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Abstract

Gene duplication events play an important role in genome evolution; they can also create
developmental strategies that differ between species. However, the functional contribution of
duplicated genes in early human development and pluripotency is poorly understood. To address this
knowledge gap, | investigated NANOGP1, which is a duplicated pseudogene of a key pluripotency
factor called NANOG. NANOGP1 was chosen as a model for studying gene duplication in human
pluripotency for several reasons. Firstly, NANOGP1 is an evolutionarily conserved duplicate in
Hominidae that appears to have an intact coding sequence. The pseudogene is currently annotated as
non-protein-coding, although no functional assays have been performed to test this. Secondly, upon
investigating the expression of pseudogenes in human naive pluripotent stem cells (PSCs), | found that
NANOGP1 is among the top 1% of the highest expressed pseudogenes. Because high expression levels
of NANOG are crucial for maintaining human pluripotency, | hypothesised that a duplicated copy of
this important developmental regulator could have similar properties and might contribute to the
regulation of human pluripotency.

Gene expression profiling revealed that NANOG and NANOGP1 have overlapping but distinct
expression patterns, both in human embryos and in PSC states. NANOGP1 is highly expressed in naive
pluripotent cells but is significantly downregulated in primed pluripotent cells, while NANOG
expression levels do not differ to the same extent between the two pluripotent states. RNA splicing
analysis predicted that NANOGP1 encodes a protein with an intact homeodomain and transactivation
domain, but lacking part of the N-terminus. The divergent N-terminus is the main structural difference
between NANOG and NANOGP1 and was therefore used in this study to distinguish between the two
genes. Using CRISPR/Cas12a-mediated gene editing in naive PSCs, | introduced an epitope tag at the
start of the predicted protein sequence, and this enabled me to demonstrate for the first time that
endogenous NANOGP1 encodes an expressed protein.

The ability to be translated into the stable protein raised the possibility that NANOGP1 could
have a functional role. To test this, | performed a series of assays and established that at least two key
functional properties are conserved between NANOG and NANOGP1: gene autorepression, and the
ability to promote primed-to-naive PSC reprogramming. Alongside this, however, downregulating

NANOGP1 expression using inducible CRISPRi in naive PSCs did not lead to a differentiation phenotype,



which is in contrast to NANOG loss of function. Finally, using ChIP-seq, | showed that NANOGP1 shared
a subset of chromatin binding sites with NANOG, and also, surprisingly, had a small number of unique,
NANOG-independent sites particularly at the promoters of neural-associated genes.

Overall, | conclude that NANOGP1, a previously overlooked duplicated copy of NANOG, is an
expressed, protein-coding transcription factor in human naive PSCs. Most of the CDS, and several of
the functional properties, are conserved, implying that NANOGP1 could be supporting or cooperating
with its ancestral gene copy in stabilising pluripotency. At the same time, differences in the N-terminal
of the CDS, binding occupancy, and distinct expression patterns, could potentially contribute to
functional diversification. These differences could have significant evolutionary consequences for
creating species-specific developmental strategies, such as novel cell type-specific activity, expanded
protein interaction networks and interplay with signalling pathways. Collectively, these potential new
properties might extend functional potential and, hence, could encourage diversification of
developmental mechanisms. Taken together, my work has demonstrated that NANOG/NANOGP1
duplication serves as a paradigm for exploring how pseudogenes could support their ancestral copies,

as well as expand the evolutionary potential of conserved developmental programmes.
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1.1 Human development from zygote to gastrula

1.1.1 History of studying human early embryo development

Human pre-implantation embryos were first characterised by Arthur Hertig and John Rock,
who obtained the study material from volunteers that had undergone hysterectomy (Hertig et al.,
1954; Hertig et al., 1956). The two scientists studied and described pre-implantation developmental
states, beginning with the 2-cell stage and ending with early gastrulating embryos. After that, replacing
hysterectomy as a main form of sample collection, in vitro fertilisation (IVF) became the main source
of material for researching human pre-implantation development. In the 1970s, embryo research was
mostly focused on culturing and observing embryos in vitro to better understand their developmental
progression, which in return was also instrumental in developing methods for the IVF technology
(Edwards et al., 1970; Edwards et al., 1980; Lopata, 1980; Lopata et al., 1978; Steptoe et al., 1971;
Steptoe et al., 1980). In the following years, when the morphological stages of the embryo
development became more understood, scientists started to prioritise improving the IVF efficiency
and enabling long-term storage of human embryos, therefore advancing such techniques as IVF
human embryo transfer and human embryo cryopreservation (Gardner et al., 2000; Leeton et al.,
1982; Saito et al., 2000; Testart et al., 1988; van Royen et al., 1999). One of the biggest researchers of
early human development in 1980-2000 was Dr. Arunachalam Sathananthan, an electron
microscopist, who captured and visualised ultrastructural morphology of the human oocyte
fertilisation and subsequent embryo development. His work demonstrated the effects of culture and
cryopreservation on the embryo functions, as well as described functional competence of parental
gametes (Sathananthan, 1984; Sathananthan, 1990; Sathananthan, 1993; Sathananthan, 1994;
Sathananthan, 1997; Sathananthan, 1998; Sathananthan and Trounson, 1985; Sathananthan and
Trounson, 1989; Sathananthan et al., 1982; Sathananthan et al.,, 1986; Sathananthan et al., 1990;
Sathananthan et al., 1999; Sathananthan. A et al., 1993). More recently, following the line of research
established by Dr. Sathananthan, Wong and colleagues captured the first seven days of human embryo
development using time-lapse imaging and in vitro embryo culture (Wong et al., 2010). This study
demonstrated that it is already possible to predict whether the embryo would develop into a
functioning blastocyst at the 4-cell stage, prior to embryonic genome activation, which connected
successful embryo survival with the influence of maternal and/or paternal factors. Interestingly,
human pre-implantation embryogenesis was also found to be notably inefficient both in vitro and in
vivo, with more than 50% of the embryos failing to form a blastocyst (French et al., 2010; Gardner et

al., 2000; Hertig et al., 1954).
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Studying later stages of embryo development, involving cytotrophoblast proliferation,
differentiation and embryo implantation, was more limited due to ethical and technical reasons. The
focus was shifted towards investigating maternal contribution to placenta, such as an early study by
Khong and Robertson who, like Hertig and Rock, also used postpartum hysterectomy material (Khong
and Robertson, 1987). Therefore, studies focusing on mechanisms of human embryo invasion and
implantation were mostly comparative and hypothetical, such as those described in Norwitz et al.,
2001 and Moffett and Loke, 2006.

For the first-time, the transcriptome of the pre-implantation human embryo was described in
2004 (Dobson et al., 2004). More recently, in the past 10 years, several research groups performed
complex single-cell RNA-sequencing (scRNA-seq) analysis of early human embryos in order to deepen
our understanding of lineage marker expression, establish lineage segregation patterns and identify
human-specific developmental milestones (Blakeley et al., 2015; Liu et al., 2019; Meistermann et al.,
2021; Mole et al., 2021; Okamoto et al., 2011; Petropoulos et al., 2016; Vallot et al., 2017; Xiang et al.,
2020; Yan et al., 2013). All of these studies were limited by the 14-day rule, first proposed in the UK in
1979 and then adopted by many other jurisdictions, which prohibited all experimental manipulations
and embryo culture past this developmental timepoint (Cavaliere, 2017). However, in May 2021, the
International Society for Stem Cell Research (ISSCR) announced new guidelines proposing that
research on embryos after 14 days of development could be permitted if local policies and regulation
permit, provided that each project proposal is assessed by a suitable science and ethical review.
Following the new legislation, a landmark study to first examine human development at a later stage
was published in November 2021 (Tyser et al.,, 2021). This publication contained a single-cell
transcriptome study of a gastrulating embryo, the age of which was 16-19 days post fertilisation (dpf).

In summary, in the past 70 years, human embryo research has progressed considerably,
starting from simple description of embryo morphology to complex single-cell molecular studies. In
combination with recent modifications of ethical guidelines, such significant technological
advancements have a high potential of transforming the human embryology field — and the way

scientists address biological questions that are beyond our understanding.

1.1.2 Human development from zygote to gastrula: timeline, milestones and comparison to

mouse and primate embryo development

Historically, human embryo research has been ethically limited and mostly comparative, using
other model organisms and in vitro stem cell systems to infer knowledge about early human
development. Two major non-human model groups of species were rodents and non-human primates

(NHPs), and while mouse has been the predominant system for mammalian biology, primate
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development has been studied less well. Among NHPs, the biomedical field has been mostly focused
on the four following species: Pan troglodytes (chimpanzee), Macaca fascicularis (cynomolgus
monkey/crab-eating macaque), Callithrix jacchus (common marmoset) and Macaca mulatta (rhesus
macaque), with macaque being the most well researched (Johnsen et al., 2012).

This section compares early human development to that of mouse and NHPs, focusing on the
need for further research of primate models and the limitations of studying mouse development for
inferring about human development.

Human embryo development (gestation weeks 1-8, which precede the foetal period) is
divided into 23 morphological stages called Carnegie stages (O’Rahilly and Miiller, 2010), summarised
in Table 1.1.

Table 1.1 Key stages of human embryonic development. The table contains nine selected

developmental steps, while other stages are omitted for simplicity. These key stages are also
compared between human, macaque and mouse development further in the text and Figure 1.1.

Carnegie stage Developmental milestone(s)

Carnegie stage 1 (cs1) Fertilisation and formation of zygote

Carnegie stage 2 (cs2) Formation of blastomeres; morula stage

Carnegie stage 3 (cs3) Segregation into hypoblast, inner cell mass (ICM) and trophectoderm;

blastocyst stage

Carnegie stage 4 (cs4) Formation of syncytiotrophoblast, cytotrophoblast; beginning of
implantation
Carnegie stage 5 (cs5) Formation of bilaminar germ disk; complete implantation and

formation of secondary yolk sac

Carnegie stage 6 (cs6) Formation of primitive streak and primordial germ cells (PGCs)

Carnegie stage 10 (cs10) Embryo has 4-12 somites; neural fold formation; lateral folding of the

embryo

Carnegie stage 14 (cs14) Formation of ophthalmic vesicle and endolymphatic canal, cerebellar

and visible ocular primordium, and sixth pharyngeal arch

Carnegie stage 23 (cs23) Head is ~“50% of the embryo’s size; formation of the external genital

primordium, chin and nasal pit

Key developmental steps, such as formation of a morula, blastocyst and gastrulation, are
mostly similar between humans, mice and NHPs, however their development strategies exhibit several

fundamental differences, described below.
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Developmental timeline. Human embryo development is often described as protracted due

to its significantly extended timeline compared to other key model species (Figure 1.1).

cs1 cs3 cs4 csb cs6 cs10 cs14 cs23 birth

|
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| Gastrula
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Human
|
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Figure 1.1 Diagram showing comparison of human, macaque and mouse embryonic development
(reproduced from Nakamura et al., 2021). Stand-alone numbers indicate the number of days. Cs —
Carnegie stage, dpf —days post fertilisation, E0.5 —E19.5 — mouse developmental stages, where values
indicate number of days post conception.

Mouse embryos reach the morula stage ~2 dpf, whereas humans and macaques accomplish
this by ~4 dpf. Another significant milestone, implantation, occurs in mouse on ~4 dpf, while for
human this stage is observed at ~7-8 dfp and for macaque — at ~9-10 dpf (Finn and McLaren, 1967;
Hertig et al., 1959; Heuser and Streeter, 1941a; Niakan et al., 2012; Norwitz et al., 2001). On the whole,
the embryonic period of human development reaches the final, cs23 stage by 56 dpf, while similar
progress takes 48 dpf and 16 dpf for macaque and mouse, respectively (Kaufman, 1992; Nakamura et
al., 2021; O’Rahilly and Miiller, 2010). Moreover, the human gestation period also takes longer than
for the others, ~270 days, while that of macaque and mouse lasts ~160 and ~20 days, respectively.
Collectively, this demonstrates that the timing for both embryonic and foetal periods varies
significantly among major model species, including distinct developmental stage length among
primates as well.

Protracted timeline and cellular heterogeneity. Longer embryo and foetal periods in humans
could have potential consequences in organogenesis, as discussed in Nakamura et al., 2021, which
used germ cell development as an example. Germ cell development in mouse and human is
characterised by the presence of identical stages: PGC formation, migration and mitotic proliferation
in genital ridges (Culty, 2009; de Felici, 2013; Felix, 1911; Fuss, 1911; Fuss, 1912; Ginsburg et al., 1990;
Hilscher et al., 1974; Molyneaux et al., 2001; Politzer, 1930; Politzer, 1933; Saitou et al., 2002; Seki et
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al., 2007; Speed, 1982; Tam and Snow, 1981; Witschi, 1948). Then, male PGCs enter mitotic arrest and
differentiate into spermatogonia while female PGCs enter meiosis and become oocytes (Culty, 2009;
Edson et al., 2009; Kurilo, 1981). In mouse development, these processes are strictly synchronised
with the developmental timeline. In humans, however, they not only take longer, but are also highly
asynchronous. For instance, human female PGCs arrive at the genital ridges for mitotic proliferation
at ~35 dpf and then enter meiosis only two months later, around ~100 dpf. However, mitotically
proliferating female PGCs can still be observed at much later stages, at ~180 dpf (Kurilo, 1981; Li et
al., 2017) demonstrating that PGCs and oocytes co-exist in the developing ovaries for a rather
prolonged period of time, potentially allowing multiple currently unknown cellular interactions to
occur. This cellular heterogeneity demonstrates how different early human ovary development is from
that of mouse, and simultaneously indicates that such diversification could also take place in other
developing lineages and tissues.

Morphology and implantation. In addition to timing and cellular heterogeneity, rodent and
primate early embryonic development exhibits crucial morphological differences. In primates, the
early embryo forms the amniotic cavity prior to gastrulation, using epiblast cells only. After that, the
primate trophoblast actively invades the maternal uterus, while the epiblast proliferates and develops
into a flat embryonic disc (Heuser and Streeter, 1941b; Nakamura et al., 2016; O’Rahilly and Mdiller,
2010; Rossant and Tam, 2017). In mouse, the morphology of this process is drastically different. Mouse
epiblast and extraembryonic cells contribute to the formation of the amniotic cavity, which takes place
after gastrulation. Following that, epiblast extends to the distal side of the embryo, leading to
formation of a cup shape embryo, as opposed to a flat disc in primates (Bedzhov and Zernicka-Goetz,
2014; Gardner, 1978; Kaufman, 1992). In conclusion, morphological changes of the embryo, upon a
defining developmental step, implantation, are considerably different between rodents and primates.

