component analysis
showed that the BMP4- and/or WNT3A-treated samples
separated from all other samples along the first compo-
nent, whereas the IWP2-treated samples clustered together,
regardless of the presence of BMP4 (Figure 1D). Interest-
ingly, the WNT3A-treated samples clustered together with
the BMP4-treated sample and induced the same meso-
dermal markers, such as Kdr, Mespl, and Thx6 (Figures 1D
and 1E). BMP4 was unable to induce these markers in the
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presence of IWP2 despite inducing the canonical BMP
target /d1, showing that IWP2 did not interfere with BMP
signal transduction (Figure 1E). These data show that the
gene-expression changes induced by BMP4 in EpiSCs are
to a large extent secondary to activation of WNT proteins.
Feedback loops between signaling factors are an impor-
tant element of gastrulation (Ben-Haim et al., 2006; Torte-
lote et al., 2013). We therefore analyzed the short-term
(2-6 hr) induction of the gastrulation factors Nodal,
Wni3, and Igf8 by BMP4 and/or WNT3A. While BMP4
induced Wnt3, WNT3A induced all three factors, and the
highest induction of Wnt3 was obtained using both signals
(Figure 1F). These observations explain why BMP signals
are not required for primitive streak induction once WNT
signals have been activated. No induction of the WNT
target Axin2 by BMP4 or the BMP-target Idl by WNT3A
was observed within the 6 hr timeframe (Figure 1F). How-
ever, Id1 is somewhat induced in the 48 hr WNT3A-only
condition, suggesting that the differentiating cells activate
endogenous BMP signals (Figure 1E). Nonetheless, T-GFP
induction was not suppressed by the BMP inhibitor
LDN193189, indicating that it did not require BMP signals
(Figure 1A). Finally, IWP2 prevented the loss of both OCT4-
and SOXZ2-positive as well as SSEA1-positive EpiSCs in
response to BMP4 (Figures 1G and 51G). Combined, these
data indicate that induction of EpiSC differentiation by
BMP4 is mediated by the induction of WNT signals.

Endogenous WNT Proteins Induce Differentiation and
Loss of Pluripotency in EpiSCs

In the course of our studies, we found that T-GFP EpiSCs
spontaneously induced a significant GFP-positive popula-
tion (Figure 1A, +vehicle). This induction was suppressed
either by IWP2 or by the WNT antagonist FZ8CRD, a
soluble domain of the WNT receptor that binds and
sequesters WNT proteins, indicating that it was due to
endogenous WNT proteins (Figure 1A). The presence of
endogenous WNT activity was further confirmed by the
spontaneous LACZ activity evident in Axin2-LacZ EpiSCs,
which was also suppressed by IWP2 (Figure 1B). Moreover,
multiple Wnt genes were expressed in EpiSCs, in particular
Wnt3 (Figure S2A). These observations are in line with a
recent report showing that endogenous WNT signals specify
afraction of EpiSCs toward primitive-streak lineages (1sakir-
idis et al., 2014). Clonal assays showed that these specified
cells were not committed to differentiation and maintained
a pluripotent phenotype (Tsakiridis et al., 2014).

However, we noticed that the GFP-positive cells showed a
shift to lower SSEA1 expression, suggesting that some of
them lost pluripotency (Figure 1A). We theretore sorted
the cells based on T-GFP intensity and assessed their poten-
tial to establish colonies or to form embryoid bodies (EBs),
both measures of pluripotency. A clear negative correlation
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was visible between the level of GFP and potential to estab-
lish NANOG-positive colonies (Figures 2A, 52B, and S2C).
Likewise, cells with higher levels of GFP produced smaller
EBs, while the cells with the highest level failed to form
EBs at all (Figures 2B and S2D). Moreover, these cells down-
regulated SOX2 and OCT4 (Figure 2B). These data show
that the T-GFP-positive population is enriched for cells
that have lost pluripotency.

We next tested whether WNT inhibition would prevent
this loss of pluripotency. When analyzed for SSEA1, multi-
ple EpiSC lines all displayed substantial levels of SSEA1-
negative cells, indicating significant differentiation (Fig-
ures 2C and SZE, vehicle). However, in the presence of
IWP2, more than 90% of the cells expressed SSEA1 (Figures
2C and S2E). In addition, RT-PCR and immunostaining
showed that IWP2 not only repressed primitive streak
markers but also raised the level of the pluripotency
markers Oct4, Nanog, and Sox2 (Figures 2D and SIE).
Moreover, IWP2 substantially enhanced the expansion
of OCT4- and SOX2-positive or SSEA1-positive cells (Fig-
ures 1G and S1G). In line with a recent report (Sumi
et al., 2013), suppression of endogenous WNT signals
also greatly enhanced the derivation of novel EpiSC lines
from 25% (four lines from 16 E5.5 embryos) to 79% (15
of 19). These data show that endogenous WNT signals
induce loss of pluripotency in a subset of EpiSCs, and
WNT inhibition suppresses this spontaneous differentia-
tion, greatly enhancing their self-renewal and derivation
efficiency. In fact, certain cell lines, e.g., the T-GFP EpiSCs,
could essentially not be maintained in the absence of
IWP2 as they progressively accumulated differentiated
cells (Figure 1A, +vehicle).

To identify the differentiation pathways induced by
endogenous WNT signals we compared the transcriptomes
of EpiSCs maintained in the presence or absence of IWP2.
Most differences were due to a set of genes that was repressed
by IWP2 (Figure 2E), with 321 genes downregulated and 87
genes upregulated in response to IWP2 (lable S1). Using
gene set enrichment analysis (Subramanian et al., 2005),

we found that a set of 29 genes first expressed around the
start of gastrulation (Pfister et al., 2007) was strongly en-
riched in conventional EpiSCs when compared with EpiSCs
treated with IWP2 (Figure 2F; Table S2). We next looked for
signatures of more committed cell types that derive from the
primitive streak. A set of 98 genes expressed in committed
human- and mouse-definitive endoderm and endoderm
precursors (Hou et al,, 2007; McLean et al., 2007; Ogaki
etal, 2011; Tadaetal., 2005) was highly enriched in conven-
tional EpiSCs (Figure 2F; Table 83). Since some of these genes
are also expressed in mesoderm progenitors, we created a
gene set consisting of 154 genes specifically expressed in
E7.5 endoderm versus mesoderm and ectoderm (Gu et al.,
2004) and found strong enrichment of this set in conven-
tional EpiSCs (Figure 2F; Table S4). Furthermore, a panel of
genes associated with the committed endoderm state
showed consistent repression in response to IWP2 (Lig-
ure 2G). In contrast, a set of 155 genes expressed in E7.5
mesoderm and ectoderm versus endoderm (Gu et al,
2004) showed no enrichment (Figure 2F; Table S§5) and
committed mesoderm markers such as Mesp1, Meox1, Kdr,
Handl, Msgn 1, Foxfla, Tlx2, or Thx6 ranked low in the com-
parison (Table 55). Anterior neurectoderm genes did not
increase in response to IWP2 (Figure 52F), indicating that
endogenous WNT signals were not required to inhibit neu-
ral differentiation. These findings show that endogenous
WNT signals induce a committed definitive endoderm state
in a subset of EpiSCs, explaining the loss of pluripotency in
response to endogenous WN'T signals.

WNT Inhibition Maintains EpiSCs in a Pregastrula
Epiblast Stage

Despite their origin from the pregastrula epiblast, transcrip-
tome comparisons indicate that EpiSCs are more similar to
the late-gastrula-stage epiblast (Kojima et al., 2014). To test
whether WNT inhibition maintains EpiSCs in a state closer
to that of the pregastrula epiblast, we compared their tran-
scriptomes with those of epiblasts derived from embryos
ranging from the cavity (Cav) stage to the prestreak (PS),

Figure 1. BMP4-Induced Differentiation of EpiSCs Depends on WNT Signals

(A) Flow cytometry plots of T-GFP EpiSCs treated with the indicated factors and analyzed for T-GFP and SSEA1. The cells were maintainedin
the presence of IWP2 prior to the experiment. Line plots indicate the mean of three independent experiments + SEM.

(B) Axin2-LacZ EpiSCs treated for 3 days with the indicated factors and stained for LACZ (blue).

(C) RT-PCR gene expression profiles of GFP9 EpiSCs treated for 2 days with the indicated factors, plotted relative to EpiSCs maintained in

the presence of IWP2 (n = 3, mean + SEM).

(D) Principal component analysis of transcriptomes of GFP9 EpiSCs treated for 48 hr with the indicated factors or untreated (0 hr). The
percentage of variance explained by the principal components is indicated between parentheses.

(E) Heat map of selected gene expression levels in GFP9 EpiSCs treated for 48 hr with the indicated factors, determined by RNA-Seq.
(F) Time course RT-PCR analysis of indicated genes in GFP9 EpiSCs following treatment with the indicated factors (n = 3, mean + SEM).
(G) Plot showing the expansion of OCT4- and SOX2-positive 12952C1a EpiSCs in the indicated conditions (three independent experiments,

mean + SEM).
The scale bar represents 200 um. See also Figure S1.
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Figure 2. Endogenous WNT Proteins Induce Loss of Pluripotency in EpiSCs

(A) T-GFP EpiSCs were sorted into three categories based on GFP and assayed for their ability to establish NANOG-positive colonies (three
independent experiments, mean + SEM).

(B) T-GFP EpiSCs were sorted into four categories based on GFP and assayed for their ability to establish EBs (top) or analyzed by flow
cytometry for SOX2 and 0CT4 (bottom, three independent experiments, mean + SEM).

(C) Flow cytometry histogram showing T-GFP EpiSCs treated for 3 days with the indicated factors and analyzed for SSEA1 (three inde-
pendent experiments, mean + SEM).

(D) Real-time RT-PCR gene expression profiles of 12952C1a EpiSCs cells treated for 3 days with IWP2, plotted relative to untreated EpiSCs
(three independent experiments, mean + SEM).

(E) Scatter plot comparing the global gene expression levels of GFP9 EpiSCs cultured in the presence or absence of IWP2. The dotted lines
delineate the boundaries of 2-fold difference in gene expression levels. Genes expressed more than 2-fold higher or lower in the presence
of IWP2 are plotted in blue or red, respectively.

(legend continued on next page)
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late mid streak (LMS), late streak (LS), no bud (OB), early
bud (EAB), and late bud (LB) stage, obtained using lllumina
bead-chip arrays (Kojima et al., 2014). A normalization pro-
cedure matched the distribution of the expression values
from our Affymetrix to the Illumina platform, and the
genes that were at least 1.5-fold differentially expressed in
response to IWP2 (1,066 gene identifications shared be-
tween both platforms) were analyzed using principal
component analysis. As observed before (Kojima et al.,
2014), the first component separated the embryo-derived
samples from the EpiSCs, whereas the second component
separated the embryo-derived samples according to their
developmental stage (Figure 3A). Importantly, while the
regular EpiSCs aligned at the early bud stage, EpiSCs main-
tained in the presence of IWP2 aligned between the
prestreak and early-streak stages, showing that their tran-
scriptome is indeed more similar to that of the pregastrula
epiblast (Figure 3A).