Epigenetic regulation of early development. Mouse and human early development have
distinct mechanisms of X-chromosome dosage compensation. Firstly, human embryo does not exhibit
paternal X-chromosome silencing, observed in mouse (Okamoto et al., 2011). In contrast, expression
from both X-chromosomes undergoes gradual dampening (Petropoulos et al., 2016). Additionally, in
mouse, expression of long non-coding RNA (IncRNA) Xist initiates X-chromosome silencing (in cis),
while human XIST is expressed from both X-chromosomes and does not trigger X-inactivation
(Okamoto et al., 2011; Vallot et al., 2017). Together these facts highlight a major epigenetic difference
between mouse and human early development.

In summary, differences in the developmental timeline, synchronicity, embryo morphology
and early epigenetic mechanisms lead to a conclusion that developmental mechanisms studied in

mouse are not always appropriate for inferring details of early human development, while NHP
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models are more likely to provide accurate insight into processes that we cannot study in human

directly.

1.1.3 Gene duplication in human and non-human primate genomes

Human evolution and development have been driven by the emergence of segmental
duplications (SDs). SDs can lead to an increase in gene copy number, which is considered to possess a
higher potential for species evolution than other mutations, such as single-nucleotide polymorphisms
and segmental indels (Marques-Bonet et al., 2009b). In humans, over 5% of the genome consists of
SDs, with more than 90% identity shared between the ancestral and the duplicated copies (Bailey,
2002; Marques-Bonet et al., 2009b). The percentage of duplicated regions in humans is remarkably
high compared to Old World monkeys, such as macaques, where only 1.5% of the genome consists of
SDs (Marques-Bonet et al.,, 2009b). Indeed, a sudden burst of gene duplication events occurred
following the divergence of apes from Old World monkeys, and these SDs account for ~80% of modern
human-specific duplications (Marques-Bonet et al., 2009a). Importantly, higher abundance of gene
duplications is not limited to humans but can also be observed in other Great Apes, which also involves
such species as gorilla, orangutan, chimpanzee and bonobo (Hahn et al., 2007). Molecular mechanisms
for the increased overall amount of gene duplication are not fully understood and require further

investigation.

1.1.4 Human embryo pluripotency: key regulators and comparison to other species

In development, cellular fate transitions are regulated by a finely tuned transcription factor
network. Expression of major pluripotency and lineage-specific transcription factors is mostly
conserved among human, NHP and rodent embryos (Blakeley et al., 2015; Boroviak et al., 2015;
Boroviak et al., 2018; Meistermann et al., 2021; Mole et al., 2021; Nakamura et al., 2016; Petropoulos
et al., 2016; Stirparo et al., 2018; Xiang et al., 2020; Yan et al., 2013). Moreover, orthologues of core
pluripotency-associated factors, such as Oct4/Pou5f1 and Nanog, are present in embryo development
in other vertebrates as well, such as amphibia, birds and fish, with some variations in their function
and expression patterns (Dixon et al., 2010; Lavial et al., 2007; Tapia et al., 2012; Theunissen et al.,
2011b).

In mouse, the early pluripotent compartment exhibits expression of such core pluripotency
genes as Oct4, Nanog and Sox2 (Avilion et al., 2003; Dietrich and Hiiragi, 2007; Palmieri et al., 1994;

Rosner et al., 1990). Recent studies of non-murine organisms, however, revealed that lineage marker
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localisation and molecular regulation in other mammals often go against the commonly accepted
mouse-focused paradigm, as described in the following paragraphs.

In mouse blastocysts, OCT4 and SOX2 proteins are initially expressed in all cells of the ICM,
and only later become restricted to the epiblast and excluded form primitive endoderm (Avilion et al.,
2003; Grabarek et al., 2012). Division of uniform mouse ICM into epiblast and primitive endoderm is
marked by ICM-specific NANOG and GATA6, which are co-expressed at first and then resolve into a
‘salt and pepper’ expression pattern — NANOG in the epiblast and GATAG in the primitive endoderm
(Chazaud et al., 2006; Plusa et al., 2008; Rossant et al., 2003). As a result of these studies, Oct4, Nanog
and Sox2 became known as ICM and epiblast-specific markers, while Gata6 along with Gata4 and
Sox17 among others (Artus et al., 2011; Morris et al., 2010) represented primitive endoderm.
Interestingly, in humans, NANOG and SOX2 proteins are expressed in the ICM but can also be detected
in some trophectoderm cells (Cauffman et al., 2009). Human OCT4 expression pattern also differs
from that of mouse and does not get restricted to the epiblast but expands to all cells of the embryo,
including the extraembryonic trophectoderm lineage as well (Cauffman et al., 2006; Niakan and Eggan,
2013). Similar to OCT4, human GATAG6 has an extended expression pattern and can be detected not
only in primitive endoderm, but also in some trophectoderm cells (Deglincerti et al., 2016a; Roode et
al.,, 2012). Such extended gene expression patterns were observed in other non-rodent model
organisms as well, such as GATA6 in bovine and NHP embryos (Boroviak et al., 2015; Kuijk et al., 2012;
Nakamura et al., 2016) and OCT4 in the rabbit and NHP (Cauffman et al., 2009; Harvey et al., 2009).

In certain cases, developmental markers are expressed both in mouse and human embryo,
but in different compartments. For instance, human ESRRB expression is restricted to primitive
endoderm and trophectoderm, instead of epiblast where its expression is observed in mouse (Blakeley
et al., 2015).

Some mouse transcription factors are not expressed in early human embryo development at
all. For example, one of the main pluripotency-associated transcription factors Klf2, is expressed in
the mouse pre-implantation epiblast, while in human and NHP early embryos its expression is absent.
Human and NHP embryos, however, exhibit expression of KLF17 (Blakeley et al., 2015; Nakamura et
al., 2016), structurally highly similar to both mouse and human KLF2 (Yamane et al., 2018), therefore
potentially utilising similar mechanisms as KIf2 in mouse.

Some early developmental markers are present both in mouse and human, but with different
onset of expression. For instance, in mouse, Elf5 and Cdx2 are involved in regulation of early
trophectoderm cells (Donnison et al., 2005; Strumpf et al., 2005). In humans, they are also expressed
in this extraembryonic lineage, but at later stages: ELF5 - in the cytotrophoblast cells (Hemberger et

al., 2010) and CDX2 - after the blastocyst cavitation stage (Chen et al., 2009; Niakan and Eggan, 2013).
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Finally, in addition to divergent expression patterns of key transcription factors in non-rodent
species, their overall blastocyst development seemingly exhibits more plasticity than mouse. In
cynomolgus monkey and human embryos, trophectoderm, epiblast and primitive endoderm were
shown to develop simultaneously during the blastocyst stage (Meistermann et al., 2021; Nakamura et
al., 2016; Petropoulos et al., 2016; Stirparo et al., 2018), whereas in mouse these compartments form
in two sequential steps (reviewed in Niakan et al., 2012a). Moreover, if human blastocysts are
disaggregated, both inner (ICM) and outer (trophectoderm) cells can re-form blastocysts that contain
new correctly-positioned ICM and trophectoderm compartments (de Paepe et al., 2013), proving the
plastic state of the blastocysts. Another more recent study also demonstrated that human naive hPSCs
can generate trophoblast cells directly (Dong et al., 2020).

In summary, despite mouse being commonly considered as the primary model organism for
mammalian development, its developmental programmes are not universal, and other non-murine
vertebrates share more between each other than with rodents.

So far, mouse has been the scientific model of choice due to less strict ethical regulations,
greater accessibility, shorter gestation period than other higher animals and, certainly, the power of
mouse genetics. Complementing these approaches, laboratories have also started designing non-
murine embryo research strategies that could be just as accessible and would help advance our
understanding of human early development. For instance, recent improvement of the human embryo
culture allows investigating implantation-like stages ex vivo (Deglincerti et al., 2016a; Shahbazi et al.,
2016), while other laboratories step away from working with embryos completely and focus on
developing artificial systems replicating early developmental programmes, such as human gastruloids,
blastoids, micropatterns and even so-called ‘artificial embryos’ (Deglincerti et al., 2016b; Fan et al.,
2021; Kagawa et al., 2021; Lee et al., 2009; Liu et al., 2021; Manfrin et al., 2019; Minn et al., 2020;
Moris et al., 2020; Paik et al., 2012; Sozen et al., 2018; Sozen et al., 2021; Tewary et al., 2017; Tewary
et al.,, 2019; Warmflash et al., 2014; Yanagida et al., 2021; Yu et al., 2021). All of these different
approaches help further investigation of human development from different angles and are already
relatively widespread. In the near future, knowledge obtained in human and NHP research could

match the amount of data gathered using the mouse model.

1.2 Human pluripotency and stem cells

1.2.1 Discovery and derivation of conventional human pluripotent stem cells

Pluripotent stem cells (PSCs) represent an in vitro model for studying early embryo

development. The first mammalian embryonic stem cell (ESC) cultures were derived from a mouse
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pre-implantation embryo in 1981 (Evans and Kaufman, 1981; Martin, 1981). Derivation of PSCs from
human blastocysts (human PSCs, or hPSCs) occurred much later, in 1998, and was performed by James
Thomson and colleagues (Thomson, 1998). In their experiment, embryos were cultured in vitro and,
upon reaching the blastocyst stage, were used for deriving five hPSCs lines, namely H1, H7, H9, H13,
and H14. Prior to this breakthrough, James Thomson’s research group also established the first NHP
PSCs for rhesus macaque (Thomson et al., 1995) and marmoset (Thomson et al., 1996).

Methods of demonstrating pluripotent properties of conventional hPSCs and, thus, validating
their phenotype, differed from that of mouse stem cell culture. For instance, classic murine in vivo
assays, such as tetraploid aggregation and blastocyst chimera formation (Brinster, 1974; Nagy et al.,
1990) are unfeasible in human due to ethical reasons. This was overcome in several human/non-
human animal chimera experiments. Thomson et al. (Thomson, 1998) tested the ability of hPSCs to
form teratomas in mice, while Kurosawa (Kurosawa, 2007) demonstrated the capability of hPSCs to
differentiate into all three germ layers, via embryoid body in vitro assays. Later, Mascetti and Pedersen
(Mascetti and Pedersen, 2016a) explored whether hPSCs are able to integrate into mouse embryo and
contribute to its development.

Conventional hPSC derivation techniques have been refined continuously. For instance, the
optimal source of hPSCs was found to be the late blastocyst, more specifically, late epiblast cells
exhibiting high levels of OCT4 expression (Chen et al., 2009), while plating whole intact blastocysts
resulted in expansion of trophectoderm, interfering with hPSC derivation (Niakan and Eggan, 2013).

Despite all the achievements in derivation optimisation studies, conventional H9 (female) and
H1 (male) hPSC lines, created by Thomson and colleagues in 1998 (Thomson et al., 1998), have
remained the most frequently used cell lines worldwide, each reported in more than 46% and 23% of

studies published in 2008 - 2016, respectively, according to Guhr et al., 2018.

1.2.2 Primed and naive pluripotency in mouse and human

1.2.2.1 Primed and naive pluripotency in mouse

Mouse and human PSCs (hPSCs) can be captured and maintained in vitro in primed and naive
states, which represent in vitro counterparts of developmentally distinct pluripotent cells existing in
vivo. In the early studies, mouse embryonic stem cells (mESCs) were derived from the pre-
implantation epiblast in serum-based medium supplemented with Leukaemia Inhibitory Factor (LIF),
defined here as serum/LIF. Another sub-type of pluripotent cells, currently referred to as mouse
‘naive’ state, was discovered in 2008 (Nichols et al., 2009; Ying et al., 2008). Similar to the serum/LIF

cultures, naive ESCs can also be derived from the mouse pre-implantation epiblast (more specifically,
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E3.5), although using a chemically-defined culture medium, 2iLIF (2i = 2 inhibitors). In 2iLIF, serum is
replaced with inhibitors of Mitogen-Activated Protein Kinase Kinase/Extracellular Signal-Regulated
Kinase (MEK/ERK) and Glycogen Synthase Kinase-3 (GSK3) pathways, using the small molecules
PD0325901 (or, PD03) and CHIR99021 (or, Chiron), respectively. Serum/LIF ESCs can be adjusted to
grow in the defined 2iLIF medium over the course of one or two passages, which results in their
acquisition of the naive state (Tosolini and Jouneau, 2015) and induces such changes as core
pluripotency protein binding reorganisation and global epigenetic reprogramming (Galonska et al.,
2015). Mouse ESCs express mouse pluripotency markers, self-renew, contribute to blastocyst
chimeras and have the potential to differentiate into all three embryonic lineages (Boroviak et al.,
2015; Du et al., 2019; Ghimire et al., 2018; Nagy et al., 1993; Stewart, 1993).

Since the chemical composition of serum is animal-dependent, serum/LIF medium conditions
exhibit batch-to-batch variation. Because of this, serum/LIF mESCs are heterogeneous and likely
represent a more prolonged continuum of pluripotency, while naive 2iLIF mESCs represent a more
homogeneous cell culture (Marks et al., 2012; Wray et al., 2010), similar to the E4.5 epiblast (Boroviak
et al., 2015).