We tested the pregastrula state of EpiSCs maintained
with IWP2 using two functional assays. First, a small per-
centage of EpiSCs can revert to the ESC state when trans-
ferred to ESC conditions (Greber et al., 2010), and we found
that IWP2 treatment strongly raised this reversal efficiency
(Figure 3B). This indicates that IWP2 caused many more
cells to occupy a state of pluripotency sufficiently close to
that of ESCs to make the transition. Second, in contrast
to epiblast from the gastrula, the pregastrula epiblast can
contribute to chimeras upon blastocyst injection (Gardner
et al., 1985). However, EpiSCs rarely contribute to blasto-
cyst chimeras but rather, corresponding to their late-gas-
trula stage character, can integrate when introduced into
the primitive streak (Huang et al,, 2012; Kojima et al.,
2014). We derived EpiSCs from E6.5 transgenic embryos
carrying either a Rosa2é6-LacZ or Actin-GFP reporter in
the presence of IWP2, cultured the cells for five passages,
and performed blastocyst injections. We obtained 3 chi-
meras out of 14 E10.5 embryos from the Rosa26-LacZ
EpiSCs, and 1 chimera out of 14 embryos from the
Actin-GFP-derived EpiSC line GFP9 (Figure 3C). X-gal and
immunostainings demonstrated integration into multiple
tissues, including the neural tube, somite, nephrogenic
cord, body wall, splanchnopleure, and parts of the gut
tube (Figure S3A). Together, these tests strongly support
the pregastrula character of EpiSCs shielded from WNT sig-
nals. Moreover, they indicate that the ability to contribute
to blastocyst chimeras does not distinguish naive from
primed pluripotent cells.

We considered several explanations for the blastocyst
compatibility of IWP2-treated EpiSCs. First, some cells
may be reprogrammed to the naive state. However, IWP2
induced no increase in Thx3, Dppa3, Zfp42, KIf4, Dppa$,
or other naive markers (Figure 3D; Table 51). Second,
IWP2 may stabilize a minor fraction of EpiSCs that contrib-
utes to blastocyst chimeras, marked by the Oct4-GFP re-
porter GOF18 (Han et al., 2010). IWP2 did however not
enhance the GFP-positive fraction and sorted GFP-positive
cells lost GFP expression regardless of the presence of IWP2
(Figures S3B and S3C). Third, E-CADHERIN overexpression
allows EpiSCs to participate in blastocyst chimeras (Oht-
sukaetal., 2012). We observed higher E-cadherin expression
and strong E-CADHERIN staining throughout the cultures
in the presence of IWP2, similar in strength as in ESCs,
whereas staining was faint and patchy in regular EpiSCs
(Figures 3E and 3F). Furthermore, WNT3A induced the
E-cadherin repressor Snail and N-cadherin and downregu-
lated E-cadherin in EpiSCs (Figure 3G). These observations
indicate that endogenous WNT proteins repress E-cadherin
in EpiSCs, thereby reducing their ability to integrate in the
pregastrulation epiblast.

WNT inhibition repressed multiple differentiation genes,
including Eomes, Foxa2, Gataé, Lefty2, and Sox17, to the
same level as in ESCs, indicating that they are not EpiSC
markers (Figure 3D). We screened our gene expression
data for potential markers for genuine EpiSCs, maintained
in the presence of WNT inhibition (Figure 3H), and identi-
fied CD38, CD107/KIT, CD10S/ENDOGLIN, and CD44 as
cell surface markers suitable to separate ESCs and EpiSCs
by flow cytometry (Figure 3I) and OCT®6 as a nuclear marker
for genuine EpiSCs (Figure 3]).

Next, we addressed whether the differentiation-inducing
effect of WNT on EpiSCs explains the conflicting reports on
the role of WNT in ESCs. While we previously demon-
strated that endogenous WNT signals support ESC self-
renewal by inhibiting their differentiation into EpiSCs
(ten Berge et al., 2011), we and others also demonstrated
that WNT signals induce differentiation of ESCs in EBs
(Nostroetal., 2008; ten Berge et al., 2008). However, a tran-
sient EpiSC signature has been detected in differentiating
EBs (Zhang et al., 2010). This could be the result of a shut-
down of the WNT pathway in EBs, which would induce
ditferentiation of ESCs into EpiSCs. When we generated
EBs from ESCs carrying the 7xTcf-GFP reporter for WNT
signaling (ten Berge et al., 2008), we observed rapid down-
regulation of the WNT reporter, followed by loss of the ESC

(F) Gene set enrichment analysis plots demonstrating the enrichment of the indicated gene sets in EpiSCs cultured in the absence versus

the presence of IWP2.

(G) RT-PCR analysis for definitive endoderm genes in EpiSCs, in response to IWP2 (three biological replicates using 12952C1a, Axin2LacZ,

and GFP9 EpiSCs, mean + SEM).
Scale bar represents 200 pum. See also Figure 52.
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marker CD31 (Figure 3K). However, the cells maintained
expression of the pluripotency marker SSEA1, suggesting
they converted into EpiSCs. Following this transition, the
WNT reporter was induced while SSEA1 was lost (Figure 3K),
suggesting that endogenous WNTs now acted as differenti-
ation signals. Indeed, using T-GFP ESCs, we observed
induction of the differentiation reporter following the
transition of the ESCs into EpiSCs (Figure 3K). Thus, EBs
first mediate the conversion of ESCs into EpiSCs; only
then are endogenous WNT signals activated that induce
their differentiation.

Inhibition of Endogenous WNT Signals Prevents the
Accumulation of Differentiated Cells in hESC Cultures
It is thought that hESCs occupy a state of primed pluripo-
tency like that of mouse EpiSCs, rather than the naive
pluripotency of mESCs (Nichols and Smith, 2009). hESC
cultures experience substantial spontaneous differentia-
tion and require frequent manual removal of accumula-
tions of differentiated cells. We investigated whether
commitment to differentiation could be prevented by inhi-
bition of endogenous WNT signals, similar to what we
showed for EpiSCs.

In the presence of IWP2 or FZ8CRD, both H1 and H9
hESCs established flatter, sharper edged colonies with
very little evidence of differentiated cells, whether cultured
on mouse embryo fibroblasts (MEFs) or in mTESRI, a
serum- and feeder-free medium (Figures 4A and S4A).
When cultured in standard conditions, both H1 and H9
hESCs formed patches of BRACHYURY- and GATA4-posi-
tive cells (Figures 54B and 54C), and significant proportions

of the cells lacked NANOG, OCT4, or SOX2 (Figures 4B and
S4D). In contrast, no BRACHYURY or GATA4 was visible
when the cells were cultured in the presence of IWP2 (Fig-
ures 54B and 54C), and the proportion of cells lacking the
pluripotency factors was strongly reduced (Figures 4B and
S4D). A recently introduced defined medium, E8, per-
formed better yet IWP2 significantly improved the propor-
tion of cells expressing the pluripotency factors (Figure 4B).
RT-PCR analysis confirmed that IWP2 repressed multiple
markers of mesendodermal differentiation and enhanced
expression of pluripotency markers, while neurectodermal
markers either showed minor changes or were downregu-
lated (Figures 4C and 54E). These data suggest that WNT
inhibition prevents the spontaneous mesendodermal dif-
ferentiation of hESCs, while not increasing neurectoder-
mal differentiation.

We next tested whether WNT inhibition obviated the
need for manual removal of differentiated cells during
routine culture of hESCs. With manual cleaning, both H1
and H9 hESCs maintained persistent populations of cells
lacking one or more of the pluripotency factors, while in
the absence of cleaning this population progressively
increased (Figures 4D, S4F and S4H). Strikingly, IWP2
maintained pluripotency factor expression in most cells
in the absence of cleaning (Figures 4D, 54F and S4H).
Furthermore, IWP2 prevented the accumulation of cells
expressing the hESC differentiation marker SSEA1, which
otherwise rapidly accumulated (Figures 4E, S4G, and
S$4H). Finally, both H1 and H9 cells cultured for 10 passages
in IWP2 etficiently formed teratomas, indicating that they
retained their pluripotency (Figure 541). Combined, these

Figure 3. WNT Inhibition Maintains EpiSCs in a Pregastrula Epiblast Stage

(A) Transcriptomes from primary epiblasts dissected from embryos ranging from cavity to late bud stages and from the EpiSC line EpiSC9
were obtained from GEO (GSE46227) and combined with six microarray gene expression data sets from GFP9 EpiSCs cultured with and
without IWP2 and analyzed by principal component analysis. The percentage of variance explained by the principal components is
indicated between parentheses.

(B) Reversal efficiency of T-GFP EpiSCs. Prior to start of the reversal experiment, the cells were maintained in the presence or absence of
IWP2 as indicated (n = 3, mean = SEM).

(C) (Upper) X-gal stained chimeras derived from blastocyst injections of passage 5 Rosa26-LacZ EpiSCs. (Middle) Sections to indicate EpiSC
contribution (blue). Asterisk indicates a nonchimeric littermate. (Lower) Chimera derived from blastocyst injections of passage 5 GFP9
EpiSCs. Green fluorescence indicates EpiSC contribution.

(D) Heat map of selected gene expression levels of ESCs and GFP9 EpiSCs cultured in the presence or absence of IWP2 and analyzed by
microarray.

(E) E-CADHERIN and OCT4 immunofluorescence images of EpiSCs and ESCs.

(F) RT-PCR for E-cadherin in EpiSCs and ESCs (three biological replicates using 12952C1a, Axin2LacZ, and GFP9 EpiSCs, mean + SEM).
(G) Time course RT-PCR analysis of indicated genes in GFP9 EpiSCs following treatment with WNT3A (n = 3, mean + SEM).

(H) Real-time RT-PCR gene expression analysis of FVB EpiSCs relative to ESCs for a range of genes found by microarray to be differentially
expressed between EpiSCs and ESCs (n = 3, mean + SEM).

(I) Flow cytometry histograms showing surface markers distinguishing ESCs (CD38, KIT, and ENDOGLIN) and EpiSCs (CD44).

(J) OCT6 immunostaining (red) of 12952C1a EpiSCs and ESCs (blue, DAPT).

(K) The indicated ESC lines were aggregated into EBs and analyzed daily by flow cytometry for expression of reporter and the indicated cell
surface markers (three independent experiments, mean + SEM).

Scale bar represents 1 mm (C, embryos), 200 um (C, section), 100 pum (E and J). See also Figure S3.
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Figure 4. Inhibition of Endogenous WNT Signals Prevents Accumulation of Differentiated Cells in hESC Cultures
(A) H1 hESCs cultured for 5 days at the indicated conditions and stained for alkaline phosphatase (red). Arrows indicate differentiating

areas of the colonies.

(B) Flow cytometry histograms showing H1 hESCs cultured for 7 days in the presence or absence of IWP2 and analyzed for NANOG, 0CT4, and

SOX2 (three independent experiments, mean + SEM).

(C) Real-time RT-PCR gene expression profiles of H1 hESCs cultured for 6 days in the presence of IWP2, plotted relative to untreated cells

(n =3, mean + SEM).

(D) Percentage of H1 hESCs triple positive for NANOG, 0CT4, and SOX2 in the indicated conditions and procedures (three independent

experiments, mean + SEM).

(E) Percentage of H1 hESCs expressing SSEA1 in the indicated conditions and procedures (three independent experiments, mean + SEM).

Scale bar represents 500 um. See also Figure S4.

data show that inhibition of endogenous WNT signals pre-
vents the accumulation of differentiated cells in hESC cul-
tures and obviates the need for their manual removal.

BMP4 Induces Both WNT-Dependent and WNT-
Independent Differentiation Pathways in hESCs
We next investigated whether WNT signals mediate BMP-
induced differentiation in hESCs. Similar to the observa-
tions with mouse EpiSCs, both WNT3A and BMP4 protein

induced BRACHYURY and GATA4 in H1 hESCs, with
concomitant loss of OCT4 (Figure SS5A). Flow cytometry
indicated a strong induction of the mesoderm marker
ROR2 (Drukker et al., 2012), together with suppression
of pluripotency factors (Figures 5A, S5B, and S5C). RT-
PCR analysis showed induction of additional primitive
streak and mesoderm markers (Figure 5B). Furthermore,
induction of WNT3 in response to BMP4 suggested that
in hESCs too mesodermal induction was mediated by
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Figure 5. BMP4 Induces Both WNT-Dependent and WNT-Independent Differentiation Pathways in hESCs

(A) H1 hESCs were cultured with the indicated factors for 3 or 6 days and analyzed by flow cytometry for the mesodermal marker ROR2
(three independent experiments, mean + SEM).

(B) Real-time RT-PCR gene expression profiles of H1 hESCs cultured for 3 days in the indicated factors, plotted relative to cells maintained
in the presence of IWP2 (n = 3, mean + SEM).

(C) WNT3 expression level 6 hr after induction of H1 hESCs with the indicated factors, plotted relative to cells maintained in IWP2 (n =3,
mean + SEM).

(D) H1 hESCs cultured in the presence of the indicated factors and analyzed at several time points by flow cytometry for NANOG, OCT4, and
S0X2. Plotted is the percentage of cells positive for all three markers (three independent experiments, mean = SEM).

(E) H1 hESCs cultured with the indicated factors for 3 or 6 days and analyzed by flow cytometry for the trophoblast marker APA (three
independent experiments, mean + SEM).

(F) Real-time RT-PCR gene expression profiles of H1 hESCs cultured for 4 days in the indicated factors, plotted relative to cells maintained
in the presence of IWP2 (n = 3, mean + SEM).

(G) H1 hESCs maintained in the presence or absence of IWP2 prior to the experiment were differentiated with BMP4 in the presence of IWP2
and analyzed by flow cytometry for the trophoblast marker APA (three independent experiments, mean + SEM).

See also Figure S5.
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Figure 6. BMP and Endogenous WNT Signals Act Sequentially to
Induce Shared and Distinct Differentiation Pathways in hESCs
(Left to right) Endogenous WNT proteins induce differentiation
toward primitive streak lineages (red), reducing self-renewal. BMP4
induces both trophoblast (dark blue) and, mediated by endogenous
WNTs, primitive streak lineages. In the presence of WNT inhibitors,
BMP4 induces only trophoblast and no primitive streak lineages.
WNT signals upregulate gastrulation factors and induce primitive
streak lineages. WNT inhibitors block spontaneous differentiation,
obviating the need to remove differentiated cells during culture.

endogenous WNT (Figure 5C). Indeed, IWP2 prevented
mesodermal induction in response to BMP4 (Figures 5A,
5B, and S5A). IWP2 did not abolish the induction of
WNT3, indicating that it did not directly interfere with
BMP4 signaling (Figure 5C). Importantly, IWP2 reduced
but did not prevent the loss of the pluripotency markers
in response to BMP4 (Figures 5D and S5C). These data
show that BMP4 induces mesodermal lineages in hESCs
indirectly, via induction of WNT proteins, but also suggest
that it induces an alternative differentiation pathway that
is WNT independent.

In addition to mesodermal lineages, hESCs have the
ability to differentiate into trophoblast (Pera et al., 2004;
Xu et al,, 2002), and it has recently been shown that a
mixture of mesoderm- and trophoblast-committed cells
emerge in response to BMP4 (Drukker et al., 2012). In
agreement with this study, both flow cytometry for the
trophoblast surface marker APA (Drukker et al, 2012),
and RI-PCR for the trophoblast markers KRT7, ENPEP,
CGA, and GCM1 show that BMP4 induces the emergence
of trophoblast progenitors (Figures SE, SF and S5D).
Importantly, WNT3A did not induce trophoblast differen-
tiation, nor was the induction of the trophoblast markers
by BMP4 inhibited by IWP2 (Figures 5E and 5F). Com-
bined, these data show that BMP4 can induce the emer-
gence of trophoblast-committed cells from hESCs in a
WNT-independent manner, whereas the induction of
mesoderm-committed cells requires the action of WNT
proteins, either induced endogenously by BMP4 or added
directly to the cells.

Finally, a reasonable assumption would be that hESCs
maintained in the presence of IWP2 are better substrates
for differentiation as they contribute fewer undesired line-
ages to the population. Indeed, when differentiated toward
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trophoblast by BMP4+IWP2, H1 hESCs that were main-
tained in the presence of IWP2 produced more APA+ cells
than regular H1 cells (Figures 5G and S5E).

DISCUSSION

This work shows that endogenous WINT signals are major
hidden factors in the differentiation of hESCs and EpiSCs
and affect the outcome of directed differentiation protocols
in hitherto unappreciated ways. We show that WNT signals
induce the main gastrulation factors Nodal, Wnt3, and Fgf8
and are required and sufficient for the induction of meso-
derm by the commonly used mesoderm inducer BMP4. A
surprising finding is that BMP4 induces both mesoderm
as well as trophoblast-committed cells from hESCs, but
only mesoderm induction requires the activation of WNT
genes by BMP4.

We turther show that endogenous WNT signals interfere
with self-renewal of hESCs and mEpiSCs. Endogenous
WNTs push the aggregate developmental phenotype of
EpiSCs to that reminiscent of late-gastrula stage epiblast,
consisting of a mixture of genuine EpiSCs with cells in
various stages of differentiation, including cells committed
to the definitive endoderm lineage. WN'T inhibition pre-
vents the induction of differentiation genes and commit-
ment to endoderm, thereby maintaining a high percentage
of genuine EpiSCs displaying their pregastrula phenotype,
as evidenced by their contribution to blastocyst chimeras.
A similar process takes place in hESCs, where we show
that WNT inhibition is so effective in suppressing differen-
tiation that it obviates the need for manual removal of
differentiated cells during routine culture.

These findings are summarized in Figure 6, and they have
obvious ramifications for the guided ditferentiation of
hESCs. For instance, to induce trophoblast one should
stimulate with BMP4 in the presence of a WNT inhibitor
to avoid induction of mesoderm. Conversely, mesoderm
is best obtained using WNT3A in lieu of BMP4 to
avoid trophoblast induction. Furthermore, WNT-inhibited
hESCs differentiate more efficiently to the trophoblast line-
age, suggesting that genuine EpiSCs and hESCs, main-
tained as homogeneous undifferentiated populations by
WNT inhibition, are superior substrates for differentiation
as they contribute fewer undesired lineages to the popula-
tion. We also find that different cell lines and culture
media display various tendencies for endogenous WNT-
induced differentiation, affecting their suitability for spe-
cific purposes such as mesoderm or neural differentiation.
This may also influence to what extent WNT inhibition
supports their self-renewal or improves their subsequent
differentiation. Another interesting observation is that
spontaneous endogenous WNT signals induce endoderm
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in EpiSCs, consistent with the finding that low levels of
WNT3A (25 ng/ml) induce definitive endoderm (D’Amour
et al., 2006), whereas high levels of WNT3A (250 ng/ml)
induce mesoderm. This may reflect a later function for
WNT in redirecting primitive streak-specified cells from
endoderm to mesoderm (Loh et al.,, 2014). Finally, ESCs
are commonly aggregated into EBs for the derivation of
mesendodermal lineages. We now show that EBs mediate
the transition of mESCs into EpiSCs, which is followed by
activation of an endogenous WNT gradient and primitive
streak induction (ten Berge et al., 2008). A more controlled
way of inducing mesendodermal lineages would be by
directly inducing genuine EpiSCs with defined levels of
WNT signals.

The sequential action of BMP and WNT signals that we
uncover here is consistent with embryological findings:
Bmp4 is expressed prior to gastrulation in the extraembry-
onic ectoderm (Waldrip et al., 1998), both Wnt3 and
active beta-catenin have been detected in the prestreak
epiblast bordering this Bmp4-expressing region (Mohamed
et al., 2004; Rivera-Pérez and Magnuson, 2005), and WNT
pathway activation in the epiblast is required for primitive
streak induction (Haegel et al., 1995; Huelsken et al.,
2000; Liu et al., 1999). The spatiotemporal expression pat-
terns of Bmp4 and Wnt3 are therefore consistent with a
role for BMP4 in inducing Wnt3 in the primitive streak-
forming region. This is supported by the observations
that BMP4 induces Wnt3 expression in epiblast explants
(Ben-Haim et al., 2006), and Bmp4 loss of function mu-
tants fail to initiate gastrulation (Winnier et al., 1995).
Since we find that WNT signals induce the essential
gastrulation factors Wnt3, Nodal, and I'gf8 in the epiblast,
this suggests that, upon WNT3 induction, the primitive
streak can continue to expand distally because of contin-
uous induction of the gastrulation factors, including
WNT3 itself, by WNT3.

A recent study shows that a subpopulation of EpiSCs ex-
pressing a transgenic Brachyury reporter displays reversible
primitive streak characteristics, i.e., while biased toward
mesoderm and endoderm fates, these cells retain their plu-
ripotency (Isakiridis et al., 2014). In contrast, we find thata
significant fraction of the cells labeled by our Brachyury re-
porter has lost pluripotency, as indicated by the inability to
establish EpiSC colonies or to contribute to EBs. In support
of this, our gene expression data indicate the presence of
cells committed to a definitive endoderm fate in EpiSC cul-
tures. The differences in our results may be explained by
the Brachyury reporters used; the 1-GFP reporter is targeted
into the endogenous Brachyury locus and faithfully repli-
cates its expression (Fehling et al., 2003). In contrast, the
Tps/tb-RED reporter used by Tsakiridis et al. (2014) fails to
recapitulate Brachyury expression in the anterior streak re-
gion which, importantly, is the source of definitive endo-

derm precursors (Clements et al., 1996). Therefore, while
the T-GFP-labeled population would include the cells that
have lost pluripotency because they committed to a defin-
itive endoderm state, the Tps/tb-RED reporter would not
identify this population.

Recently, there has been debate about the nature of the
trophoblast-committed cells induced by BMP4 in hESCs,
with one study reporting that these cells represent a
subpopulation of mesodermal cells that go through a
BRACHYURY-positive state (Bernardo et al.,, 2011). How-
ever, the absence of BRACHYURY and other mesendoder-
mal and mesodermal markers in our BMP4+IWP2-differen-
tiated trophoblast cells argues against a mesodermal
character.

EXPERIMENTAL PROCEDURES

Statistics

All data are presented as mean = SEM. Technical replicates are
meant unless further specified; p values < 0.05 determined using
Student’s t test were considered significant.

Cell Culture

EpiSCs were cultured on gelatin and fetal calf serum-coated plates
in N2B27 supplemented with 20 ng/ml ACTIVIN A and 12 ng/ml
FGF2 (Peprotech). H1 and H9 hESCs were cultured on MEFs in Dul-
becco’s modified Eagle’s medium/F12 supplemented with 20%
knockout serum replacement and 10 ng/ml human FGF2 (Milli-
pore). Feeder free culture was done on Matrigel (BD) in mTeSR1 me-
dium (StemCell Technologies). Media, recombinant proteins, and
small molecules were changed daily.

Animal Experiments
All animal experiments were conducted after approval by the Eras-
mus MC animal ethical committee.