In 2007, one more stem cell type/state was discovered, mouse epiblast stem cells (EpiSCs),
this time derived from the post-implantation epiblast (Brons et al., 2007; Tesar et al., 2007). EpiSCs
represent the ‘primed’ pluripotent state, transcriptionally resembling anterior primitive streak, which
makes them more developmentally progressed than the naive and serum/LIF cultures (Kojima et al.,
2014; Tsakiridis et al., 2014). Despite their origin and distinct morphology, primed EpiSCs are also
capable of self-renewal and differentiating towards the three germ lineages (Brons et al., 2007; Tesar
et al., 2007). Notably, genetically unmodified EpiSCs are only capable to form chimeras when
introduced into the post-implantation embryo (Brons et al., 2007; Huang et al., 2012; Kojima et al.,
2014; Mascetti and Pedersen, 2016b; Tesar et al.,, 2007). As a reflection of the developmental
dissimilarity, PSC states also differ morphologically when observed under a microscope: homogeneous
naive culture contains dome-shaped colonies, more heterogeneous serum/LIF colonies are flat, and

primed EpiSC colonies are large, flat and have cobblestone-like structure (Figure 1.2).
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Mouse ESCs Mouse EpiSCs

Serum/LIF

Figure 1.2 Bright field images showing morphology of mouse ESC and EpiSC cultures. Mouse ESCs —
adapted from Tosolini and Jouneau, 2015 (no image scale given). Mouse EpiSCs — adapted from Stuart,
2019. Scale, 100 um

1.2.2.2 Human primed pluripotency: differences and similarities with the primed pluripotency in

mouse

Human PSCs, obtained using a conventional method in 1998, represent the primed state,
despite being derived from the pre-implantation epiblast: they have similar morphology to mouse
EpiSCs and require a similar culture medium to be maintained in the undifferentiated state (Beattie et
al., 2005; James et al., 2005; Vallier et al., 2005; Wang et al., 2005; Xu et al., 2005). Mouse serum/LIF
culture medium components are not suitable for maintaining conventional hPSCs in the
undifferentiated state (Dahéron et al., 2004; Gerami-Naini et al., 2004; Humphrey, 2004; Xu et al.,
2002; Xu et al., 2005). These studies demonstrated that with help of BMP proteins, provided by serum,
conventionally derived hPSCs achieve extraembryonic differentiation, while LIF signalling does not
have any effect on the self-renewal of hPSCs. Notably, in the latter case, hPSCs did respond to the LIF
binding, as it induced downstream phosphorylation as well as nuclear translocation, although without
any self-renewal-related effect (Dahéron et al., 2004; Humphrey, 2004). Defined 2iLIF medium also
failed to maintain conventionally-derived hPSCs in their pluripotent state (Gafni et al., 2013; Hanna et
al., 2010; Theunissen et al., 2014; Ware et al., 2014). Additional evidence for conventional hPSCs and
mouse EpiSCs similarity was shown in the interspecies chimera experiment: hPSCs could only
contribute to mouse post-implantation epiblast and did not display this ability when they were
introduced into pre-implantation embryos (James et al.,, 2006; Masaki et al., 2015; Mascetti and
Pedersen, 2016a). Finally, conventional hPSCs were classified as having a highly similar profile to the
late post-implantation epiblast (Nakamura et al., 2016). In addition to that, one of the latest reports

regarding the in vivo comparison of the conventional hPSC culture was provided by Tyser and
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colleagues, who demonstrated that primed hPSCs are transcriptionally similar to the gastrula stage
post-implantation epiblast in humans (Tyser et al., 2021).

Curiously, despite their similarities, human and mouse primed pluripotent cell cultures are not
identical, as reviewed in Weinberger et al., 2016. Indeed, in addition to the common ‘primed’
properties, conventional hPSCs exhibit several ‘naive-like’ features, positioning them ‘in between’ the
naive and primed murine states. For example, conventional hPSCs upregulate expression of cell
adhesion protein E-cadherin, similar to mouse ESCs but not N-cadherin, expressed at a high level in
mouse EpiSCs (Gafni et al., 2013). Moreover, conventional hPSCs express REX1, an early epiblast
marker, and not FGF5, a marker of the late epiblast, in contrast to the mouse EpiSC, positive for Fgf5
and not for Rex1 (Chia et al., 2010; Gafni et al., 2013). Also, hPSC deoxyribonucleic acid (DNA)
methylation pattern resembles that of mouse ESC grown in serum/LIF medium conditions and not that
of EpiSCs (Hackett et al., 2013; Shipony et al., 2014). Another important evidence pointing at the
intermediate positioning of primed hPSCs in relation to murine ESCs and EpiSCs is localisation of TFE3,
whose orthologue mouse TFE3 is regulating exit from the pluripotent state in mouse ESCs. In naive
mouse ESCs, TFE3 protein exhibits strictly nuclear localisation while in EpiSCs it is present only in
cytoplasm (Betschinger et al., 2013). Primed hPSCs also express TFE3, but its localisation cannot be
linked to a single cellular compartment as it is detected both in the nucleus and cytoplasm (Gafni et
al., 2013). Collectively, these findings support the hypothesis that primed hPSCs are not completely
identical to the primed state in mouse, but instead likely to be positioned ‘in between’ the naive and
primed developmental states.

The dissimilarity between mouse ESCs and conventional primed hPSCs has been puzzling for
many researchers, since both cell cultures were originally derived from the same developmental stage
and under similar medium conditions. Therefore, it was not originally confirmed whether the naive
hPSC state, similar to the naive 2iLIF mESC, existed at all (Evans and Kaufman, 1981; Martin, 1981;
Thomson, 1998). To a certain extent, this could be explained by the fundamental difference between
mouse and human early embryo development, which involves different developmental timelines,
regulation of pluripotency and morphology, allowing to suggest that hPSC cultures required a different
approach as well. This motivated the scientific community to develop novel, more elaborate culture

medium recipes, that would help capture and investigate hPSC states.

1.2.2.3 History of deriving naive human pluripotent stem cells

Initial attempts to derive human naive cells in vitro were described in various studies (Hanna
etal., 2010, Chan et al., 2013, Gafni et al., 2013, Valamehr et al., 2014 and Ware et al., 2014). However,

none of the cell lines produced in the latter four studies were truly naive (Theunissen et al., 2014) or,
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as in the study by Hanna and colleagues in 2010, transgene-independent. After a long search for
experimental conditions that would enable deriving bona fide naive hPSCs, a breakthrough was made
in 2014, when this was achieved in 5i/L/A/F (5i = 5 inhibitors) reprogramming cell culture medium by
Theunissen and colleagues (Theunissen et al., 2014), as well as by Takashima and colleagues who
induced naive pluripotency by overexpressing NANOG and KLF2 transgenes in 2iLIF conditions, further
replacing them with a PKC inhibitor, Go6983 (Takashima et al., 2014). Later, human naive cells were
also obtained using an updated version of 5i/L/A/F, 5i/L/A, which did not require FGF2 (Theunissen
et al., 2016), or from pre-implantation ICM in t2iLGo medium conditions (Guo et al., 2016), as well as
via other reprogramming methods (see Section 1.2.3.2 for more naive hPSC derivation examples).

Unlike conventional primed cells, naive hPSCs were able to contribute to mouse pre-
implantation epiblast (Takashima et al., 2014), proving their similarity with the mouse ESCs, as well as
their transcriptional overlap with the human morula and early epiblast (Huang et al., 2014; Theunissen
etal., 2016). Due to these advancements, today we have evidence that the same developmental stage,
pre- or early post-implantation one, can be used for deriving primed and naive cells, both in mouse
and human, and the outcome depends mostly on the medium conditions used in that experiment.

In conclusion, today we hypothesise that naive and primed stem cells, mouse and human, do
not reflect existence of two fixed developmental states but rather, represent a dynamic continuum of
pluripotency. This way, naive and primed cell cultures represent snapshots of two developmental
stages that can be isolated and maintained in vitro. Additionally, another pluripotent cell type was
recently derived in both human and mouse models, representing a formative state (Section 1.2.4)
which reinforces the developmental continuum hypothesis. However, whether it is possible to
maintain and propagate ‘every’ embryonic developmental state to recreate full progression of

development in vitro is still unknown and awaits further investigation.

1.2.3 Molecular regulation of human pluripotent stem cells

Pluripotency depends on a balanced interplay of internal and external signalling molecules.
Internal signalling, as implied by the name, is already present within a cell, while external signalling
has to be provided by the culture medium, ‘recapitulating’ a signalling environment that the cell would

have been exposed to in vivo. Signalling pathways involved in establishing a pluripotent state, as well

30



as their activators and inhibitors used in primed, naive and reprogramming medium recipes are

summarised in Figure 1.3.
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Figure 1.3 Diagram showing key pluripotency signalling pathways as well as their
inhibitors/activators, used in culture medium for the PSC maintenance (reproduced from Collier and
Rugg-Gunn, 2018). See Section 1.2.3.1-1.2.3.2, describing the activity of selected components.

1.2.3.1 Primed pluripotent stem cell culture components and signalling

Primed hPSC culture medium conditions are very similar to that of primed mouse EpiSC
culture (Beattie et al., 2005; James et al., 2005; Vallier et al., 2005; Wang et al., 2005; Xu et al., 2005).
A key component, ensuring maintenance of the primed state in hPSCs, is the Fibroblast Growth Factor
(FGF) pathway, and inhibiting its receptor causes complete loss of primed pluripotency (Vallier et al.,
2005). Binding of FGF2 ligand to FGF receptor 1 activates its downstream targets Rapidly Accelerated
Fibrosarcoma (RAF)/MEK/ERK and PI3K/AKT (Nakashima and Omasa, 2016), which, in turn, are
responsible for maintaining the undifferentiated cell state and ensuring cell survival and proliferation
(Lietal., 2007). Additionally, FGF2 causes feeder cells to secrete Inhibinp-B, Gremlin 1 and FGF7, which
also participate in maintaining the primed pluripotency (Diecke et al., 2008). Moreover, as per the
model proposed by Bendall and colleagues, pluripotent hPSCs are capable of spontaneous
transformation into fibroblast-like cells which, in their turn and in response to FGF protein present in
the culture medium, produce IGF, TGF and other signalling molecules (Bendall et al., 2007). This way,
hPSCs were hypothesised to enable continuous maintenance of the primed pluripotency via paracrine
signalling. However, FGF signalling is not sufficient to maintain primed pluripotency on its own and
requires Transforming Growth Factor (TGF)-B/ACTIVIN/NODAL pathway to be active as well, which is
ensured by adding ACTIVIN A protein the culture medium (James et al., 2005; Vallier et al., 2005).
Similar to the FGF pathway, inhibition of TGF signalling causes loss of primed pluripotency (Smith et
al., 2008; Vallier et al., 2005)
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In summary, to ensure maintenance of the pluripotent state, human primed hPSCs and mouse
EpiSCs utilise similar external and internal signalling mechanisms, with key components being active

FGF and TGF-B pathways.

1.2.3.2 Naive pluripotent stem cell culture components and reprogramming methods

For 15 years since the discovery of primed hPSC culture, it had not been clear whether a naive
pluripotent state existed: mouse ESC embryo derivation methods resulted in establishing primed hPSC
culture (see Section 1.2.1), and culturing primed hPSCs in mouse defined naive medium conditions
(2iLIF), resulted in cell differentiation instead of pluripotency acquisition (Gafni et al., 2013; Hanna et
al., 2010; Theunissen et al., 2014; Ware et al.,, 2014). However, in last eight years, several
combinations of supplements and inhibitors were discovered that facilitated direct derivation of
naive-like hPSCs from the pre-implantation embryo (Gafni et al., 2013; Guo et al., 2016; Theunissen et
al., 2014; Ware et al., 2014), as well as induction of the naive fate in primed and somatic cells via
reprogramming (Carter et al., 2016; Chan et al., 2013; Duggal et al., 2015; Gafni et al., 2013; Guo et
al., 2016; Theunissen et al., 2014; Ware et al., 2014).

Naive hPSCs, derived and maintained using these methods share distinct naive-like features,
such as dome/ball-shaped colonies, naive transcriptional profiles, low levels of DNA methylation and
increase in X-chromosome activation. However, some of these derivation and maintenance protocols
required the presence of FGF2, which is a more common component of the primed cell culture or even
resulted in upregulation of lineage-specific markers along with the pluripotency factors (Chan et al.,
2013). Moreover, some naive-like cultures (Gafni et al., 2013; Ware et al., 2014) produced naive hPSCs
that would not transcriptionally cluster with mouse naive cultures. In other words, the naive-like cell
lines obtained by methods summarised in Table 1.2.
were not identical and, despite all having some naive features, likely represented a spectrum, or
variations, of naive-like pluripotency.

Table 1.2 Summary of cell culture medium recipes used for deriving naive hPSC (reproduced from
(Collier, 2019). Base Medium: (1) N2B27; (2) KnockOut-DMEM+N2B27; (3) TeSR™1 (4) DMEM+20%
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KSR. v - component added to medium. Conditions: v//X - component added to medium (optional). *
- short-term induction/addition to the medium. ¥ - two optional components. ‘-’- not specified.

Chmbcd W, @ o o, (CI el WO BT b RO o
D al,2010)  2013)  al,2013)  2014) 2014‘3?;;‘12;“ e, 2014) 2015) 2015) 2016)  (Guoetal,2017)
LIF LIF signalling Vv v v v v N N v v Vv
PD0325901 MEK inhibition v v N v v v v v v v
CHIR99021 GSK3 inhibition J v v v v v J V
IM-12 GSK3 inhibition v
BIO GSK3 inhibition N
666983 PKC inhibition v v J
Y-27632 ROCK inhibition v v v
WH-4-023 SRC inhibition v
SB590885 RAF inhibition v
SP600125 INK inhibition v
58203580 ‘i’sgi"mffnk v
TGFB TGFB signalling Vv
Activin A TGF signalling v
FGF FGF signalling N v VX v
SAHA HDAC inhibition v
Sodium Butyrate  HDAC inhibition v vy
Valproic Acid HDAC inhibition JrY
Dorsomorphin BMP inhibition Vv
Forskolin PKA inhibition v v
Ascorbic Acid Demethylation T
Lysophosphatidic 000 i1 ibition 7
acid
Base Medium (1) (2) (3) (4) (1) 1) (1)(4)¥ (4) (1)(3) (1)
0, Level 20%  20%or5% - 5% 5% - 5% 5% - 5%
ocT4
Transgenes KLF2 WL Er STAT3*

+
KLF4 Az

All human naive medium recipes, described in Table 1.2, contained three signalling
components: an inhibitor of MEK/ERK signalling, an inhibitor of GSK3, and an activator of the Janus
Kinase - Signal Transducer and Activator of Transcription (JAK-STAT) signalling, repeating the defined
2iLIF medium composition used in mouse naive ESC culture. Additionally, each study proposed their
own unique list of supplementary inhibitors, activators and/or transgenes, which were hypothesised
to be beneficial in achieving and improving naive properties of the newly discovered stem cell state.
Supplementary components involved, in different combinations, inhibitors of SRC, BMP, RAF, c-Jun N-
terminal kinase (JNK), HIPPO and p38/Mitogen-Activated Protein Kinase (MAPK), TGF-B and FGF
activators, histone deacetylase (HDAC) and Protein Kinase A (PKA) inhibitors, as well as pluripotency
factor transgenes (Table 1.2). The following paragraphs will detail the signalling components in the
formulations PXGL and t2ilGo, which are considered to be among the most efficient and robust, while
being FGF/ACTIVIN independent and allowing for feeder-free and transgene-free culture.

The t2ilGo recipe was first described in Takashima et al., 2014. It resembles mouse defined
medium 2iLIF the most, as it contains MEK/ERK inhibitor PD03, GSK3 inhibitor Chiron (although at a
lower, titrated concentration), and JAK-STAT activator LIF, all facilitating naive self-renewal and
pluripotency maintenance (Takashima et al., 2014). The only exception is a new additional component,
Protein Kinase C inhibitor (PKCi) Go6983. Go6983 was shown to be able to block differentiation in

mouse ESCs (Dutta et al., 2011) and, remarkably, was able to have the same effect in the naive human
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culture as well. Go6983 provides additional indirect inhibition for MEK/ERK and p38/MAPK pathways
by negatively affecting the activity of the PKC protein. Without Go6983, human naive colonies in 2iLIF
degenerate, proving the necessity of this component in addition to MEK/ERK and GSK3 inhibition, and
STAT activation (Takashima et al., 2014). Boroviak and Nichols also speculate that Go6983 might
prevent cellular polarisation to keep naive cells apolar, causing the round cells to form dome-shaped
colonies (Boroviak and Nichols, 2017).

Similar to t2iLGo, PXGL (Bredenkamp et al., 2019b; Rostovskaya et al., 2019) also contains
PD03, Go6983 and LIF. The key difference between these two medium recipes is that in PXGL, the
GSK3 inhibitor is replaced by a small molecule XAV939, which, oddly, has an opposite function. XAV939
activates GSK3 via inhibiting its upstream repressor, tankyrase, followed by degradation of the
Wingless/Int-1 (WNT) downstream target B-catenin (Huang et al., 2009). This is curious, because in
human naive pluripotency, WNT/B-catenin is positively associated with cell self-renewal, although its
link with naive cell state maintenance is not fully understood (Xu et al., 2016). It is currently
hypothesised that in naive hPSCs both GSK3 activation and inhibition can lead to a stable naive
phenotype for at least two reasons: GSK3 signalling is not essential in regulation of human naive cells
and its expression levels could vary, and/or could be substituted by other pathways. Experimental
evidence for this was provided by two independent studies. Theunissen and colleagues showed that
inhibition of GSK3 is optional in 5i/L/A human naive reprogramming culture (Theunissen et al., 2016),
while Austin Smith’s research group succeeded to maintain chemically reprogrammed cells in a
double-titrated version of t2ilgo, tt2ilgo, containing 0.3 uM instead of 1 uM Chiron (Guo et al., 2017).
Overall, even though PXGL medium is an effective tool of current stem cell culture, the exact role of
GSK3 and WNT/B-catenin in maintenance of human naive pluripotency requires further research.

Finally, a very recent study has identified specific signalling requirements that are important
for the induction and maintenance of naive human pluripotency (Khan et al., 2021). Briefly, the study
demonstrated that for the naive hPSC maintenance, MEK inhibition can be replaced with inhibition of
its upstream and downstream targets, including the downstream kinase ERK. Simultaneously,
MEK/ERK inhibition promotes primed-to-naive reprogramming when applied together with ACTIVIN
A, as well as PKC, tankyrase and ROCK inhibitors. This recent finding uncovered that the induction and
maintenance of the naive pluripotency require different signalling components; therefore, in future
research, we might need to re-consider whether using the same medium recipes for establishing of
the naive state and its maintenance is optimal.

In summary, human naive culture derivation and maintenance can be achieved via different
signalling routes and medium composition. Despite utilising similar ‘base’ medium components,

human naive culture is not equivalent to mouse naive pluripotency, as it requires additional signalling
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molecules, and human GSK3 pathway seemingly plays a more redundant role. Several studies have
shown that there are differences in the response to signalling inhibitors between human and mouse
blastocysts (Blakeley et al., 2015; Niakan and Eggan, 2013; Niakan et al., 2012; Roode et al., 2012); this
line of human embryo research will therefore be important for establishing conditions that would
enable the best possible naive hPSCs culture. Meanwhile, investigating ways to improve primed-to-

naive reprogramming and naive cell derivation is continuing.

1.2.3.3 Distinguishing primed and naive pluripotent stem cells

Characterisation of a cell phenotype involves identification of its protein markers that are
expressed in a particular cell type in a specific developmental context, time or culture system.
Currently existing hPSC investigation methods are rarely 100% efficient, such as reprogramming,
which does not normally produce a completely homogenous reprogrammed culture. Therefore,
researchers have to utilise stem cell distinguishing methods in the attempt to detect the correct
combination of transcription factors and/or cell surface proteins in order to distinguish a certain cell
type.

Transcriptional characterisation of human embryo development only recently became
available (Blakeley et al., 2015; Guo et al., 2014; Okamoto et al., 2011; Petropoulos et al., 2016; Vallot
et al., 2017; Yan et al., 2013). In vivo characteristics provided by these and similar publications have
been used in transcriptional analysis and flow cytometry, in order to identify markers of specific cell
types.

Core pluripotency factors OCT4, SOX2 and NANOG are expressed in both naive and primed
hPSCs. While the levels of OCT4 and SOX2 do not differ significantly between the two states, NANOG
transcription is slightly elevated in the naive hPSCs (Messmer et al., 2019; Rostovskaya et al., 2019).
In order to distinguish naive and primed hPSCs from each other, as well as from somatic lineages and
various assay-specific intermediate cell types, an array of markers was found in multiple independent
studies. Commonly used naive cell markers include: DNMT3L, DPPA3, DPPA5, GATAG, IL6ST, KLF4,
KLF5, KLF17, TBX3 and TFC2PL1 (Blakeley et al., 2015; Collier et al., 2017; Dunn et al., 2014; Guo et
al., 2017; Shahbazi et al., 2016; Theunissen et al., 2016; Weinberger et al., 2016; Yan et al., 2013), as
well as ALPP, ALPPL2, FAM151A, HORMAD1, HYAL4, KHDC1L, KHDC3L, LYZ, MEGS8, OLAH, TRIM60 and
ZNF729, found in a recent study conducted by Messmer and colleagues (Messmer et al., 2019). Primed
hPSCs are characterised by expression of OTX2, SFRP2, TFT and ZIC2 (Buecker et al., 2014; Guo et al.,
2016) and additional CYTL1, DUSP6, FAT3, HMX2, KLHL4, NEFM, PLA2G3, PTPRZ1, SOX11, STC1, THY1
and ZDHHC22, also described in (Messmer et al., 2019). Along with these intracellular markers, Collier

and colleagues tested and validated cell surface proteins, specific to naive and primed hPSCs (Collier
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et al.,, 2017). In addition to the newly-identified markers, this validation study also included the
analysis of surface markers discovered in previous publications (Chen et al., 2015b; Gafni et al., 2013;
Pastor et al., 2016; Qin et al., 2016; Shakiba et al., 2015; Ware et al., 2014). As a result, Collier et al.,
2017 described the optimised method allowing to distinguish primed and naive reprogramming
populations from intermediate products during reprogramming experiments, as well as enabled
fluorescence-activated cell sorting (FACS) sorting of desired populations. These cell surface markers
include CD75, CD7, CD130, CD77, CD320 (naive hPSC); CD24, CD57, CD90, HLA-A/B/C (primed hPSCs)
and CD90.2, used for eliminating mouse feeder cells. Another cell surface marker frequently used to
label the naive population and distinguish it from other hPSCs is SUSD2 (Bredenkamp et al., 2019a)

One more alternative method for distinguishing the reprogramming population from by-
products utilises reporter systems, labelling regulatory regions that are active in a specific pluripotent
state. Examples of constructs developed were 1) OCT4-APE-GFP, which contained a truncated version
of a proximal primed-specific OCT4 enhancer, labelled with GFP; 2) OCT4-ADE-GFP, which included a
truncated version of a distal naive-specific OCT4 enhancer, labelled with GFP (Gafni et al., 2013); and
3) EOS-(OCT4-DE)-GFP, which contained an early transposon, active in the undifferentiated
pluripotent cells, as well as Oct4 and Sox2 ESC binding motifs (Hotta et al., 2009), where the Oct4
component was modified to contain the naive-specific enhancer only (Takashima et al., 2014).

In summary, distinguishing primed and naive hPSCs from other populations requires,
separately or in combination, such approaches as identification of transcriptional markers by Real-
time quantitative PCR (RT-gPCR), identification of cell surface markers by flow cytometry, and the use

of naive/primed-specific reporter constructs.

1.2.4 Capacitation of human pluripotent stem cells for differentiation

Naive hPSCs have an almost unlimited differentiation potential; by the definition of
pluripotency, they have the potential to differentiate into all embryonic lineages in vitro. Remarkably,
they were also shown to form expandable extraembryonic endoderm (Linneberg-Agerholm et al.,
2019), trophectoderm cells (Cinkornpumin et al., 2020; Dong et al., 2020) and even form blastoids
(Kagawa et al., 2021; Yanagida et al., 2021; Yu et al., 2021), including those that contain amnion-like
cells, according to a study recently uploaded to BioRxiv (Zhao et al., 2021).

Notably, the naive state is not particularly responsive to signalling that drives embryonic
differentiation, and before following any particular differentiation route, naive cells first have to
achieve competence (Guo et al., 2017; Rostovskaya et al., 2019). Similar conclusion was made in
attempts of differentiating mouse 2iLIF ESCs, demonstrating that they have to undergo formative

capacitation (Hayashi et al., 2011; Kalkan et al., 2017; Mulas et al., 2017). Capacitation represents the
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transition from pre-implantation through an early post-implantation stage, allowing cells to gain an
ability to differentiate towards a somatic fate. In mouse ESCs, formative capacitation is achieved in
24-48 hours as described in (Hayashi et al., 2011; Mulas et al., 2017). In hPSC culture, formative
capacitation can be induced, however, the initial design of a human capacitation protocol was not
robust enough and was taking more than three weeks to achieve the desired competent cell state
(Guo et al., 2017). In 2019, Rostovskaya and colleagues presented an improved capacitation protocol,
enabling efficient transition of naive cells towards the formative fate (Rostovskaya et al., 2019). They
discovered that culturing naive cells in N2B27 base medium supplemented with a tankyrase inhibitor
XAV939 is sufficient to obtain a post-implantation-like expanding population in just a few days.
Overall, a novel robust formative capacitation protocol opened up a plethora of possible applications
for naive hPSCs, both in fundamental research and medical application, however, this in vitro culture

still requires further studies in order to understand its properties in more detail.

1.2.5 Uses, applications and limitations of human pluripotent stem cells

hPSCs have promising applications in regenerative medicine, cell therapy and drug discovery.
The first hPSC clinical trials in cell therapy had been launched more than 10 years ago, as reviewed in
(Liu et al., 2020). In such tests, conventional hPSCs have been used for differentiation towards
oligodendrocyte progenitor cells (clinical trial number NCT01217008, NCT02302157), retinal pigment
epithelial cells (NCT01345006, NCT01344993, NCT02286089), cardiomyocyte (NCT02057900) and
pancreatic progenitor cells (NCT02239354). More recently, in 2019, Doss and Sachinidis proposed a
detailed list of quality criteria that should be met by hPSCs in cell therapy: 1) sterility and absence of
mycoplasma/endotoxins; 2) expression of pluripotency markers in the starting cell population; 3)
differentiation marker profile must be unique for each particular therapeutic cell line; 4) normal
karyotype; 5) absence of undifferentiated and malignant cells in the final product; 6) absence of any
other contaminating cell types; 7) successful validation in vivo during pre-clinical trials; 8) transgene
and vector-free; 9) ability to convey genotyping short tandem repeat assays in autologous induced
pluripotent stem cell (iPSC) lines; 10) clinical-grade cell viability (Doss and Sachinidis, 2019).

While clinical trials attempt to create efficient cells lines, fundamental research is working
towards advancing differentiation set-ups, such as creating 3D scaffolds, facilitating prolonged culture
with optimal cell-cell interactions and signal transition (Kraehenbuehl et al., 2011; Lei and Schaffer,
2013; Sant et al., 2010). Faulkner-Jones and colleagues went even further and developed a bioprinting
protocol, which enabled direct printing of hPSCs into a 3D alginate scaffold for further differentiation

towards hepatocyte-like cells (Faulkner-Jones et al., 2015).

37



While conventional hPSCs are being widely used for developing novel cell models and
therapies, direct application of naive hPSCs in such differentiation studies is not currently possible due
to the inability of 5i/L/A or t2iLGo cultures to efficiency differentiate into somatic tissues (Lee et al.,
2017; Liu et al., 2017) and, therefore, related to this requirement of the formative capacitation for
multilineage differentiation (Section 1.2.4). Additionally, it is possible that if naive hPSCs were to be
used as a starting point of the differentiation protocol in a clinical application, the final product could
have issues with the regulation of imprinted genes due to the erasure of methylation marks and
general ‘lack of restriction’ in the naive hPSCs compared to the primed (reviewed in Collier and Rugg-
Gunn, 2018). Nevertheless, naive hPSCs are crucial for investigating fundamental human naive-specific
processes such as, for instance, X chromosome silencing (Sahakyan et al., 2017; Vallot et al., 2017) and
transposable element regulation (Grow et al., 2015; Pontis et al., 2019; Theunissen et al., 2016). Naive
cells would also be advantageous in understanding such biological topics as: early human blastocyst
plasticity (Section 1.1), development of extraembryonic lineages and amnion (Section 1.2.4) including,
for instance, disease modelling in the cells of trophectoderm. Overall, naive hPSCs have a very high
potential of filling the gaps in understanding mechanisms of pre-implantation biology in human
development.