Transcriptome Analysis

Total RNA from GFP9 EpiSCs was prepared using Tril’ure (Roche),
converted to biotin-labeled cRNA, hybridized to Affymetrix Mouse
Genome 430 2.0 Arrays, and analyzed with the Affymetrix Gene-
Chip Scanner 3000. RNA-Seq was performed at the Erasmus MC
Center for Biomics using the lllumina HiSeq platform. We com-
bined lllumina BeadArray gene expression data (Kojima et al.,
2014) with our microarray data using a similar approach as
described (Heider and Alt, 2013). Microarray (GSE62155) and
RNA-Seq (GSE62205) data are available in Gene Expression
Omnibus (GEO). Further details are provided in the Supplemental
Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, five figures, and five tables and can be found
with this article online at http://dx.doi.org/10.1016/j.stemcr.
2014.11.007.
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CHAPTER 2

Supplemental Figure Legends

Figure S1, related to Figure 1. (A-D) T-GFP ESCs were differentiated into EpiSCs by culture in FGF2
and ACTIVIN for 4 passages. The cells acquired the characteristic flattened EpiSC morphology (A), lost
expression of the ESC markers Stefla and Rex/, and gained expression of the EpiSC markers Fgf5 and
Dnmi3b (B). To verify that the cells had truly differentiated, we transferred them back into ESC
conditions as a single cell suspension. On average 8 per 100,000 cells regenerated an ESC colony (n=3)
(©), in line with the reversal efficiency of epiblast-derived EpiSCs (Bernemann et al., 2011; Greber et al.,
2010), indicating complete differentiation. Teratoma assays demonstrated that the cells retained their
pluripotency as they produced teratomas containing derivatives of all 3 germ layers (D). E)
Immunofluorescence images of 129S2C1a EpiSCs cultured for 3 days with the indicated factors and
immunostained as indicated (blue: DAPI). F) Flow cytometry plots of T-GFP EpiSCs treated with
WNT3A and IWP2 and analyzed for T-GFP and SSEA1. G) Plot showing the expansion of SSEA1-
positive 12952C1a EpiSCs in the indicated conditions (mean +/- s.e.m.; n=3 independent experiments).
Scale bar: 200 pm (A), 100 um (D,E).

Figure $1
B C D .
20 3
1E+3, mT-GFP EpiSC £
@ Hcontrol EpiSC » S
O ] QL Sk
0, » 1E+2 = O |
w i o 15 w
o o Se K
(TR [T + 8
Qu Q 1E+1 5
= = 28 €
2 o o =
o X o 10 A o}
2 1640 = oF
O
® 52 —
3 5 1E1 E 54
%] ‘B =1 -
a g Z [
o S 1E-2 53
) - B}
o or o
1E-3 e

G
+WNT3A +BMP4 +BMP4+IWP2  +IWP2 +vehicle 1,6E+9
NANOG
(red)
@2
§1,2E+9'
OCT4 (red) *
GATA4 <
(green) %
»
‘S 8E+87
SOX2 8
(green) ;
T (red) o
§ 4E+8-
-
€
-
F (@]
+WNT3A Day 1 Day 2 Day 3 ]
+IWP2 KL7 7 5 0E+0

0 2 4 6 8 10
Days

SSEA1

T-GFP

+IWP2

+BMP4
+IWP2

+Vehicle

+WNT3A

S +BMP4

12

59



CHAPTER 2

Figure S2, related to Figure 2. A) Expression level of Wit genes in 129S2C1a EpiSCs relative to Gapdh
(mean +/- s.e.m., n=3; ND, not detected). B) Representative examples of EpiSC colonies obtained from
sorted T-GFP EpiSCs, stained for NANOG (red), and quantitied in Figure 2A. All colonies stained
positive for NANOG, while NANOG-negative cells only formed dispersed clusters. C) Gating strategy
relating to Figure 2A.D) Gating strategy relating to Figure 2B. E) Flow cytometry histograms showing
several EpiSC lines treated for 3 days with the indicated factors and analyzed for SSEAL. F) Heat map of
selected gene expression levels of GFP9 EpiSCs cultured in the presence or absence of TWP2 and
analyzed by microarray. Scale bar: 100 pm.
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Figure S3, related to Figure 3. A) Immunofluorescence images of sections of X-gal stained chimeras
immunostained as indicated. B) Flow cytometry plots of GOF18 EpiSCs cultured at indicated conditions
for 4 passages and analyzed for SSEA1 and GFP (mean +/- s.e.m.; n=3 independent experiments). C)
Flow cytometry histograms showing percentage of GFP positive cells from GFP-positive and GFP-
negative GOF18 EpiSCs analyzed 4 and 18 days after sorting. Scale bar: 50 pm.
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Figure S4, related to Figure 4. A) Representative phase contrast images of H9 (on MEFs) or H1
(mTESR1) hESCs cultured for 6 days at the indicated conditions. Arrows indicate differentiating areas of
the colonies. B,C) Immunofluorescence images of HI (B) or H9 (C) hESCs cultured for 6 days with the
indicated factors and immunostained as indicated (blue: DAPI). D) Flow cytometry histograms showing
H9 hESCs cultured in the indicated conditions for 7 days and analyzed for NANOG, OCT4 and SOX2. E)
Real-time RT-PCR gene expression profile of H9 hESCs cultured for 6 days in the presence of IWP2,
plotted relative to cells maintained in the absence of IWP2 (+/- s.e.m.; n=3). F) Percentage of H9 hESCs
triple positive for NANOG, OCT4 and SOX2, cultured using the indicated conditions and procedures
(mean +/- s.e.m.; n=3 independent experiments). G) Percentage of H9 hESCs expressing SSEA1 cultured
using the indicated conditions and procedures (mean +/- s.e.m.; n=3 independent experiments). H) Flow
cytometry histograms for SSEA1 and pluripotency transcription factors in H9 and H1 hESCs cultured
using the indicated conditions and procedures. Pluripotency factor expression was determined either at
day 19 (H9) or day 21 (H1). I) H9 or H1 hESCs were cultured in the presence of IWP2 for 10 passages
and then used to establish teratomas. Hematoxylin and eosin staining shows the presence of all 3 germ
layers in the teratomas. Scale bar: 200 um (A,C and I), 100 um (B).
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Figure S5, related to Figure 5. A) Immunofluorescence images of H1 hESCs cultured with the indicated
factors for 7 days and immunostained as indicated (blue: DAPI). B) Flow cytometry plots from the
experiment shown in Figure 5A, showing H1 hESCs cultured with the indicated factors for 3 or 6 days and
analyzed for ROR2. C) Flow cytometry histograms showing H1 hESCs cultured with the indicated factors
for 4 and 12 days and analyzed for NANOG, OCT4 and SOX2. D) Flow cytometry plots from the
experiment shown in Figure 5E, showing H1 hESCs cultured with the indicated factors for 3 or 6 days and
analyzed for APA. E) Flow cytometry histograms showing H1 hESCs differentiated with BMP4 in the
presence of IWP2 for 5 and 7 days and analyzed for APA (mean +/- s.e.m.; n=3 independent experiments).
Scale bar: 100 pm.
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Supplemental Experimental Procedures

Cell culture. Epiblast stem cells (EpiSCs) were cultured on gelatin and fetal calt serum coated
plates in EpiSC medium: N2B27 medium supplemented with 20 ng/ml ActivinA and 12 ng/ml
bFGF (both Peprotech). N2B27 medium consisted of one volume DMEM/F12 combined with
one volume Neurobasal medium, supplemented with 0.5% N2 Supplement, 1% B27 Supplement,
0.033% BSA 7.5% solution, 50 uM f-mercaptoethanol, 2 mM Glutamax, 100 U/ml penicillin and
100 pg/ml streptomyein (all from Invitrogen). EpiSCs were passaged 1:4-1:10 every 3 days by
triturating the colonies into small clumps using 0.5 mg/ml collagenase IV (Sigma).

To differentiate EpiSCs from ES cells, trypsinized ES cells were seeded at a density of 10,000
cells/em® on gelatin and FCS coated plates in EpiSC medium supplemented with 1,000 U/ml LIF
for the first passage. The cells were then passaged 1:4—1:10 every 3 days as small clumps using
0.5 mg/ml collagenase IV.

To revert EpiSCs to ESCs, EpiSCs were triturated to a single cell suspension in 0.5 mg/ml
collagenase IV (Sigma) and seeded at a density of 2,000 cells/em” in EpiSC medium on MEFs
supplemented with 10uM the ROCK inhibitor Y-27632 (Stemgent). The next day, the medium
was changed to N2B27 medium supplemented with LIF (1,000 U/ml), PD0325901 and
CHIR99021. After 4 days the cells were stained for alkaline phosphatase activity using the
SCRO04 kit (Millipore) and the number of alkaline phosphatase-positive colonies counted.
Mouse ESCs were cultured in N2B27 medium supplemented with 1,000 U/ml LIF (Chemicon)
and 250 ng/ml Wnt3a protein on gelatin coated plates.

WAO1 (H1) and WA09 (H9) hESCs were cultured on irradiated mouse embryonic fibroblast
feeder layers in medium consisting of DMEM/F12 supplemented with 20% Knockout Serum
Replacement, 2 mM Glutamax, 1x MEM non-essential amino acids, 50 uM [3-mercaptoethanol,
100 U/ml penicillin, 100 pg/ml streptomyein (all from Invitrogen) and supplemented with 10
ng/ml human bFGF (Millipore). For differentiation experiments cells were cultured on a layer of
Matrigel (BD Biosciences) in medium consisting of DMEM/F12 supplemented with 20% Serum
(HyClone), 2 mM Glutamax, 1x MEM non-essential amino acids, 50 pM p-mercaptoethanol, 100
U/ml penicillin, 100 pg/ml streptomyein (all from Invitrogen) and supplemented with 250 ng/ml
Wnt3a, 50 ng/ml BMP4, or 2 um IWP2, as indicated.

For feeder free culture, hESCs were cultured on a layer of Matrigel (BD Biosciences) in mTeSR1
medium (Stemeells Technologies) or TeSR-E8 medium (Stemcells Technologies).

Media, recombinant proteins and small molecules were changed daily in all experiments except
when indicated otherwise. IWP2 (Merck or Stemgent), CHIR99021 (Axon Medchem or
Stemgent), PD0325901 (Merck), LDN-193189 (Stemgent) and ROCK inhibitor Y-27632
(Stemgent) were diluted from 2 mM (IWP2), 0.2 mM (LDN-193189) or 10 mM (others) stocks in
water (Y-27632) or dimethylsulphoxide (all others), and used at 2, 3, 0.9, 0.2 and 10 uM,
respectively. Bmp4 (Invitrogen) was used at 15 ng/ml for EpiSCs, and 50 ng/ml for hESCs.
Wat3a and FzZ8CRD proteins were used at 250 and 1,000 ng/ml, respectively. Recombinant
mouse Wnt3a protein was produced in Drosophila S2 cells grown in suspension culture, and
purified by Blue Sepharose affinity and gel filtration chromatography as described (Willert et al.,
2003). Fz8CRD was produced as an Fe fusion protein as described (Hsieh et al., 1999).

Epiblast Stem Cell derivation. Epiblasts were dissected from E6.5 Rosa26-LacZ (Soriano,
1999) or Actin-GFP (Okabe et al., 1997) embryos and collected in DMEM with 10% FCS and 20
mM HEPES. After dissociation into small clumps using a brief trypsin-EDTA treatment, the
clumps were plated on a MEF feeder layer in DMEM supplemented with 18% Knockout Serum
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Replacement, 2% fetal bovine serum (Hyclone), 1 mM sodium pyruvate, 1x MEM non-essential
amino acids, 50 pM B-mercaptoethanol, 100 U ml/1 penicillin, 100 ng ml/1 streptomyein (all
from Invitrogen), 12 ng/ml bFGF (Peprotech) and 2 pM IWP2 (Stemgent). Four to seven days
after initial plating, the epiblast outgrowths were passaged using 0.5 mg/ml collagenase IV and
expand in MEF-containing culture. The MEFs were plated in the presence of 2 uM ITWP2 prior to
start of derivation or passaging to prevent the accumulation of endogenous Wnt proteins. Usually
EpiSCs were transferred to feeder-free N2B27 media after passage 2.