Naive hPSCs are relatively new compared to the primed cultures and therefore less is known
about their biology, which adds to other obstacles in their medical application. However, use of
primed hPSCs also has its limitations and potential side-effects. A classic example is the risk of cancer
mutations occurring in clinical applications such as, for example, mutations in p53 (Lin and Lin, 2017;
Rivlin et al., 2011). Another example was demonstrated by two studies which showed that somatic
lineages derived from hPSCs can become immunogenic (Swijnenburg et al., 2005; Swijnenburg et al.,
2008). Another study showed that hPSCs obtained via reprogramming for neuronal differentiation
were less efficient and more variable than embryo-derived hPSCs in the differentiation protocol (Hu
et al., 2010). Two other studies demonstrated that different hPSC lines have distinct differentiation
propensity, providing such examples as pancreatic differentiation, cardiomyocyte generation,
hematopoietic differentiation and others (Bock et al., 2011; Osafune et al., 2008). Notably, these
findings comprise only several examples of potential issues that could occur while using hPSCs in-
clinic; they, as well as other numerous concerns, require thorough investigation and further trials.

In summary, hPSC culture is becoming a very promising tool in the medicinal field and in
fundamental research. However, before its application becomes widespread, the scientific community
has to eliminate potentially dangerous side-effects of using stem cells in humans. In my opinion, some

ongoing clinical trials could be considered premature and potentially dangerous, since it is impossible
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to claim that all potential side-effects and long-term outcomes of stem cell therapy techniques have
already been investigated.

Overall, in order to successfully apply hPSC culture in-clinic and in fundamental research, we
ought to deepen our general understanding of naive and primed hPSC properties and general biology.
One of the key questions to address here would be differences and similarities in expression of
transcription factors between naive and primed hPSCs. An example of an important transcription
factor in human pluripotency and the description of its properties in the naive and primed hPSCs is

presented in the next sections.

1.3 Homeobox protein NANOG - pluripotency transcription factor

1.3.1 NANOG in naive and primed pluripotency

Nanog is a homeobox gene, originally investigated and described by four independent groups
as a component of mouse pluripotency (Chambers et al., 2003; Hart et al., 2004; Mitsui et al., 2003;
Wang et al., 2003). Mouse Nanog is expressed in the developing pre- and post-implantation epiblast,
developing germ cells, as well as in the pluripotent cell cultures (Chambers et al., 2003; Hart et al.,
2004; Mitsui et al., 2003; Wang et al., 2003; Yamaguchi et al., 2005). Today, we have evidence that its
human orthologue NANOG is involved in maintenance of pluripotency and cell self-renewal in human
pluripotency as well, as described below.

In the human pluripotency network, high expression levels of NANOG are essential for
maintaining the undifferentiated state and sustaining self-renewal of both primed and naive states.
High expression of NANOG changes significantly only between the primed and naive states (Messmer
etal., 2019; Rostovskaya et al., 2019) and could therefore be assumed to be equally important in both.
Downregulation of NANOG expression in primed hPSCs destabilises the pluripotent state and
facilitates acquisition of extraembryonic (Hyslop et al., 2005; Zaehres et al., 2005), neuroectodermal
(Vallier et al., 2009) and definitive endoderm (Lie et al., 2012) fates. In contrast, its overexpression
promotes increased cell proliferation; the cells remain pluripotent but appear to obtain a
transcriptional signature of the epiblast and not ICM (Darr et al., 2006). Alternatively, cultures of
NANOG-deficient naive hPSCs upregulate several trophectoderm marker genes, while the
overexpression of NANOG in naive hPSCs supresses the induction of trophectoderm fate (Guo et al.,
2021).

Nanog has an important reprogramming role in both human and mouse. Human and mouse
Nanog orthologues are not included in the canonical OKSM (Oct4, Kif4, Sox2, c-Myc) reprogramming

cocktail, which enables reprogramming fibroblasts into pluripotency (Takahashi and Yamanaka, 2006;
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Takahashi et al., 2007). In mouse, somatic reprogramming appears to be Nanog-independent in the
optimised full medium conditions, as shown in such studies as Carter et al., 2014 and Schwarz et al.,
2014. However, exogenous Nanog was demonstrated to facilitate somatic stem cell reprogramming
under minimal culture conditions (Theunissen et al., 2011a) and was found to be necessary for
completing full reprogramming of pre-iPSCs into the 2iLIF mESCs (Silva et al., 2009). Similarly, in
human, overexpressing NANOG together with KLF2 in primed hPSCs in the naive medium t2iL led to
reprogramming and naive fate induction (Takashima et al., 2014). Therefore, even though NANOG and
Nanog are not specifically required in the canonical reprogramming, they can still facilitate it in certain
conditions.

In primed hPSCs, NANOG expression is sustained by FGF and TGF-B signalling, with TGF-
B/ACTIVIN-responsive SMADs binding directly to NANOG proximal promoter (Xu et al.,, 2008).
Recently, SMAD2/3 signalling was also found to be important in naive hPSCs (Osnato et al., 2021a). In
this study, SMAD2/3 binding was detected upstream of NANOG, and, notably, inhibiting this signalling
pathway led to the significant decrease of NANOG messenger RNA (mRNA) expression within 2 hours.

The protein complex SMAD2/3 can also directly interact with NANOG protein in primed hPSCs,
which in turn assists recruiting histone methyltransferases to ACTIVIN/NODAL signalling targets
(Bertero et al., 2015). NANOG protein also modulates SMAD2/3 promoter binding via direct
interaction with the complex, this way promoting maintenance of pluripotent genes. Upon withdrawal
of NANOG, SMAD2/3 complex becomes capable of binding endoderm-lineage promotors leading to
exit from the pluripotency and cell differentiation (Vallier et al., 2009). The exact mechanism of this
interaction is unknown; however, Hart and colleagues identified a SMAD4-homologous domain in the
N-terminus of NANOG protein (Hart et al., 2004). , which suggests that it could potentially be involved
in the complex formation

In addition to interacting with the SMAD proteins in primed hPSCs, NANOG cooperates with
OCT4 and SOX2, binding numerous naive and primed enhancers and super-enhancers, as well as
promotors of pluripotency factors, including its own regulatory regions (Chovanec et al., 2021).
NANOG directly interacts with other pluripotency factors as well, such as DPPAS in primed hPSCs,
which in its turn was shown to stabilise NANOG expression as well as promote self-renewal (Qian et
al., 2016). NANOG protein regulation and upstream signalling in the naive pluripotency is less studied
and awaits further research. Molecular properties of NANOG, such as its domain activity and
dimerisation ability, are discussed in Chapter 3 and 4 in the context of the findings of this thesis.

In summary, NANOG is an important regulator of pluripotency which promotes activation of
pluripotent targets of SMAD2/3 proteins in the primed state, as well as binds multiple enhancer and

promotor regions in both naive and primed hPSCs. In some cases, NANOG acts as a transcriptional
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repressor, like in the case of restricting the expression of OTX2 and CDX2 (Mendjan et al., 2014; Su et
al., 2018). Maintaining its expression at a high level is crucial for the undifferentiated state. In human,
NANOG function is relatively well studied in the context of primed pluripotency, while naive roles

await future research.

1.3.2 Role of NANOG in the pluripotency of non-human species

Orthologs of NANOG can be found in the majority of vertebrates and, while the gene structure
varies widely between species, its homeodomain DNA sequence, crucial for the DNA binding, is highly
conserved in all of them (Booth and Holland, 2004). Ectopic expression of rat, human, chick and
zebrafish Nanog in mouse Nanog -/- somatic cells enabled the rescue of their reprogramming
potential and produced induced PSCs in naive defined medium conditions (Theunissen et al., 2011b) .
Moreover, ectopic expression of mouse and zebrafish Nanog homeodomain alone was also sufficient
to induce naive pluripotency in Nanog -/- somatic cells (Theunissen et al., 2011b). These observations
demonstrate that the conserved homeodomain is responsible for the reprogramming and
pluripotency maintenance function of Nanog and its orthologs.

In mouse embryos, Nanog is essential for the ICM and epiblast formation (Mitsui et al., 2003;
Silva et al.,, 2009), and necessary for survival and proliferation of developing mouse germ cells
(Chambers et al., 2007; Yamaguchi et al., 2005; Yamaguchi et al., 2009). In rhesus macaque embryos,
Nanog overexpression led to improved blastocyst formation with an increased number of ICM cells,
suggesting the importance of Nanog in the macaque embryo formation as well (Tachibana et al.,
2009). NANOG knock-down studies in the human embryo have not been performed yet, therefore
whether these crucial NANOG functions are conserved in human, remains unknow.

An important insight into NANOG protein-protein interaction potential was provided by the
assays conveyed in mouse PSCs. According to three independent research publications, NANOG
functions as a dimer, and the dimerisation is mediated by a tryptophan-rich region within its C-
terminal domain (Mullin et al., 2008; Torres and Watt, 2008; Wang et al., 2008a). In 2017, Mullin and
colleagues additionally demonstrated that the interaction is likely to occur via stacking of tryptophan
aromatic rings (Mullin et al., 2017). Loss of the tryptophan stretch eliminates Nanog interactions with
other pluripotency-associated transcription factors, such as SALL4, NROB1, ZFP198 and ZFP281 (Wang
et al, 2008), while its dimerisation with SOX2 was found to be essential for proper functioning of the
latter (Gagliardi et al., 2013)

In vivo regulation of human NANOG expression appears to be divergent from that of mouse.
First, the genetic interaction between OCT4 and NANOG in vivo in human differs from the interaction

between Oct4 and Nanog in the mouse embryo. Oct4 -/- mouse blastocysts exhibit defects in the ICM
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and cannot be maintained; nevertheless, it retains Nanog expression (Frum et al., 2013; le Bin et al.,
2014), while human (and, interestingly, bovine) OCT4 -/- embryos fail to form a blastocyst and exhibit
overall downregulation of epiblast gene expression, including NANOG (Fogarty et al., 2017; Simmet et
al., 2018). This could mean that loss of OCT4 in human leads to the absence of NANOG, directly or
indirectly, while in mouse Nanog expression is maintained independently of Oct4. Interestingly, if
TGF/ACTIVIN/NODAL signalling, crucial for maintaining NANOG expression, is ablated in human
blastocyst, the latter loses its epiblast (Blakeley et al., 2015). This is not the case for mouse and
marmoset embryos, which preserve that compartment and NANOG expression (Boroviak et al., 2015),
suggesting than NANOG regulation could utilise different signalling pathways in human early
development compared to the other species. This has only been shown in one study, however, and
the reason behind the phenotype awaits further investigation.

Interestingly, ectopic increase of Nanog expression level in mouse PSCs revealed that it is
capable of regulating its own expression through a poorly understood autorepressive feedback
mechanism by binding its own promoter (Navarro et al., 2012).

Nanog was also found in less well studied vertebrate species. In chicken ESCs, for example, it
is involved in maintenance of pluripotency, along with the Oct4 orthologue cPouV (Lavial et al., 2007).
In felids Nanog was demonstrated to have preserved its reprogramming function (Verma et al., 2013).
This experiment was aimed to obtain PSCs of endangered felids, such as Bengal tiger, serval and jaguar,
to further tackle species preservation (Verma et al., 2013). However, not all vertebrates demonstrate
similar conservation of function. In fish species, the Nanog orthologue participates in early
development in vivo, although its function is not essential as in mammals. For instance, in medaka,
Nanog is crucial for embryo proliferation, but its overexpression and inhibition do not cause any
change in mRNA levels of pluripotency or differentiation markers, suggesting that it is not directly
involved in embryonic development (Camp et al., 2009). In zebrafish, Nanog is required for normal
extraembryonic yolk syncytial layer development, but is not required for progression of the embryo
(Gagnon et al., 2017)

In conclusion, Nanog is a homeobox gene, present in multiple classes of vertebrates. Its
function mostly lies in early embryogenesis, and the degree of involvement as well as the regulatory
mechanism depend on the species. Despite extensive coding sequence (CDS) divergence, all tested
species had Nanog reprogramming-to-pluripotency function, proving that conservation within the
homeodomain is sufficient for preserving one of the key Nanog properties. Most of the knowledge on
Nanog function came from murine studies, such as NANOG capability to form dimers and autorepress

its own expression. Human NANOG is relatively less studied, and, therefore, existing knowledge of
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mouse Nanog properties serve as a valuable source of insights and guidance for NANOG research in

human pluripotency.

1.4 Gene duplications in evolution and embryo development

1.4.1 Evolutionary role of genomic duplications

Gene duplications play an important role in genome and species evolution. The majority of
protein-coding genes in eukaryotes belong to multigene families that have evolved by gene
duplication (Ohta, 2000). In addition to a paranome (all paralogous genes in a genome), numerous
non-coding regulatory sequences have also multiplied and diverged over the course of evolution
(Magadum et al., 2013). The majority of genomic duplications undergo decay due to gene silencing,
loss-of-function mutations and/or lack of required regulatory regions (Magadum et al.,, 2013).
However, some survive, with the new copy either acquiring a novel function (neofunctionalisation) or
sharing the ancestor function with the parental gene (subfunctionalisation) (Fares, 2014; Force et al.,
1999; Kondrashov and Kondrashov, 2006). Therefore, the presence of a new copy of a gene or a
regulatory sequence could potentially allow the organism to adapt to a changing environment.
Overall, it is clear from evolutionary studies that genomes undergo stochastic turnover, in some cases
leading to the formation of novel adaptive functions.

A single gene duplication could have a substantial effect on a cell phenotype and physiology.
Gene regulatory network analysis of hPSC and human embryo transcriptomes identified that
transcription factors form extensively large interactomes involving numerous protein-protein
interactions (Stevens et al., 2019). When a novel gene evolves by duplication, its network interactions
could either be lost or conserved while the two copies diverge (Bhan et al., 2002; Vazquez et al., 2003).
Additionally, a mathematical model describing proteome evolution showed that after a single
duplication event, 40% of protein-protein interactions become independent from the original
duplicated component of the protein-protein interaction network (Pastor-Satorras et al., 2003). Thus,
a single gene duplication could affect almost one half of the gene regulatory network structure and

potentially causing functional divergence (Pastor-Satorras et al., 2003).