EpiSCs and hESCs self-renewal assays. To quantify self-renewal over multiple passages,
EpiSCs or hESCs were initially plated in 12-well plates at 1:10 ratio and the total number of cells
was estimated. Every 2-3 days for EpiSCs and 5-7 days for hESCs cells were passaged at ratio
that would result to a similar density (between 1:4 to 1:10 ratio) and at the same time cells were
stained with SSEA1 or nuclear pluripotency markers for FACS analysis (see FACS marker
staining). The cumulative number of positive cells was calculated by multiplying the cell counts
by the dilution factor used for passaging.

Teratoma formation. EpiSCs and hESCs were harvested using 0.5 mg/ml collagenase IV
(Sigma) and resuspended in PBS or 30% BD Matrigel in PBS (BD Biosciences), respectively.
Between 2x10° and 6x10° cells were subcutaneously injected into the flank of NOD/SCID mice.
After 5-8 weeks teratomas were removed, fixed in 4% PFA, embedded in paraffin, sectioned and
stained with hematoxylin and eosin. All animal procedures were performed in accordance with
institutional and national guidelines and regulations, and approved by the Erasmus MC Animal
Experiment Committee (DEC).

Blastocyst injection. EpiSCs were recovered by treatment with Enzyme-Free Cell Dissociation
Buffer (Gibeo), and 10-15 cells were injected into blastocysts collected from C57Bl/6 mice.
Blastocysts (10-15 per mouse) were transferred into the uterus of a pseudopregnant mouse and
embryos recovered 7 days later.

Embryoid body formation. T-GFP and 7xtef-GFP ESCs were triturated to a single cell
suspension using trypsin-EDTA and resuspended in differentiation medium composed of DMEM
plus 15% fetal bovine serum (Hyclone), 1x MEM non-essential amino acids, 50 pM f3-
mercaptoethanol, 100 U/ml penicillin, 100 pg/ml streptomyein (all from Invitrogen). Hanging
drops were prepared from 2000 ESCs per 20 pl drop in differentiation medium. After 3 days
embryoid bodies were transferred to low attachment plates for further culture in a shaking
incubator. The embryoid bodies were collected at indicated time points and dissociated into
single cells using collagenase IV in 5% FCS/PBS (5 minutes in 37°C) and collected for flow
oytometry. Following markers were used for staining: SSEA1-PE (eBioscience, 1:50) and CD31-
PE-Cy7 (eBioscience, 1:2000) in 5% FCS/PBS for 40 minutes at 4°C. 1pg/ml Hoechst 33258
(Molecular Probes) was used for live/dead cells assessment. Cells were analyzed using a
FACSAria 1T flow cytometer and results analyzed by FlowJo.

Correlation between level of Brachyury reporter and ability to form EpiSC colonies or
embryoid bodies. T-GFP EpiSCs were plated in N2B27 medium supplemented ActivinA and
bFGF for 3 days, dissociated with 0.5 mg/ml collagenase IV (Sigma) for EpiSC colony formation
assay or by 0.25% Trypsin-EDTA for embryoid body formation assay, resuspended in PBS with
10% serum and 1 pg/ml Hoechst 33258, and live cells sorted into 3 or 4 categories based on GFP
intensity using a FACSAria III cell sorter (BD Biosciences). The gating strategies are shown in
Figures S2D and S2E. Sorted cells were seeded at a density of 3000 or 6000 cells/cm’ in N2B27
medium supplemented with bFGF, Activin A, IWP2 and ROCK inhibitor. After 6 days the cells
were immunostained for Nanog and the number of positive colonies was counted by eye. For
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embryoid body formation, 6000 sorted cells per 25 pl droplet were aggregated in hanging drops
for 3 days, and the embryoid bodies collected and photographed.

Flow cytometry. For live flow cytometry experiments of EpiSCs, single cell suspensions were
made using trypsin-EDTA (5 minutes in 37°C), washed with 5% FCS/PBS, and stained with
SSEA1-PE (eBioscience, 1:50) for 40 minutes at 4°C. 1pg/ml Hoechst 33258 or 7AAD was used
for live/dead cells assessment. Prior to the time course experiment of T-GFP EpiSCs treated with
gastrulation-inducing factors, cells were cultured in the presence of IWP2 for one passage.

For live flow cytometry experiments of hESCs, single cell suspensions were made using
Enzyme-Free Cell Dissociation Buffer (Gibco) for 30 min at 37°C, washed with 5% FCS/PBS
and stained with anti-APA or anti-ROR2 as described previously (Drukker et al., 2012). For the
nuclear pluripotency markers, EpiSCs and hESCs were stained using Mouse or Human
Pluripotent Stem Cell Transcription Factor Analysis Kits (BD Biosciences) according to the
manufacturer’s protocol. Cells were analyzed using FACSAria III, FACS Fortessa, or FACS
SCAN flow cytometers (BD Biosciences), and data analyzed using FlowJo.

Real time RT-PCR analysis. Total RNA was prepared using a QIAGEN RNeasy mini kit with
on-column DNase digestion, or using TriPure (Roche) according to the manufactures protocol,
followed by reverse transeription using Superscript II (Invitrogen). Quantitative PCR was carried
out on a Roche Lighteyeler 480 using Lighteyeler 480 SYBR Green Master mix (Roche).
Relative quantification was carried out using Gapdh as a reference gene. All PCRs were carried
out in triplicate, and the mean crossing point was used for quantification. Primer sequences were
designed such that they spanned splice junctions whenever possible and are provided in Table S3.
Immunohistochemistry. Cells were fixed with 4% paraformaldehyde for 10 min at 4°C,
permeabilized for 10 min with ice-cold methanol, washed with PBS/0.5% Triton X-100 (PBT),
and blocked with 1% BSA (Sigma) and 5% normal donkey serum in PBT (blocking solution) for
1 hour. Samples were then incubated with primary antibody in blocking solution overnight at
4°C, washed three times with PBT, and primary antibodies detected by DyLight-488 or -594
labelled secondary antibodies (Jackson ImmunoResearch), followed by imaging. Antibodies and
concentrations: goat-anti-Oct4 (Santa Cruz sc-8628, 1:250), rabbit-anti-Nanog (REC-
RCABO0002P-F Cosmo Bio, 1:250), rabbit-anti-T (Santa Cruz sc-20109, 1:100), goat-anti-T
(Santa Cruz sc-17743, 1:100) and rabbit-anti-Gata4 (Santa Cruz sc-9053, 1;100), goat-anti-Sox2
(Immune Systems, 1:1000), rabbit-anti- E-cadherin (Cell Signaling 24E10, 1:200), rabbit-anti-
Neuronal Class III B-tubulin (Covance PRB-435P, 1:500), mouse-anti-Cdx2 (Biogenex,
MU392A-UC 1:400). Human ESCs were stained for alkaline phosphatase according to
manufacturer’s protocol (Millipore, Alkaline Phosphatase Detection Kit SCR004).

X-gal staining. Embryos were fixed for 30 min and cells for 1 min in 0.5% glutaraldehyde and
1% paraformaldehyde in PBS, washed in PBS and incubated in X-Gal solution composed of
0.1% 5-Bromo-4-chloro-3-indolyl B-D-galactopyranoside, 0,02% Nonidet™ P 40, 0.01% Sodium
Deoxycholate, 2mM magnesium chloride, 5mM potassium hexacyanoferrate(IIl), 5SmM
potassium hexacyanoferrate(Il) trihydrate, ImM ethylene glycol-bis(2-aminoethylether)-

N,N,N' N'-tetraacetic acid (all from Sigma) for 5 h to overnight at room temperature. Stained cells
were counterstained with neutral red and photographed with an Olympus BX40 light microscope.
Micro-array analysis. Total RNA was prepared using TriPure (Roche) according to the
manufacturer’s protocol from GFP9 EpiSCs maintained in the presence or absence of IWP2 for 2
passages in EpiSC medium. RNA was converted to biotin-labeled cRNA, hybridized on the
Affymetrix Mouse Genome 430 2.0 Array, and analyzed with the Affymetrix GeneChip Scanner
3000 at the Erasmus MC Center for Biomics (Rotterdam, The Netherlands) according to
manufacturer’s instructions. Raw intensity values were normalized by calling Variance
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Stabilization (VSN) and calculating the summaries with the medianpolish algorithm of the
Robust Multi-Array Average (RMA) expression (Huber et al., 2002; Irizarry et al., 2003). The
probe sets gene annotations were based on Ensembl release 75 (Flicek et al., 2014). Quality
control was investigated using the gc function from the simpleaffy R package. Differentially
expressed genes were called with the /imma package, using a threshold value of 0.05 for False
Discovery Rate (FDR) adjusted p-value and minimal fold change of 2.

Gene Set Enrichment Analysis (Subramanian et al., 2005) was run on the vehicle versus IWP
treated EpiSCs, with 1000 permutations per run. Permutation type was set to "phenotype". The
enrichment statistic used was weighted and signal to noise was used as our preferred metric for
gene ranking.

To combine gene expression data from Affymetrix GeneChip and Illumina BeadArray platforms,
we used a similar approach as described previously (Heider and Alt, 2013). We first downloaded
112 gene expression datasets deposited in the Gene Expression Omnibus (GEO) database
(GSE46227) (Kojima et al., 2014) and combined these data with our 9 Affymetrix GeneChip
datasets. The probes and probesets were combined using the probe(set)s/gene annotation of
Ensembl release 75 (Flicek et al., 2014). In each sample, genes with multiple probe/probesets
were collapsed to their median value. This resulted in 17058 distinct genes from both platforms.
Second, we quantile normalized the combined expression data (Bolstad et al., 2003). Third, we
applied the Empirical Bayes method (Johnson et al., 2007) in a unsupervised mode using the
CrOss-platform NOmmalization in R (CONVOR) package (Rudy and Valafar, 2011). We verified
the proper unsupervised hierarchical clustering with euclidean distance of the cross-platform
normalized data (data not shown). Subsequently we selected the gene expression values from
EpiSCs and Epiblast/Ectoderm samples cultured in Tam's and our lab to conduct a Principal
Component Analysis (PCA). Using R, the PCA was calculated based on the covariance matrix of
1117 genes that are differentially expressed with a FDR <0.05 and a fold change of at least 1.5.
RNA Seq. Total RNA was prepared using TriPure (Roche) according to the manufacturer’s
protocol from GFP9 EpiSCs treated for 48 hrs with Bmp4, Wnt3a, and/or IWP2 in EpiSC
medium. RNA-Seq was performed at the Erasmus MC Center for Biomics (Rotterdam, The
Netherlands) according to manufacturer’s instructions (Illumina). Briefly, polyA containing
mRNA molecules were purified using poly-T oligo attached magnetic beads. Following
purification, the mRNA was fragmented into ~200 bp fragments using divalent cations under
elevated temperature. The cleaved RNA fragments were copied into first strand ¢cDNA using
reverse transcriptase and random primers. This was followed by second strand synthesis using
DNA polymerase I and RNaseH treatment. These cDNA fragments were end repaired, a single A
base was added and Illumina adaptors were ligated. The products were purified and size selected
on gel and enriched by PCR. The PCR products were purified by Qiaquick PCR purification and
used for cluster generation according to the Illumina cluster generation protocols
(www.illumina.com). The sample was sequenced for 36bp and raw reads were uploaded on the
Galaxy main server (www.usegalaxy.org) (Goecks et al., 2010) and a standard pipeline for RNA-
Seq analysis was applied, using modules from the Tuxedo suite. Samples were filtered and
trimmed with FASTQ. The resulting files were aligned to the mm9 reference genome build using
preSet settings. The aligned reads were imported to Cufflinks, using multi-read and effective
length correction, and FPKM values calculated. The mm9 build was used as a reference
annotation. Principal component analysis on the FPKM values was performed using Tibco
Spotfire on the 9939 genes that had a FPKM value of 5 or more in at least one of the 4 samples.
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PCR primer sequences