1.4.2 Molecular mechanisms of gene duplication

Multiple copies of one ancestral genomic region could be formed by four different
mechanisms: polyploidisation, retrotransposition, unequal crossing-over and duplicative transposition

(Magadum et al.,, 2013). Polyploidisation involves multiplication of whole genomes due to
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chromosomes failing to separate during DNA replication. Such mechanism is one of the major forces
of species formation. At least 70% of flowering plant lineages have gone through this process
(Masterson, 1994). Moreover, vertebrates had undergone whole genome duplication twice during
their evolutionary progression (Ohno, 1970). Polyploidisation occurring in the human embryo is lethal,
however, some adult tissues, such as liver and placenta, can contain polyploid cells (Schoenfelder and
Fox, 2015)

The next duplication mechanism, unequal crossing-over, occurs between sister chromatids
(mitosis) or homologous chromosomes (meiosis), and leads to the formation of continuous, or tandem
repeats (Reams et al.,, 2012). The outcome of tandem duplication depends on the crossing-over
positioning and, as a result, tandem repeats could contain either duplicated gene fragments or fully
duplicated gene sequences, sometimes including their regulatory regions as well (Zhang, 2003).

Duplication by retrotransposition involves reverse transcription of mMRNA molecules into cDNA
followed by their stochastic insertions in the genome (Long et al., 2003). Retrogenes have different
structures compared to tandem duplicates, for instance, they do not contain intronic sequences and
lack regulatory regions. The latter was hypothesised to be one of the main reasons why such
duplications are not maintained for a very long time during the course of evolution (Vinckenbosch et
al., 2006). Vinckenbosch and colleagues had also shown that such duplicates have higher probability
of expression and ‘survival’ if inserted near, or even inside ‘host’ genes, provided that CDS remains
undisturbed.

Finally, duplicative transposition, is considered to be the most frequent mechanism of
duplication in humans, which is initiated by a double-strand DNA break and is performed via either
nonhomologous end joining or nonallelic homologous recombination. The latter requires presence of
a homologous template to complete the DNA repair process, whereas duplication by nonhomologous
end joining is often linked to the activity of transposable elements (or ‘jumping genes’). Homologous
recombination often occurs between segmental duplications (SDs; also known as low copy repeats),
which contain at least two duplicated homologous regions, while transposons do not require
homology and therefore could ‘transport’ novel copies, leading to more stochastic genome positioning

of the duplicates.

1.4.3 Gene duplication in early embryo development

Human pre-implantation epiblast cells are pluripotent and contribute towards all adult
somatic and germline lineages (Lawson et al., 1991). PGCs, arising from the pre-implantation epiblast,
eventually go on to produce gametes (Leitch et al., 2013). Therefore, gene duplication events

occurring in the pre-implantation epiblast would not only impact the developing organism, but could
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be propagated onto subsequent generations. Therefore, gene duplications occurring in the early
human development could be a major unexplored driver of divergence between mammalian
developmental programmes, yet their contribution to early developmental programmes is poorly
understood.

An example of gene duplications that could have influenced evolutionary development in the
primate lineage are SRGAP2C and ARHGAP11B. These two copies are normally co-expressed in the
developing human brain alongside their ancestral counterparts - SRGAP2A and ARHGAP11 - and are
truncated. Nevertheless, several studies have identified their potential functional roles and
hypothesised that they could have had a role in the evolutionary expansion of human neocortex
(Charrier et al., 2012; Dennis and Eichler, 2016; Florio et al., 2015). Overexpressing SRGAP2C in the
developing mouse brain caused formation of human-like neocortex features, including juvenilisation
during spine maturation and increased spine density. In addition to that, SRGAP2C is able to dimerise
with its full-length ancestor SRGAP2A, preventing the latter from assembling into functional
homodimers, and therefore, potentially blocking the ancestral function. Interestingly, the SRGAP2-
containing locus duplicated around 2-3 mya immediately before the paleontological estimate of
neocortex expansion. Hence, SRGAP2C may have contributed to the evolution of the hominin-specific
neocortex (Charrier et al., 2012; Dennis and Eichler, 2016). The second gene in this example,
ARHGAP11B, promotes basal neural progenitor proliferation and human-specific neocortex folding
when ectopically expressed in mouse brain, whereas its predecessor, ARHGAP11, does not encode
human-specific functions (Florio et al., 2015). ARHGAP11B appeared in the primate lineage after the
divergence from chimpanzee and prior to the split from Neanderthals, which also points to its
potential importance in evolutionary expansion of human neocortex (Florio et al., 2015). Overall,
these experimental results provide evidence that gene duplicates, even truncated and missing
ancestral functional domains, could lead to functional development and evolutional advancement.
However, molecular mechanisms of such contributions remain undefined.

Pre-implantation epiblast could also be perceived as a permissive developmental state for
duplication mutations to occur, although there is not yet much experimental evidence to support this
hypothesis. In this early stage, cells express high levels of chromatin remodelling proteins, making the
genome transcriptionally hyperactive and maintaining chromatin in the ‘open’ state, as shown in the
mouse ESC system (Efroni et al., 2008). Genome-wide loss of methylation and mostly ‘open’ chromatin
state allow for increased transposon-mediated mutagenesis by letting ‘jumping’ genes evade host
genome (Hajkova et al.,, 2002). Additionally, Grow and colleagues have demonstrated that

endogenous retroviruses are transcriptionally active in early human development (Grow et al., 2015).
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Collectively, these data allow to hypothesise that preimplantation epiblast could provide an unusual
period of genome vulnerability, allowing for DNA amplification to occur at a higher rate.

In summary, duplications occurring in the pre-implantation epiblast are not only likely to
influence all embryonic lineages, but could also be passed on to new generations. In several particular
cases they were shown to have influenced evolution of human-specific brain features. The pre-
implantation epiblast state could also be particularly permissive for the duplications to occur, although

this hypothesis would require additional investigation.

1.4.4 NANOG, a highly duplicated human pluripotency gene

The pluripotency transcription factor NANOG has an unusually high number of duplicated
copies in the human genome, eleven in total (Booth and Holland, 2004). Therefore, it serves as a
paradigm for studying the impact of gene duplication events on early embryonic development. In
human pluripotency, NANOG serves as a critical transcriptional regulator, expressed in human
epiblast, and its in vitro counterpart hPSCs, as well as primordial germ cells (PGCs). Elevated levels of
NANOG expression are crucial for maintaining the pluripotent state in human (Section 1.3) and thus it
is possible that NANOG pseudogenes, if expressed, could have overlooked roles in the regulation of
pluripotency.

Ten of the eleven duplicates (NANOGP2-NANOGP11) were formed by retrotransposition and
are therefore processed pseudogenes that lack regulatory sequences and possess various mutations
that led to their functional decay (Booth and Holland, 2004). Only one member of the human NANOG

pseudogene family, NANOGP1, has not been processed (Booth and Holland, 2004)(Figure 1.4).

NANOG —:-\/-\/ L I

367 263 14 1,381
3,184 1,244 135

NANOGP1 ] l\/_ —
60 368 263 87 1,600

2,525 183

22,479

Figure 1.4 Diagram showing comparison of the two NANOGP1 mRNA variants, predicted by Booth
and Holland, 2004, with NANOG (adapted from Booth and Holland, 2004). Exons are shown as black
and blue blocks, and 5" and 3’ UTR as white blocks, respectively. Homeodomain is indicated as a blue
block. Introns are shown as pink lines. Start (green) and stop (red) labels mark the predicted location
of start and stop codons. mMRNA component length is shown as a number of nucleobase pairs.

Human NANOG and NANOGP1 share 97% CDS homology and have a similar predicted exon-
intron structure. Importantly, the predicted NANOGP1 CDS, if expressed, could potentially generate a

protein with an intact homeodomain, presumably with the same DNA recognition and binding
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capabilities as NANOG (Booth and Holland, 2004). However, while the NANOGP1 sequence was shown
to be highly conserved with NANOG, none of the previous studies have identified what open reading
frame(s) NANOGP1 uses in hPSCs and/or how its mRNA might be processed. Therefore, the two
NANOGP1 ORF variants shown in Figure 1.4 are hypothetical and require further investigating.

In summary, the existence of a highly conserved tandem duplicate of a key pluripotency factor

indicates its potential functionality and emphasises the need for its detailed investigation.

1.4.5 History and limitations in studying NANOGP1 pseudogene

According to the published literature, NANOGP1 pseudogene was not investigated in detail,
and therefore its potential role in pluripotency, and whether it encodes a protein in hPSCs, remains
poorly understood. An evolutionary study that compared human and chimpanzee genomes suggested
that NANOGP1 could be expressed, and its ORF has probably undergone selection-driven conservation
(Fairbanks and Maughan, 2006). Indeed, according to Booth and Holland, 2004, the predicted
NANOGP1 CDS is largely homologous to that of NANOG (Figure 1.4). However, as the two authors
concluded, if NANOGP1 ORF were to use the same ATG as NANOG, the protein would have been highly
shortened containing only the first 8 amino acids. This is because NANOGP1 has a cytosine to thymine
substitution mutation at codon 25, which introduced a premature stop codon. Alternatively,
NANOGP1 could use a completely different start codon, 58 positions downstream of the NANOG ATG
(Booth and Holland, 2004). This predicted NANOGP1 protein would include a conserved
homeodomain and transactivation domain, which are involved in protein dimerisation, DNA binding
and are responsible for pluripotency maintenance in mouse Nanog and its orthologs (Chambers et al.,
2003; Chang et al., 2009; Hart et al., 2004; Mullin et al., 2020; Oh et al., 2005; Theunissen et al., 2011a).
Therefore, it is possible that NANOGP1 could encode a functional and nearly full-length protein which
would lack the first NANOG exon and the very beginning of exon 2.

NANOG and NANOGP1 transcripts have been detected in leukaemia cells (Eberle et al., 2010).
This study also demonstrated that when these NANOGP1 transcripts are ectopically expressed, they
could be translated into three, nearly full-length protein variants. Another study showed that
NANOGP1 mRNA is also detectable by RT-gPCR in primed hPSCs, adult testes and epididymal tumours
(Hart et al., 2004).

Whether NANOGP1 can be translated into a protein in hPSCs is a controversial topic. The
divergence between the predicted NANOGP1 ORF and NANOG ORF, proposed by Booth and Holland,
led to the belief that NANOGP1 does not encode a protein (Booth and Holland, 2004), and NANOGP1
is still classified as a non-protein encoding pseudogene in repositories like Ensembl. The study,

however, did not analyse a full spectrum of synonymous and non-synonymous mutations between
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the two genes due to high polymorphism of complementary DNA (cDNA) and ESTs available at that
time. Additionally, the study by Booth and Holland did not fully explore the possibility that their
second predicted variant, which encodes the homeodomain and the C-terminal domain, could have a
functional role.

In summary, NANOGP1 is an unprocessed tandem duplicate of NANOG with a highly
conserved CDS. NANOGP1 mRNA was detected in several human cell lines and tissues, including
primed hPSCs. NANOGP1 transcripts, detected in leukaemia cells, were also able to produce nearly
full-length protein variants when ectopically expressed from a plasmid. However, based on the study
conducted in 2004, NANOGP1 was annotated as non-protein coding and therefore, it is not known

whether it encodes a protein in hPSCs and if it is functional in human pluripotency.

1.5 Hypothesis

In this study, | hypothesise that NANOG/NANOGP1 tandem duplication is a tractable model of
gene duplication influencing early development.

NANOG is one of the core pluripotency transcription factors, expressed in human, mouse,
NHPs and other species, where it has properties affecting regulation of early development (Section
1.3). In human, NANOG had been studied less well compared to the similar investigations in mouse,
and therefore not all of its functions are currently understood there. It is clear, however, that NANOG
expression is highly important for the maintenance of the undifferentiated state in both primed and
naive hPSCs. Therefore, an unprocessed tandem duplicate, highly conserved at a sequence level
(Section 1.4.5), could also have an overlooked role, with significant relevance to human development.

Several independent NANOGP1 studies, described in Section 1.4.6, demonstrated that
NANOGP1 mRNA can be detected in vivo and in various cell models, including primed hPSCs.
NANOGP1 mRNA, detected in leukaemia cells, also had the ability to translate into a protein when it
was expressed from a plasmid. Moreover, the predicted CDS of NANOGP1 also has conserved
homeodomain and transactivation domain encoding regions. Finally, the past conclusion that
NANOGP1 cannot encode a protein was based on bioinformatic analysis and has not tested
experimentally in cells that express endogenous NANOGP1.

Here | hypothesise that, based on the NANOGP1 sequence, mRNA expression, and the
overlooked potential ORF conservation, human NANOGP1 could encode a protein with a potential
functional role in human pluripotency. | also hypothesise that NANOGP1 could have retained its
ancestral function and/or has developed a novel role.

Collectively, this points to the necessity of studying NANOGP1 in human pluripotency, which

can be achieved now with the advanced experimental and bioinformatics tools presently available. In
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this study, the efficiency of distinguishing between NANOG and NANOGP1 expression ought to be
higher than in 2004, with more datasets and bioinformatic tools available. Additionally, gene editing
technologies that became available in the past few years have opened up new resources for NANOGP1
epitope tagging and NANOGP1 functional analysis.

Overall, filling the knowledge gap regarding the potential functionality of NANOG tandem
duplicate could help understand the specifics of human early development, why and how it is different
from the in-depth studied murine development, and discuss potential implications of unprocessed

pseudogenes in early embryonic processes.

1.6 Aims of the project

Based on the Hypothesis, | created the following aims, containing fundamental questions

about NANOG/NANOGP1 duplication evolution and potential roles in human pluripotency.

1. Investigate evolutionary history and conservation of NANOG/NANOGP1 duplication site

2. Investigate NANOGP1 expression in vivo (human embryo) and in vitro (naive and primed
hPSCs)

3. Investigate whether NANOGP1 protein is expressed in hPSCs, and if it is, explore its
chromatin binding profile using ChiP-seq

4. Investigate whether recombinant NANOGP1 protein is capable of homodimerising and/or
forming heterodimers with recombinant NANOG

5. Investigate whether NANOGP1 has any conserved and/or novel functions in hPSCs
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2 Materials and Methods
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2.1 Human pluripotent stem cell culture

2.1.1 Human pluripotent stem cell lines

hPSC lines used in this study are:

- CR-H9 naive female hPSCs, derived from primed WAQ09/H9 hPSCs by chemical reprogramming
(Guo et al., 2017)

- CRISPRi Gen1B primed and naive female hPSCs, reprogrammed (Mandegar et al., 2016)

- HNES1 naive male hPSCs, embryo-derived (Guo et al., 2016)

- WAQ9/H9 NK2 naive female hPSCs, created by reprogramming primed H9 hPSCs transfected
with NANOG and KLF2 Doxycycline-inducible transgenes (Takashima et al., 2014)

- WAQ9/H9 primed female hPSCs, embryo-derived (Thomson, 1998)

All hPSC lines used in this study (except the reprogrammed lines) are listed in the UK Stem Cell
Line Registry and all of the work was carried out with the appropriate approval by the UK Stem Cell

Bank Steering Committee and Bl committees.