Mouse Forward Reverse

Gapdh TATGATGACATCAAGAAGGTGG CATTGTCATACCAGGAAATGAG
Octd GAACATGTGTAAGCTGCGG CAGACTCCACCTCACACG
Sox2 AGCTCGCAGACCTACATGAA CCCTGGAGTGGGAGGAA
Nanog AAAGGATGAAGTGCAAGCG TCTGGCTGCTCCAAGTT

Faf5 AATATTTGCTGTGTCTCAGG TAAATTTGGCACTTGCATGG
Otx2 CATGATGTCTTATCTAAAGCAACCG GTCGAGCTGTGCCCTAGTA
Dnmt3b | CCAAGGACACCAGGACGCGC TCCGAGACCTGGTAGCCGGAA
Rex1 GCTCCTGCACACAGAAGAAA GTCTTAGCTGCTTCCTTCTTGA
Pecam1 | CAAAGTGGAATCAAACCGTATCT CTACAGGTGTGCCCGAG

Stella TTCAAAGCGCCTTTCCCAA ACATCTGAATGGCTCACTG
Wnt1 ATGAACCTTCACAACAACGA GGCGATTTCTCGAAGTAGAC
Wnt2b CATGAACTTACACAACAACC CAAAGTAGACAAGATCAGTCC
Wnt3 CAAGCACAACAATGAAGCAG GGAGTTCTCGTAGTAGACCA
Whnt3a AGTGAGGACATTGAATTTGG GTTTCTCTACCACCATCTCC
Wnt4 GAATCTTCACAACAACGAGG ATCTGTATGTGGCTTGAACTG
Whnt5a TAATTCTTGGTGGTCTCTAGGT GCACCTTCTCCAATGTACTG
Wntbb TATGCAGATAGGTAGCCGAG TTGTTCTGTAGGTTCATGAGAG
Whnt7a CATCATCGTCATAGGAGAAGG GATAATCGCATAGGTGAAGG
Wnt7b CATGAACCTTCACAACAATGAG TTGTACTTCTCCTTGAGCAG
Wnt8b GTACACCCTGACTAGAAACTG ATTGTTGTGCAGATTCATGG
Wnt9a AGTACAGCAGCAAGTTTGTC GAGCGAGGTCTCATATTTGTG
Wnt10b | CGGGATTTCTTGGATTCCAG TTGTGGGTATCGATAAAGATGG
Wnt11 GATCCCAAGCCAATAAACTG AGATACACAAGTTCTGAGTCCT
Wnt16 CTCTTTGGCTATGAGCTGAG CGTTGTTGTGTAGATTCATGG
T GAACCTCGGATTCACATCG GGCATCAAGGAAGGCTTTAG
Spb CGGGACCTATGAGCGCA TTCGGGCGGAGGAGAAT
Sox17 TGTATGAGTTCTTTGGAGACAAAGTAG | ATAGGAAGGCTGAAATTCAGATG
Snhaill CTTGTGTCTGCACGACCTGT CTTCACATCCGAGTGGGTTT
Klhi4 CAACAACTGCCACTCCAAATTG TATGGATGCTGCTAAAGGCAC
Zfp42 TCGGGGCTAATCTCACTTTCAT CCCTCGACAGACTGACCCTAA
Prdm14 | AGCACCCAACCGACTTACAG GTGGCACATCACCAAATGAG
Tbx3 CAGCAGCCCCCACTAACTG AGATCCGGTTATCCCTGGGAC
Pou3f1 GGCGCATAAACGTCGTCCA TCGAGGTGGGTGTCAAAGG
Lefty1 CGCGAAACGAACCAACTTGT CCAACCGCACTGCCCTTAT
Pitx2 GTCCGTGAACTCGACCTTTTT GCAGCCGTTGAATGTCTCTTC
Lrp2 GGCTGCATACATTGGGTTTTCA AAAATGGAAACGGGGTGACTT
Sic39a8 | GCCTAAGCATCCAGAGGGAGA CAGGTATGTCCTGCTGATTGC
Prss23 GGCGTCGAAGTCTGCCTTAG GGTGAGTCCCTACACCGTTC
Klhi4 CAACAACTGCCACTCCAAATTG TATGGATGCTGCTAAAGGCAC
Spry4 TCTGGTCAATGGGTAAGATGGT GCAGCGTCCCTGTGAATCC
Thbs1 CGGGGATCAGGTTGGCATT GGGGAGATAACGGTGTGTTTG
Fn1 GCCCAGTGATTTCAGCAAAGG ATGTGGACCCCTCCTGATAGT
Kit GTCGCCAGCTTCAACTATTAACT GCCACGTCTCAGCCATCTG
Map2k6 | TTGGAGTCTAAATCCCGAGGC ATGTCTCAGTCGAAAGGCAAG
Fgf15 CTGACACAGACTGGGATTGCT ATGGCGAGAAAGTGGAACGG
Epas1 TGTGTCCGAAGGAAGCTGATG CTGAGGAAGGAGAAATCCCGT
Rhox5 CCCTGGTGCCACTATCCTT ACTCGGAAGAACAGCATGATG
Fgfd GCTGCTCATAGCCACGAAGAA GGGCATCGGATTCCACCTG
KIf2 CACGTTGTTTAGGTCCTCATCC CTCAGCGAGCCTATCTTGCC
Alpl GGCTACATTGGTGTTGAGCTTTT CCAACTCTTTTGTGCCAGAGA
Tnfrsf19 | AGAAAATTCAGCGCAGATGGAA TTCTGTGGGGGACACGATG
Krt8 ATCGAGATCACCACCTACCG TGAAGCCAGGGCTAGTGAGT
Krt19 TGACCTGGAGATGCAGATTG AATCCACCTCCACACTGACC
Nedd9 CCACAGCACTCAAGGGGTAT ATGGTGGAATGGCATAGACC
Plat AGTGGTCTTGGGCAGAACAT CTGCAGTAATGCGATGTCGT
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Mnx1 GTTGGAGCTGGAACACCAGT CTTTTTGCTGCGTTTCCATT
Lgr5 TAACAGGGAACCGAGCCTTA CACTGTTGCCGTCGTCTTTA
Vil1 CTGGAAACCGAGACCTTGAG AGTTTCCCAGCTCTGCCTTA
Fgf8 CCGGACCTACCAGCTCTACA ACTCGGACTCTGCTTCCAAA
1d1 GAGTCTGAAGTCGGGACCAC GAGTCCATCTGGTCCCTCAG
Cdh2 GGGGATATTGGGGACTTCAT GAGTTGAGGGAGCTCAAGGA
Plet1 CTTGACATCCCAAAGCCAGT GGTTGAGGCTGAGGTTGTA
Cdh1 GCCACCAGATGATGATACCC GGAGCCACATCATTTCGAGT
Nodal ACCATGCCTACATCCAGAGC CATGTCCTTGTGGTGTTCCA
Axin2 AGGAGCAGCTCAGCAAAAAG GCTCAGTCGATCCTCTCCAC
Human Forward Reverse

GAPDH | GGCCTCCAAGGAGTAAGACC AGGGGTCTACATGGCAACTG
BRY GCAAAAGCTTTCCTTGATGC ATGAGGATTTGCAGGTGGAC
HOXB1 TCCCTGGGAACTTTGACAAC GCTCTGACACCTTCGCTAGG
WNT3 GCTGACTTCGGCGTGTTAGT CACTTGCATTTGAGGTGCAT
POU5SF1 | CGAAAGAGAAAGCGAACCAG ACACTCGGACCACATCCTTC
KRT7 CAGGAACTCATGAGCGTGAA CTGCCACCAGTGGAATTCAT
ENPEP | AAGAACATGGCCTGGAATTG AGCTCTCCATCTGCCACAGT
GCMH1 CCTCTGAAGCTCATCCCTTG GCTCTTCTTGCCTCAGCTTC
SOX2 AACCCCAAGATGCACAACTC CGGGGCCGGTATTTATAATC
NANOG | CAGAAGGCCTCAGCACCTAC ACTGGATGTTCTGGGTCTGG
T TCGGAACAATTCTCCAACCT GGGTACTGACTGGAGCTGGT
MIXL 1 AGTCCAGGATCCAGGTATGGT GGGGCTTCAGACATTTCGT
FOXA2 GAGGGCTACTCCTCCGTGA CACGTACGACGACATGTTCA
CGA GGTGCCCCAATACTTCAGTG CCCCATTACTGTGACCCTGT
SOX17 AGCAGAATCCAGACCTGCAC TTGTAGTTGGGGTGGTCCTG
SIX3 CGGGAGTGGTACCTACAGGA GGTGCTGGAGCCTGTTCTT
HESX1 TAGAGGCCGAAGACCAAGAA ACGCCGATTTTGAAACCA
FOXD3 ACTCTGCCTCTCCCCAATTT TCGGTTTTCGGTTTTACCTG
SOX1 AAAGTCAAAACGAGGCGAGA AAGTGCTTGGACCTGCCTTA
PAX6 GCCAGCAACACACCTAGTCA TGTGAGGGCTGTGTCTGTTC
ASCL1 GGACGAGGGCTCTTACGAC AACGCCACTGACAAGAAAGC
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General discussion and future direction

Pluripotency is an innate and, to a certain extent, flexible potential of cells to generate
all embryonic lineages. This comprises mesoderm, definitive endoderm and ectoderm
derivatives, along with germ cells. In the embryos of eutherian mammals, pluripotency first
appears within the inner cell mass (ICM). Here, the first pluripotent tissue is the epiblast of
the developing embryo. In preparation for deploying the adult organism blueprint, over a
period of several days (in mouse) or approximately two weeks in human embryos, these cells
undergo significant cellular, transcriptional and epigenomic changes. Pluripotency is often
referred to as naive or primed, two states that correspond to the pre- and post-implantation
pluripotent populations in the embryo, and their in vitro counterpart stem cells: embryonic
stem cells (ESCs) and epiblast stem cells (EpiSCs). Mouse ESCs (and the mouse pre-
implantation epiblast) are characterized by the production of OCT4, SOX2, KLF4, TFCP2L1,
ESRRB, TBX3 and NANOG, which are absent from the EpiSCs (and the post-implantation
epiblast). These transcription factors form a “core pluripotency network” that controls and
sustains naive pluripotency. Upon differentiation of ESCs to EpiSCs, as the naive factors are
negatively regulated, the expressions of Otx2 and Oct6 increase. This triggers the
differentiation of ESCs, i.e. loss of naive pluripotency, and mirrors the transcriptional changes
that occur in the late blastocyst. There, in an identical pattern, Nanog expression is repressed
before implantation, concurrent with the increase in expression of Otx2 and Oct6. Among the
other factors that are differentially expressed between the two cell types, the de novo
methyltransferases Dnmt3a and Dnmt3b are induced, which, both in vivo and in vitro, leads

to a significant genome-wide increase in CpG methylation.

The transition from one state to the other (or its inhibition) is tightly regulated by several
signaling pathways: LIF and WNT (for ESCs — naive pluripotency) and FGF through MEK
signaling and Activin (for EpiSCs — primed pluripotency). Despite knowing what factors are
required for the maintenance of naive pluripotency or the differentiation to primed
pluripotency, it is still unclear what molecular mechanisms these signaling pathways trigger
and whether they act in synergy. Our goal was to investigate the molecular cascades
regulating the transition between different pluripotency states and their biological relevance.
Clarifying these transitions can have a significant impact on improving reprogramming

protocols and understanding how lineage decisions are affected and implemented.
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Key thesis insights

Chapter 2

BMP induced differentiation in mouse EpiSCs is mediated by WNT signals;
Endogenous WNT proteins induce differentiation and loss of pluripotency
in EpiSCs;

WNT inhibition maintains EpiSCs in a pregastrula epiblast stage;

EpiSCs can contribute to blastocyst chimeras if their transcriptional profile
corresponds to pregastrula epiblast;

Inhibition of endogenous WNT signals prevents the accumulation of
differentiated cells in human ESC cultures.

Chapter 3

WNT signals block lumenogenesis and progression to a rosette-like state,
while MEK inhibition does not affect this transition but blocks subsequent
pluripotency progression to the primed state;

MEK/WNT-inhibited cells display rosette-like features;
MEK/WNT-inhibited cells display bivalent marking of primed genes;
MEK/WNT-inhibited cells acquire rosette-specific formatting of pericentric
heterochromatin;

OTX2 regulates entry into the rosette-like state;

MEK/WNT-inhibited cells represent a novel type of pluripotent cells,
termed rosette stem cells (RSCs).

Chapter 4

TCF7L1-/- ES cells inefficiently differentiate to RSCs;

WNT activity induces significant changes in the binding pattern of TCF7L1
to protein complexes;

Whereas the core pluripotency network in ESCs contains OCT4, SOX2,
NANOG, KLF4 and TCF7L1, the one in RSCs only contains OCT4, SOX2 and
TCF7L1, which may explain the faster differentiation of the RSCs to EpiSCs;
WNT may direct Polycomb-mediated repression to genes involved in the
transition to the primed state;

Chapter 5

Otx2 is among the first responders to reduced LIF and WNT activity,
emphasizing its key role in coordinating the transition from naive to primed
pluripotency;

DNA demethylation is not a key feature of ESCs, but rather a ‘side-effect’
of culture due to MEK inhibition;

The cell motility observed in RSCs is repressed by MEK and supported by
MEK inhibition.

In Chapter 2 we focused on investigating the effects of endogenous WNT signals on

the differentiation and self-renewal of both human and mouse pluripotent cells. This work

pinpoints endogenous WNT signals as mediators of differentiation decisions in response to

BMP signaling, and demonstrate that these endogenous signals are the main cause of

spontaneous differentiation in both human ESCs and mouse EpiSCs. In addition, we

demonstrate that BMP4 induces two differentiation pathways, one WNT-dependent to

primitive streak and one WNT-independent to trophoblast. We showed that endogenous WNT

signals induce differentiation and loss of pluripotency in EpiSCs, leading to a new culture
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condition that maintains homogenous EpiSC populations: serum free medium (N2B27)
supplemented with FGF, Activin and IWP2 (inhibitor of WNT production 2). Our data shows
that EpiSCs cultured without WNT signals more closely resemble the pre-gastrula stage of
embryonic development, highlighted by the ability of these cells to contribute to chimeras
upon blastocyst injections. Endogenous WNT signals push the EpiSCs to a phenotype
resembling the late-gastrula stage epiblast, consisting of a mixture of EpiSCs in various stages
of differentiation. In addition, we also showed that the inhibition of endogenous WNT signals
prevents the accumulation of differentiated cells in human ESC cultures. An exciting recent
development is the generation of synthetic embryos from ESCs and trophoblast stem cells
(TSCs) (Rivron, et al., 2018). This allows the investigation of interactions between the different
tissue types of the blastocyst and their roles in regulating development. Human TSCs have not
been established yet, but if we can efficiently generate human trophoblast cells by using
defined media as published in this chapter, we might be able to generate human trophoblast

cells to create human synthetic embryos to address such questions.

In Chapter 3, we demonstrated that WNT and MEK signals act subsequently to arrest
different states of pluripotency. Our work led to the description of a novel, third pluripotent
state, which we termed ESCs RSCs EpisCs
rosette-like, after the in vivo
equivalent of cells with similar @

characteristics. Whereas ESCs

Lif

are reliant on LIF and WNT for
Wnt

their maintenance, and EpiSCs
Fgf/Mek

rely on the removal of WNT
In vivo equivalent
factors and activation of MEK, a

novel pluripotency state can be

. . E4.5
stably maintained in culture E4.75-5 E5.5

through a combination of both Figure 1. Schematic representation of the three pluripotent states
WNT and MEK inhibition. in the and their signaling requirements, as defined in the mouse model

presence of LIF (Figure 1). We showed that rosette-like stem cells (RSCs) share some
characteristics with ESCs, such as the expression of a subset of genes considered specific for

naive pluripotency. These properties are relevant for a long-standing debate with regards to
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naive pluripotency and its WNT requirement. Some groups have previously argued that WNT
signals are not required for ESC maintenance, as some cells cultured in the absence of WNT
are still able to generate chimeras and show a panel of naive markers (Augustin, et al., 2017)
(Biechele, Cockburn, Lanner, Cox, & Rossant, 2013). Chapter 3 demonstrates that this is not
the case, and indicates that most likely, these groups were culturing RSCs. A still open question
is on the status of ESCs cultured in LIF+serum. Although these cultures are still pluripotent, as
demonstrated by their ability to generate high-contribution chimaeras with germline
transmission, it is a well-established fact that ESCs maintained in serum are often
morphologically heterogenous and also express pluripotency associated transcription factors
in a heterogenous manner (Toyooka, Shimosato, Murakami, Takahashi, & Niwa, 2008) (Marks,
et al., 2012). This mosaic transcription factor expression indicates that the ESCs cultured in
serum are not only heterogenous ESCs, but cultures consisting of different cell types, including

ESCs and RSCs, and perhaps EpiSCs due to the variability of serum composition.

Chapter 3 also includes a comprehensive description of RSC-specific characteristics,
such as co-production of KLF4 and OTX2, apicobasal polarity, cell motility and accumulation of
H3K27me3 in the pericentric heterochromatin. These features are consistent with the
transformations occurring in vivo when transitioning from the inner cell mass to the epiblast,
through the embryonic rosette. An important finding was that WNT blocks Otx2 induction,
lumenogenesis and the methylation of H3 at K27. Our data shows that the dynamic and global
increase in DNA methylation that occurs as ESCs exit the naive state and differentiate into
RSCs creates a methylome intermediate between naive and primed pluripotency. Our gene
expression profiling indicates that the increased methylation in RSCs may be an artefact
resulting from MEK inhibition, and not a driver/initiator of initial exit from naive to rosette
pluripotency, a hypothesis further investigated in Chapter 5. We observed the rosette
pluripotent state as a naive-primed intermediate both in vitro and in vivo, suggesting that it is
a required intermediate. Our data lays the foundation of future studies that should provide
an additional layer of insights into the molecular dynamics and drivers of transition through
the three distinct stages of pluripotency. Equally important will be to verify whether the
transition events we observe in our fully defined in vitro culture system are an accurate
representation of the events occurring in vivo. In the embryo, the cells transition from naive

to primed pluripotency in a closely synchronized manner, whereas the in vitro differentiation
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is more inconsistent, asynchronous and takes a longer time. Elucidation of the developmental
program of transitions at a single-cell level is therefore fundamental in understanding how

lineage decisions are set up and executed.

In light of our identification of RSCs in mouse, it would be important to investigate the
existence of a similar state in human cells. A key question remains, of whether RSC-like human
cells can be derived by conversion of human ESCs. Given that human ESCs more closely
resemble mouse EpiSC, and the latter do not efficiently revert to RSCs, we hypothesize that it
may be challenging to derive hRSCs from hESCs, without first describing a state in human cells
that resembles naive pluripotency. Similarly, exploring whether the ESC-RSC-EpiSC transition
in human cells is triggered by the same factors or in the same order might generate insights
relevant to IVF or oncology. For instance, human IVF embryos often implant but then fail to
develop further. Our work provides some insight into the processes that regulate further
development, in mouse. This thesis hints at signaling-regulated embryonic checkpoints,

involving the different tissue types of the blastocyst.

In Chapter 4 we explored the role of TCF7L1 (also known as TCF3) in ESCs and RSCs, as
despite the absence of WNT signaling, naive genes are not repressed yet in the latter. This
work focused on unravelling the molecular interactions that allow ESCs and RSCs to share
naive characteristics although they are maintained under opposite levels of WNT activity. First,
we showed a direct correlation between TCF7L1 overexpression and a higher concentration
of WNT required to counter-act its repressing effect, demonstrating that WNT relieves TCF7L1
repression to maintain naive characteristics. In contrast, cells lacking TCF7L1 significantly slow
down the transition of ESCs to RSCs. Additional work would be required to understand why

the transition is not altogether stopped, and what other factors are involved in it.

An important outcome of Chapter 4 is a map of TCF7L1 interactors in RSCs, both when
WNT signaling was inactive (true RSCs) and active (RSCs cultured with WNT for 4 hours). Our
data showed NuRD and SWI/SNF as complexes pulled down irrespective of WNT activity.
Moreover, we observed a compositional change of the TCF7L1 interactome, from a complex
containing OCT4, SOX2, NANOG, KLF4 and TCF7L1 (in presence of WNT), to one only
containing OCT4, SOX2 and TCF7L1 (in absence of WNT), providing insight into the faster
differentiation of RSCs to EpiSCs, which we demonstrated in Chapter 3. This suggests KLF4 and

NANOG may bring TCF7L1 to genomic binding sites specific to naive pluripotency. To fully
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define the existence of one complex containing all the factors above would require different
pulldowns for each factor. Several complexes pulled down predominantly in the sample where
WNT signaling was active indicate that WNT target genes are silenced in RSCs but become
active within 4 hours of WNT activity. An important follow-up to this work would be to enrich
this data with ChIP-Seq experiments to determine whether the changes in the TCF7L1 complex
indeed result in changes in genomic localization. We also pulled down several Polycomb group
proteins in the RSC sample treated with WNT, indicating a previously unknown connection
between the repressive Polycomb complex and ESCs/RSCs. Additional pulldowns combined

with knockdowns would further validate this link.