2.1.2 Human pluripotent stem cell culture maintenance

All hPSC lines were maintained at 5% 0., 5% CO, at 37°C in a humidified incubator. All
maintenance culture medium was changed every day. The Countess™ Automated Cell Counter
(ThermoFisher Scientific) or a glass haemocytometer were used for cell counting. See Table 2.1 for the

reagent details.

Table 2.1 hPSC culture reagents

Reagent name Reference Company

Accutase 423201 Biolegend

Advanced DMEM 12491023 ThermoFisher Scientific

B27 17504-044 ThermoFisher Scientific

bFGF WT-MRC Cambridge Stem Cell Institute
Blasticidin A1113902 ThermoFisher Scientific
b-mercaptoethanol 31350-010 ThermoFisher Scientific

Bovine Serum Albumin 15260037 ThermoFisher Scientific

CHIR99021 WT-MRC Cambridge Stem Cell Institute
Collagenase, Type IV 17104019 ThermoFisher Scientific

Corning Matrigel Matrix (GFR) 354230 Scientific Laboratory Supplies

DMEM, high glucose 41965-062 ThermoFisher Scientific

DMEM/F-12 31330-095 ThermoFisher Scientific

Doxycycline 4090 Tocris

Foetal Bovine Serum F7524 Sigma-Aldrich
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Geltrex™ A1413302 ThermoFisher Scientific

Go6983 2285/10 Tocris

IM12 SM04-100 Cell Guidance Systems

Irradiated MF1 MEFs WT-MRC Cambridge Stem Cell Institute
KnockOut™ Serum Replacement 10828028 ThermoFisher Scientific

L-glutamine 25030-024 ThermoFisher Scientific

MEM Non-Essential Amino Acids Solution | 11140050 ThermoFisher Scientific

MTeSR-Plus 5825 Stem Cell Technologies

N2 17502-048 ThermoFisher Scientific

Neurobasal medium 21103-049 ThermoFisher Scientific

PD0325901 WT-MRC Cambridge Stem Cell Institute
Penicillin/Streptomycin 15140122 ThermoFisher Scientific
Phosphate-buffered saline buffer D8537 Sigma-Aldrich

Puromycin 73342 StemCell Technologies

Recombinant human LIF WT-MRC Cambridge Stem Cell Institute
SB431542 SM33-10 Cell Guidance Systems

SB590885 SM48-1 Cell Guidance Systems

Sodium Pyruvate 11360039 ThermoFisher Scientific

TeSR™-E8™ 5990 StemCell Technologies

Valproic acid sodium salt P4543 Sigma-Aldrich

Vitronectin A14700 ThermoFisher Scientific

WH-4-023 2827-10 Cell Guidance Systems

XAV939 X3004 Sigma-Aldrich

Y-27632 SMO02-10 Cell Guidance Systems

Irradiated MF1 mouse embryonic fibroblasts (MEFs) for primed and naive hPSC feeder-

dependent maintenance were plated in Dulbecco’s modified Eagle medium (DMEM) high glucose, 10%
foetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM MEM non-essential
amino acids, 50 U/ml and 50 pg/ml penicillin-streptomycin, 0.1 mM [(-mercaptoethanol on sterile
plastic flasks pre-treated with 0.1% gelatine in phosphate-buffered saline buffer (PBS). MEFs were
seeded at a density of 3.5x10%/cm? for most experiments or 5x10*/cm? for primed-to-naive
reprogramming experiments.

Feeder-dependent primed hPSCs were cultured on a layer of irradiated MF1 MEFs in

Advanced DMEM, 20% KnockOut Serum Replacement (KSR), 2 mM L-glutamine, 50 U/ml and 50 ug/ml
penicillin-streptomycin, 0.1 mM b-mercaptoethanol supplemented with 4 ng/ml bFGF (‘KSR/FGF
medium’, (Thomson, 1998). For passaging, cell medium was aspirated and replaced with 200 U/ml
collagenase (Advanced DMEM, 20% KSR, 2mM L-glutamine, Collagenase 1V), and cells were incubated
for 5 min. After the incubation, collagenase was replaced with KSR/FGF medium, and cells were
detached from the plate by gentle scraping with a plastic serological pipette. KSR/FGF medium with

the detached cells was aspirated using the same pipette, ensuring that the cells were in small
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aggregates and not single cells to support optimal survival. hPSCs were plated at a cell density of
~2.5-5x10%/cm>.

Feeder-free primed hPSCs was maintained in TeSR™-E8™ (routine maintenance) or mTeSR™-

Plus (nucleofection and cell sorting experiments) medium on sterile plastic flasks pre-treated with 5
ug/ml Vitronectin in PBS. Feeder-free cultures were passaged by incubating for 5 min in Gentle Cell
Dissociation Buffer (GCDB; 0.5 mM EDTA in PBS), aspirating the GCDB from the wells, re-suspending
the cells in a fresh culture medium and passaging at a 1:4 — 1:20 split ratio for a routine near-confluent
culture. Of note, in general single cell dissociation during passaging was avoided and the cells were
passaged as small aggregates. For transfection and cell sorting experiments that required single cell
dissociation, 10 uM Y-27632 (ROCK inhibitor) was added to the culture medium for 24 h after the
passage, in order to increase cell viability (Watanabe et al., 2007).

Feeder-dependent and feeder-free naive hPSCs were cultured in N2B27 medium

(1:1 DMEM/F12 and Neurobasal, 1X B27-supplement, 1X N2-supplement, 2 mM L-Glutamine,
50 U/mland 50 pg/ml penicillin-streptomycin, 0.1 mM B-mercaptoethanol) supplemented with
1 uM PD0325901, 1 pM CHIR99021, 2 uM Go6983 and 20 ng/ml human LIF (‘t2iLGo medium’,
(Takashima et al., 2014)) or 1 uM PD0325901, 2 uM Go06983, 20 ng/ml human LIF and 2 pM XAV939
(‘PXGL medium’, (Bredenkamp et al., 2019b; Rostovskaya et al., 2019)).

Feeder-dependent naive hPSCs were cultured on a layer of irradiated MF1 MEFs. t2iLGo naive
feeder-free culture was maintained on Matrigel® Matrix instead of MF1 MEFs. Cell culture plates were
pre-coated with Matrigel in DMEM, 1:100 dilution, and incubated overnight at 4°C. Prior to cell
passaging, Matrigel was aspirated and replaced with cell culture medium. In PXGL naive hPSC culture,
Geltrex™ Matrix was added to both feeder and feeder-free culture medium during cell replating at a
1:300 dilution.

For passaging, feeder-dependent and feeder-free naive hPSCs were dissociated to single cells
by incubating with Accutase for 5 minutes, collected in 15 ml Falcon tubes with wash buffer (0.01%
BSA in N2B27, 2x of the Accutase volume total) and collected by centrifugation at 300xg for 3 min.
After aspirating the wash buffer, cell pellets were re-suspended in the culture medium and passaged

to fresh feeder or feeder-free plates at a density of 2x10%/cm.

2.1.3 Cryopreservation of human pluripotent stem cells

Cryopreservation was used for long-term storage of naive and primed hPSCs. In order to
prepare cultures for cryopreservation, 1.5-2x10° cells were resuspended in 1 ml of freezing medium,
transferred to a cryovial and stored at -80°C for at least 24 h. Then, cryovials were placed into liquid

nitrogen tanks, where they could be stored indefinitely. In order to return cryopreserved cells into
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culture, they were taken out of the liquid nitrogen tanks, thawed and passaged as normal. Freezing
medium was based on hPSC maintenance medium (specific to the cell type, i.e., t2iLGo, PXGL) and

also additionally contained 10% dimethyl sulfoxide (DMSO).

2.1.4 Cell transfection methods

2.1.4.1 Nucleofection

The Amaxa™ Nucleofector™ 4D (Lonza) and Neon™ Transfection system (ThermoFisher
Scientific) were used for transfecting primed and naive hPSCs, according to their respective manuals.

Nucleofector™ 4D was used for creating CRISPRi and TetOn hPSC lines. Briefly, plasmids were
added to a 1x10° cell pellet of primed CRISPRi Gen1B WT (wild type) hPSCs or primed H9 WT hPSCs
which was re-suspended in 20 pul Amaxa™ P3 Primary Cell Solution + Supplement 1. Alternatively, the
reaction was scaled-up by transfecting a 1x10°8 cell pellet in 200 pl P3 Primary Cell Solution +
Supplement 1. The nucleofection cell solution was then carefully added to an Amaxa™ Nucleo-
microcuvette. The microcuvette was then placed into the Amaxa™ Nucleofector™ 4D and the cells
were nucleofected using the settings CB150. Immediately after nucleofection, 150 ul of appropriate
culture medium was added to the nucleofection cell solution, then, the whole volume was collected
and carefully added to a well on a 12-well plate with pre-warmed culture medium, supplemented with
10 uM Y-27632. After 18 h, the culture medium was replaced with fresh media without Y-27632.

The Neon™ Transfection system was used for NANOGP1 epitope tagging. A 1x10° cell pellet
of CR-H9 hPSCs (per one reaction) was resuspended in 100 pl Buffer R (mixed with the CRISPR reagents
(see Section 2.1.5)), aspirated using a Neon™ Pipette with a Neon™ 100 pl Pipette tip. The Neon™
Pipette tip, filled with the transfection mix, was then inserted into a Neon™ Tube in the Neon™ Pipette
station, containing 3 ml Buffer E2. Transfection was performed using the 1300 V, 30 ms, 1 pulse
settings. After the transfection, cells were seeded into PXGL naive medium, supplemented with 10 uM

Y-27632 for increased cell survival.

2.1.5 NANOGP1 epitope tagging

The experiment was performed using CRISPR/Casl12a gene editing method, described in
Zetsche et al., 2015. Reagents were synthesised by IDT. During the reagent validation screen, crRNA_5’
Casl12a was chosen out of six crRNA reagents as the most efficient one (see Chapter 4) to be used in
NANOGP1 epitope tagging. A NANOGP1 Casl12a crRNA sequence targeting 10 bp upstream of the
NANOGP1 ATG site, and a repair template containing an epitope tag (V5 or 3xFLAG) + homology arms,

were designed using CRISPOR (http://crispor.tefor.net/) and nucleotide sequence editing software
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SnapGene. crRNA sequences can be found in Table 2.2. See Table 2.3, for the single-stranded
oligodeoxynucleotide (ssODN) homology directed repair (HDR) sequences. For cell nucleofection, 5.6
pug NANOGP1 Alt-R® A.s. Cas12a crRNA and 40 g Alt-R® A.s. Cas12a Ultra protein were pre-assembled
for 15 min at RT, and then combined with 2 pl 200 pmol/ul repair template. The CRISPR reagents were
then used for transfecting CR-H9 naive hPSCs with the Neon™ Transfection System. Each transfection
reaction was performed using 1x10° cells per pellet. After the transfection, hPSCs were seeded into
PXGL naive medium, and, before being return to a 32°C incubator, were incubated in ‘cold shock’
conditions (Guo et al., 2018) at 32°C for 24 hr with 5% 0,, 5% CO in a humidified incubator.
Additionally, 2 uM M3814 (DNA-dependent protein kinase inhibitor) was added to the culture medium
to repress the non-homologous end joining (NHEJ) DNA repair mechanism and aiming to increase HDR
efficiency (Riesenberg et al., 2019). To improve survival, Y-27632 was added to the cell culture medium
2 h prior to the transfection and to the post-transfection medium. PXGL+M3814+Y-27632 culture

medium was not replaced for 72 h after the transfection.

Table 2.2 crRNA molecules tested in NANOGP1 and NANOG epitope tagging screening assay.

crRNA name crRNA sequence, 5'-3'
crRNA_3' Cas9 NANOG GATATTACTCAATTTCAGTC
crRNA_3' Cas9 NANOGP1 GATGTTACTCAGTTTCAGTC
crRNA_5' Cas12a NANOGP1 TGGGCCTGAAGAAAACCATCC
crRNA_5' Cas9 NANOG CCTCTATACTAACATGAGTG
crRNA_5' Cas9 NANOGP1_1 GGCCCACAAATCACAGGTAT
crRNA_5' Cas9 NANOGP1 2 GAGATGCCTCACACAGAGAC

Table 2.3 ssODN templates used in the NANOGP1 epitope tagging experiment. AS — antisense strand.
S — sense strand. Tag sequence is in bold. Homology arms are in capital letters.

ssODN ssODN sequence, 5’-3’

name

NANOGP | TTACCAGTCTCTGTGTGAGGCATCTCAGCAGAAGACATTTGCAAGGATGGcttgtcatcgtcatcct
é—iXSFLA tgtaatcgatgtcatgatctttataatcaccgtcatggtctttgtagtcCATATGGTTTTCTTCAGGCCCACAAAT

CACAGGTATAGGTGACCAGTCTTTAC

NANOGP | GTAAAGACTGGTCACCTATACCTGTGATTTGTGGGCCTGAAGAAAACCATATGggtaagcectatc

1V5S cctaaccctctecteggtctegattctacgCCATCCTTGCAAATGTCTTCTGCTGAGATGCCTCACACAGA

GACTGGTAA
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2.1.6 Inducible gene expression knock-down (CRISPRi) cell line generation:

dCas9-iKRAB GenlB CRISPRi NANOGP1 and dCas9-iKRAB Genl1B CRISPRi NANOG hPSCs lines
were generated as described in Mandegar et al., 2016. Gene-specific gRNA oligonucleotides were
designed using the IDT gRNA design tool or are from published literature (Mandegar et al., 2016) and
were synthesised by Sigma. The oligonucleotides were phsopho-annealed and cloned into pgRNA-CKB
vector (CAG-mKate2-T2A-bsd®, Mandegar et al., 2016), pre-digested with BsmB/ (NEB) and pre-treated
with FastAP (Life Technologies). Linearised vector and phospho-annealed gRNA oligonucleotides were
ligated at RT overnight with T4 DNA Ligase (Invitrogen). Ligated products were validated by subcloning
into competent E. coli with 100 pg/ml Ampicillin selection and by Sanger sequencing (Genewiz).
Primed CRISPRi Gen1B WT hPSCs, kindly provided by Prof. Bruce Conklin (Gladstone Institutes, USA),
were nucleofected with the NANOGP1 or NANOG gRNA plasmids using Amaxa™ Nucleofector™ 4D,
selected by blasticidin treatment (8 ug/ml for five days) and flow sorted for mKate2 expression.
Primed CRISPRi Gen1B NANOGP1 and NANOG cell lines were reprogrammed into the naive state using
5i/L/A reprogramming method, adapted from Theunissen et al, 2014. On Day 0, primed feeder-free
cultures were passaged onto feeders in mTeSR™ Plus medium supplemented with 10 uM Y-27632 at
a density of 2x10* per cm?2. On Day 1, mTeSR™ Plus was replaced with 5i/L/A reprogramming medium,
composed of N2B27 base supplemented with 1 pM PD0325901, 20 ng/ml human LIF, 20 ng/ml Activin
A, 1uM IM12, 0.5 uM SB590885, 10 uM Y-27632 and 1 uM WH-4-023. See reagent details in Section
2.1. Cultures were passaged every 5 days and transferred to t2iLGo medium on Day 18.