In addition to WNT signaling, MEK inhibition was also shown to support ESC self-
renewal in the absence of LIF, when combined with GSK3 inhibitor (which activates the WNT
pathway) or WNT3a soluble protein, although at a severely compromised level (Kurek & ten
Berge, 2012). The mechanism hypothesized for this relies on the inhibition of autocrine FGF4
signals (Kunath, et al., 2007). As supporting evidence, it was shown that GSK3 inhibition is
enough to support FGF4-/- ESCs (Ying, et al., 2008). In Chapter 5 we set out to confirm that
ESC maintenance does not depend on MEK inhibition, and that this pathway is relevant for
the maintenance of RSCs, through gene expression analysis. An important finding of this
chapter is the early response of the Otx2 gene to withdrawal of either LIF or WNT. The gene’s
upregulation is the highest when both factors are removed, consistent with the ESC-RSC-EpiSC
transition and the effect of the signaling pathways on it. Previous literature showed that OTX2
and OCT4, a transcription factor of the core pluripotency network, bind to similar regulatory
regions (Yang, et al., 2014). Previous to that, OTX2 had been shown to be an intrinsic
determinant of the naive state, and required for the transition to primed pluripotency
(Acampora, Di Giovannantonio, & Simeone, 2013). Our data reveals OTX2 as the initial
determinant controlling the ESC to RSC transition. How OTX2 manages to perform these
functions is still unknown. This chapter also shows that the demethylation observed in ESCs
cultured in LIF+2i is caused by the MEK inhibition, and is not an intrinsic attribute of ESCs. This
finding can have important implications for efficient iPSC derivation from human tissues, as it
was previously shown that previous somatic epigenetic signature is a limiting factor in iPSC
derivation efficiency (Gomes, et al., 2017). Indeed, induced demethylation by miR-29b during

mouse iPSC derivation was shown to increase iPSC quality (Wang, et al., 2017). A potential
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follow-up on our work could aim at deriving mouse and human iPSCs in the presence of MEK
inhibition and comparing the efficiency and quality with current state-of-the-art protocols.
Our findings, in particular coupled with the identification of the RSCs (Chapter 3) will enable
more studies that need to be done towards the precise identification of OTX2 target genes
and its protein partners in regulating gene expression at specific timepoints in the ESC-RSC-
EpiSC transition. A thorough time-series experiment combining protein pulldowns with gene

expression analysis can answer these important questions.

To sum up, in this thesis we show that the signaling pathways associated with the
maintenance and loss of pluripotency (in particular WNT and MEK) have different effects on
the molecular machinery affecting pluripotency, depending on the particular developmental
stage of the cells. We enrich the body of evidence demonstrating that ESCs are maintained
solely by LIF and WNT. In addition, we describe a novel pluripotent state that significantly
expands our knowledge on stem cell biology and how the balance of different signaling
pathways affect pluripotency. While pluripotent cells are present in the embryo for a
significant period of time during the course of development, since 2007 (the year EpiSCs were
first described), only two pluripotent stem cell types have been described in vitro, limiting our
view of pluripotency to either naive ESCs or primed EpiSCs. This indicated that only a limited
number of stable attractor states can be isolated and stably maintained. This thesis shows that
a third pluripotent state can be arrested and maintained in culture, and that ESCs and RSCs
can inter-convert in vitro. Therefore, our proposition is to view pluripotency as a series of
discrete steps rather than a transitional continuum. Furthermore, modified culture conditions
can induce novel characteristics in ESCs, RSCs or EpiSCs (for instance, different methylation
levels), confirming that the functional definition of pluripotency can be fulfilled while
encompassing a broad spectrum of additional properties. What remains unclear is whether
bona fide counterparts of the three pluripotency states exist in the human embryo, neither of
which are trivial questions to answer. A 2017 paper from the Zernicka-Goetz group indicates
that to be the case, as they described the lumenogenesis process that occurs in human
embryos with striking similarities with mouse, without deriving cell lines with RSC features
(Shahbazi, et al., 2017). Our current knowledge relies on data generated using different types
of basal media, cytokine combinations (and in different concentrations), functional assays and

diverse transcriptional analysis platforms, making direct comparisons near impossible. This is

213



CHAPTER 6

eased by embryonic analyses, which make comparisons possible, as well as investigating the
roles of the various signaling pathways. To understand whether the differences between these
states are representative of an endogenous developmental progression, one needs to
determine how each state functionally and transcriptionally relates to another in parallel
controlled experiments. This needs to be followed by comparisons to high-resolution data
from the epiblast population of the embryo, through successive stages of embryonic
development. Ideally, these comparisons would be at a single-cell level, as heterogeneity
within cell cultures due to asynchronous transitions, as well as in vivo within the epiblast itself,

may otherwise make the interpretation of these data challenging.

The naive-primed transition is comparable to a reprogramming process that may also
be reproduced during iPSC generation, as the same factors are involved. In a sense, naive
pluripotency is not yet functionally pluripotent. Only primed pluripotent cells can differentiate
into the germ layers, naive pluripotency can only become rosette/primed. Understanding this
process and what enables the embryonic cells to do it so quickly and efficiently may hold
lessons for understanding and improving reprogramming to induced pluripotency. For
example, constitutive heterochromatin is a major barrier to iPSC generation, and RSCs simply
remove it, which may be why they progress so quickly. The work in this thesis lays the
groundwork to analyze the status of all heterochromatin during the naive-rosette-primed
transitions, and investigating whether the silencing of heterochromatin in RSCs is dependent

on polycomb.
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Summary
This thesis aimed to thoroughly describe the effects key signaling pathways have on

pluripotency, with a particular view towards providing a more complete view of the
controversy of the role of WNT signaling in pluripotency. Our goal was to investigate how
different signaling pathways (LIF, WNT and MEK) balance themselves to sustain different

pluripotent states.

In Chapter 2 we show that BMP induces differentiation in mouse EpiSCs through a WNT-
independent path to trophoblast, and through a WNT-dependent path to primitive streak. We
also show that in contrast to ESCs, where WNT maintains naive pluripotency, in EpiSCs it has
the opposite effect, triggering differentiation and loss of pluripotency. This demonstrates that
WNT inhibition maintains EpiSC pluripotency. Moreover, WNT inhibition in EpiSCs promotes a
profile similar to pre-gastrula epiblast stage, which can lead to blastocyst chimera
contribution. Lastly, this chapter shows that the inhibition of endogenous WNT signals

prevents the accumulation of differentiated cells in human ESC cultures.

In Chapter 3, we demonstrate that WNT signals block lumenogenesis and progression to a
rosette-like state, while MEK inhibition does not affect this transition but blocks subsequent
pluripotency progression to the primed state. Moreover, the MEK/WNT-inhibited cells display
rosette-like features, bivalent marking of primed genes and acquire rosette-specific
formatting of pericentric heterochromatin. We also show that OTX2 regulates the entry into
the rosette-like state. The MEK/WNT-inhibited cells represent a novel type of pluripotent cells,

termed rosette stem cells (RSCs).

In Chapter 4 we started from the observation that both ESCs and RSCs share a subset of naive
pluripotency characteristics, even though WNT activity is on and off, respectively. We asked
what role does TCF7L1 has in the transition and reversion from naive to rosette-like and
showed that Tcf7/1-/- cells inefficiently differentiate to RSCs. Moreover, our data shows that
WNT activity induces significant changes in the binding pattern of TCF7L1 to protein
complexes. Whereas the core pluripotency network in ESCs contains OCT4, SOX2, NANOG,
KLF4 and TCF7L1, the one in RSCs only contains OCT4, SOX2 and TCF7L1, which may explain
the faster differentiation of the RSCs to EpiSCs. For the first time, we also show that WNT may

direct Polycomb-mediated repression to genes involved in the transition to the primed state.
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In Chapter 5, we show that Otx2 is among the first responders to reduced LIF and WNT activity,
emphasizing its key role in coordinating the transition from naive to primed pluripotency. In
addition, we demonstrate that DNA methylation is not a key feature of ESCs, but rather a ‘side-
effect’ of culture caused by MEK inhibition. In addition, we show that the cell motility observed

in RSCs is repressed by MEK and supported by MEK inhibition.

In brief, in this thesis | describe a novel pluripotent state that allows an in-depth description
of the effect different signaling pathways have on the transition from naive to primed

pluripotency, with relevance to the derivation of iPSCs, IVF and oncology.
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Samenvatting
Het doel van dit proefschrift was om de effecten van belangrijke signaleringsroutes op de

pluripotentie grondig te beschrijven, met een visie om een vollediger beeld te krijgen van de
controverse over de rol van WNT-signalering in pluripotentie. Ons doel was om te
onderzoeken hoe verschillende signaalwegen (LIF, WNT en MEK) zich in evenwicht houden

om verschillende pluripotente toestanden te ondersteunen.

In hoofdstuk 2 laten we zien dat BMP differentiatie induceert in EpiSC's van muizen via een
WNT-onafhankelijke weg naar trofoblast, en via een WNT-afhankelijke weg naar primitieve
streak. We laten ook zien dat in tegenstelling tot ESC's, waar WNT naieve pluripotentie
handhaaft, het in EpiSC's het tegenovergestelde effect heeft, waardoor differentiatie en
verlies van pluripotentie wordt veroorzaakt. Dit toont aan dat WNT-remming EpiSC-
pluripotentie handhaaft. Bovendien bevordert de WNT-remming in EpiSC's een profiel
vergelijkbaar met het pre-gastrula-epiblaststadium, wat kan leiden tot een bijdrage van de
blastocystchimera. Ten slotte laat dit hoofdstuk zien dat de remming van endogene WNT-

signalen de accumulatie van gedifferentieerde cellen in menselijke ESC-culturen voorkomt.

In hoofdstuk 3 laten we zien dat WNT signalen de lumenogenese en progressie naar een
rozetachtige toestand blokkeren, terwijl MEK-remming deze overgang niet beinvloedt, maar
de daaropvolgende pluripotentieprogressie naar de geprimede toestand blokkeert.
Bovendien vertonen de MEK / WNT-geremde cellen rozetachtige kenmerken, bivalente
markering van geprimede genen en verwerven ze rozet-specifieke opmaak van pericentrisch
heterochromatine. We laten ook zien dat OTX2 de toegang tot de rozetachtige toestand
regelt. De MEK / WNT-geremde cellen vertegenwoordigen een nieuw type pluripotente

cellen, genoemd rozetstamcellen (RSC's).

In hoofdstuk 4 zijn we uitgegaan van de observatie dat zowel ESC's als RSC's een subset van
naieve pluripotentie-eigenschappen delen, hoewel WNT-activiteit respectievelijk aan en uit is.
We onderzochten welke rol TCF7L1 heeft in de overgang en omkering van naief naar
rozetachtig en toonden aan dat Tcf7/1-/- cellen inefficiént differentiéren tot RSC's. Bovendien
laat onze data zien dat WNT-activiteit significante veranderingen in het bindingspatroon van
TCF7L1 aan eiwitcomplexen induceert. Terwijl de kern pluripotentie netwerk in ESC's OCT4,
SOX2, NANOG, KLF4 en TCF7L1 bevat, bevat dat in RSC's alleen OCT4, SOX2 en TCF7L1, wat de

snellere differentiatie van de RSC's naar EpiSC's kan verklaren. Voor het eerst laten we ook
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zien dat WNT door Polycomb gemedieerde repressie kan richten op genen die betrokken zijn

bij de overgang naar de primer-toestand.

In hoofdstuk 5 laten we zien dat Otx2 een van de eersten is die op vermindering van LIF- en
WNT-activiteit reageert, wat zijn sleutelrol benadrukt in de codrdinatie van de overgang van
naieve naar geprimeerde pluripotentie. Bovendien tonen we aan dat DNA-methylering geen
belangrijk kenmerk is van ESC's, maar eerder een 'neveneffect' van het kweken veroorzaakt
door MEK-remming. Bovendien tonen we aan dat de celmotiliteit waargenomen in RSC's

wordt onderdrukt door MEK en wordt ondersteund door MEK-remming.

Samengevat, in dit proefschrift beschrijf ik een nieuwe pluripotente staat die een diepgaande
beschrijving mogelijk maakt van het effect dat verschillende signaalroutes hebben op de
overgang van naieve naar geprimede pluripotentie, met relevantie voor de afleiding van

iPSC's, IVF en oncologie.
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