Sequencing primers can be found in Table 2.7; Section 2.3.4.

Forward and reversed primers used for gRNA cloning can be found in Table 2.4.
Table 2.4 Primers designed for the pgRNA-CKB gRNA cloning. +/- values, distance from the gRNA PAM
(Protospacer adjacent motif) site to the target gene transcription start site (TSS) in bp; ‘+’ indicates
upstream location and ‘-‘ indicates downstream location. ‘T’ and ‘NT’ indicate whether the gRNA

targets the template or non-template strand, respectively. TTGG and AAAC in bold — overhangs added
to clone phospho-annealed oligonucleotides to pgRNA-CKB using BsmBI restriction.

Primer pair | Forward primer sequence, 5’-3’ Reverse primer sequence, 5’-3’
name

gRNA-71_N TTGGATTCACAAGGGTGGGTCAGT AAACACTGACCCACCCTTGTGAAT
(T)

gRNA+18_N | TTGGCCAGCAGAACGTTAAAATCC AAACGGATTTTAACGTTCTGCTGG
(NT)

gRNA+252_ N | TTGGCAGTCGGATGCTTCAAAGCA AAACTGCTTTGAAGCATCCGACTG
(NT)
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(gR)NA+358_S TTGGTTCTGCTGAGATGCCTCACA AAACTGTGAGGCATCTCAGCAGAA
T
(gRN)A-lZO_S TTGGCCCGTCTACCAGTCTCACCA AAACTGGTGAGACTGGTAGACGGG
NT
(gRN)A-148_S TTGGCAGAGTAACCCAGACTAGGT AAACACCTAGTCTGGGTTACTCTG
NT
(gRN)A+119_P1 TTGGTGAGTCGCCTCCACAATAAC AAACGTTATTGTGGAGGCGACTCA
NT
(gRN)A+116_P1 TTGGGTCGCCTCCACAATAACAGG AAACCCTGTTATTGTGGAGGCGAC
NT
(gRN)A+348_P1 TTGGGGCCCACAAATCACAGGTAT AAACATACCTGTGATTTGTGGGCC
NT
(gRN)A+268_P1 TTGGATCCACACTCATGTCATTAT AAACATAATGACATGAGTGTGGAT
NT
(gRN)A+57_P1 TTGGAGTCTTTAGATTTATAATGA AAACTCATTATAAATCTAAAGACT
NT

2.1.7 Inducible gene overexpression (TetON) cell line generation:

TetON gene overexpression H9 hPSC lines generated and used in this thesis are:

TetON-NANOG-GFP + CAG-rtTa-Puro®
TetON-NANOGP1-1-GFP + CAG-rtTa-Puro®
TetON-NANOG-GFP + TetON-KLF2-RFP + CAG-rtTa-Puro®
TetON-NANOGP1-1-GFP + TetON-KLF2-RFP + CAG-rtTa-Puro®
TetON-NANOGP1-2-GFP + TetON-KLF2-RFP + CAG-rtTa-Puro®
TetON-NANOGP1-3-GFP + TetON-KLF2-RFP + CAG-rtTa-Puro®

N o v o~ w N oe

TetON-KLF2-RFP + CAG-rtTa-Puro®

This section describes the generation of inducible overexpression primed hPSC lines. Primed-to-
naive reprogramming of these seven lines is addressed in Sections 2.1.8. For simplicity, full hPSC line
names are used in this section only; in the rest of the text, only the first part of the name (TetON-gene-
reporter) is used.

To create TetON inducible gene overexpression vectors, gene cDNA was synthesised as a gBlock
Gene Fragment (IDT), cloned into a pCAG-IRES-Puro® backbone vector (Niwa et al., 1991) and amplified
with primers containing an attB sequence at their 5’ ends. All three NANOGP1 isoforms shared the

same forward attB primer. All NANOGP1 isoforms and NANOG shared the same reverse attB primer.
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attB primer sequences are shown in Table 2.5 attB primer sequences used for generating TetON hPSC
lines. The amplification product (attB-gene_cDNA-attB) was cloned into a TetON-GFP/RFP plasmid
(kindly provided by Andras Nagy (Lunenfeld-Tanenbaum Research Institute, Canada); (Woltjen et al.,
2009) using the Gateway strategy (Hartley, 2000; Hartley, 2002) and was validated by Sanger
sequencing (Genewiz). A cell pellet of 1x108 primed H9 hPSCs were then transfected with 2 pg of a
vector encoding constitutively expressed reverse tetracycline-regulated transactivator gene (pCAG-
rtTa-Puro®), followed by 48 hr selection with 1 ug/ml Puromycin. Then, CAG-rtTA-Puro®H9 hPSCs were
transfected with 100 ng of a vector encoding a piggyBac transposase (pCyL43) (Wang et al., 2008b),
as well as with the four individual TetON plasmids: NANOG-GFP, NANOGP1-1-GFP, NANOGP1-2-GFP
and NANOGP1-3-GFP, 2 ug each. This resulted in the generation of four separate hPSCs lines, which,
after expansion, were treated with 1 uM Doxycycline for 48 h and then were flow sorted for GFP
positive expression. The stable cell lines were expanded and stored.

In a separate experiment, the four TetOn cell lines described above, as well as the CAG-rtTA-Puro®
only hPSC line, were transfected with 100 ng of pCylL43 and 2 pg TetON-KLF2-RFP vector. After
expansion, the cell lines were treated with 1 uM Doxycycline for 48 h and then were flow sorted for

RFP positive expression. The stable cell lines were expanded and stored.

Table 2.5 attB primer sequences used for generating TetON hPSC lines. attB sequences are in bold.

Primer name Primer sequence (5’-3’)

attB-NANOGP1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGTCTTCTGCTGAGATGCC
attB-NANOG-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGAGTGTGGATCCAGCTTG
attB- GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACACGTCTTCAGGTTGC
NANOGP1/NANOG-R

attB-KLF2-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGGCGCTGAGTGAACCC
attB-KLF2-R GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACATGTGCCGTTTCATGTGC

2.1.8 Primed-to-naive human pluripotent stem cell reprogramming

2.1.8.1 Chemical reprogramming method

Primed TetON-iNANOGP1-1-GFP and TetON-iNANOG-GFP H9 hPSC lines were reprogrammed
into the naive state using the chemical reprogramming method, as described in Guo et al., 2017. On
Day 0, primed feeder-free hPSC cultures were passaged onto feeders in mTeSR™ Plus medium
supplemented with 10 uM Y-27632 at a density of 1x10* per cm?2. On Day 1, the culture medium was
replaced with mTeSR™ Plus without Y-27632. On Day 2, the medium was changed to chemical
reprogramming medium 1 (cRM-1) based on N2B27 supplemented with 1 uM PD0325901, 10 ng/ml
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human LIF and 1 mM valproic acid (VPA) sodium salt. No medium change took place on Day 3, but,
starting from Day 4, medium was changed daily. On Day 5, cRM-1 medium was aspirated from the
plates and replaced with chemical reprogramming medium 2 (cRM-2) based on N2B27 medium
supplemented with 1 uM PD0325901, 10 ng/ml human LIF, 2 uM Go6983 and 2 uM XAV939. Dome-
shaped colonies became apparent by Day 9. Cells were passaged onto feeders in cRM-2 medium at a
1:1 or 1:2 split ratio. After several passages the culture would become homogeneous and could be

passaged at a normal, 1:3 or 1:4 split ratio and maintained in PXGL or t2iLGo medium.

2.1.8.2 iNANOGP1/iNANOG+iKLF2 reprogramming method

Primed  TetON-iNANOG-GFP-iKLF2-RFP,  TetON-iNANOGP1-1-GFP-iKLF2-RFP,  TetON-
iINANOGP1-2-GFP-iKLF2-RFP, TetON-iNANOGP1-3-GFP-iKLF2-RFP H9 hPSC lines were reprogrammed
as described in Takashima et al., 2014. Briefly, prior to the reprogramming, on Day -2, feeder-free
primed hPSCs were treated with 1 uM Doxycycline for 48 h and sorted by GFP/RFP double-positive
fluorescence to establish transgene lines with similar levels of reporter expression between lines. On
Day 0, flow sorted transgene lines were plated on feeders in KSR/FGF on Day 0, and on the following
day, culture medium was changed to KSR/FGF supplemented with 1 uM Doxycycline. On Day 2,
medium was changed to t2iLIF medium, composed of N2B27 base medium with 1 uM PD0325901, 10
ng/ml human LIF, 1 uM CHIR99021 and supplemented with 1 uM Doxycycline. t2iLIF medium was
changed daily and cells were split every 5 days. On Day 12, Doxycycline was withdrawn and 5 puM
Go6983 was added. Reprogrammed cells were further propagated in t2iLIF + 5 uM Go6983 medium

on feeders.

2.1.9 Formative capacitation of naive human pluripotent stem cells

Naive hPSCs were capacitated to a formative state as described in Rostovskaya et al., 2019.
On Day 0, naive TetON-iINANOGP1-1-GFP CR-H9 hPSCs were seeded in PXGL medium supplemented
with 10 uM Y-27632 in feeder-free conditions on plates pre-coated with Geltrex at a seeding density
of 1.6x10% per cm?. The following day, culture medium was replaced with PXGL without Y-27632. On
Day 2, medium was replaced with N2B27 supplemented with 2 uM XAV939, either with or without
1 uM Doxycycline. Medium was replaced every day and cells were passaged at the 1:2 ratio when

confluent. In total, hPSCs were cultured in N2B27 with XAV939 and +/-Doxycycline for 14 days.
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2.1.10 Colony formation assay and alkaline phosphatase staining

Alkaline phosphatase (AP) is a cell-surface protein expressed by PSCs; in this thesis formation
of hPSC colonies was assessed by AP activity (Stefkova et al., 2015). The AP activity assay contained
pluripotent colonies that were characterised by high levels of AP activity and appeared purple (APP%),
as well as non-pluripotent/differentiated colonies that were colourless (AP"8),

hPSCs were dissociated into single cells and plated into the experiment-specific medium in 6-
well plates. On Day 12 (Figure 5.53), the cells were assayed for AP activity and imaged using a Zeiss
PALM MicroBeam. The AP assay involved fixing cells with 4% paraformaldehyde (PFA; Agar scientific,
R1026) in PBS, followed by incubation in alkaline phosphatase staining solution (Millipore, SCR004) for
15 min and washing with PBS twice to stop the reaction. The colonies were counted and categorised

as described above.

2.2 Flow cytometry assays

PSCs were dissociated with Accutase, washed with 2% FBS/PBS and filtered through 50 pm
sterile strainers (Sysmex, 1050553). If the signal was conferred by a fluorescent reporter, no antibodies
were added to the cell suspension. If additional fluorescent antibody staining was required (i.e., for a
naive or primed cell surface markers), the following protocol was used: hPSCs were incubated in
Brilliant Stain Buffer (BD Biosciences, 563794) with antibodies for 30 min at 4°C in the dark, followed
by a wash with 2% FBS/PBS, pelleting at 300xg for 3 min and re-suspension in 300 ul 2% FBS/PBS.
Antibody details are summarised in Table 2.6. The strategy for the antibody choice can be found in
the experimental set-up (described in the individual Results chapters). If hPSCs were grown on feeders,
anti-mouse Cd90.2 antibody that recognises mouse fibroblasts was added to the staining mix as well.
To distinguish live and dead cells, Fixable Viability Dye eFluor 780 antibody was used; alternatively,
0.1 pug/mL DAPI (Tocris, 5748) was added to the cell suspension after the immunostaining, at least 5
min prior to the analysis.

Flow cytometry analysis was performed on BD LSR-Fortessa™. Cell sorting experiments were
performed on BD Influx™ or BD FACSAria™ Fusion. Before the fluorescence analysis, cells were gated
using a. forward-scatter (FSC) and side-scatter (SSC) to exclude debris, b. SSC/FSC Area and Height to
exclude cell doublets, and c. anti-mouse Cd90.2 and/or live-dead stain signal to exclude mouse and/or
dead cells, respectively. Data processing was performed using FlowJo™ V10.1.

Table 2.6 Flow cytometry antibodies. Dilution ratios per 100 ul buffer per 500,000 cells. FVD* - Fixable
Viability Dye (not an antibody). Na — not applicable.

Target ‘Conjugation ‘Reactivity Dilution Clone Company Reference
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BD
CD24 BUV395 Human 1:80 MLS RUO Biosciences 563818
CD75 eF660 Human 1:40 LN-1 eBioscience | 50-0759-42
BD
CD77 PE-CF594 Human 1:40 >B5 Biosciences | 563631
Cd90.2 APC-Cy7 Mouse 1:40 30-H12 BioLegend 105328
FVD* eF780 na 1:33 na eBioscience | 65-0865-18
SSEA4 APC Human/mouse | 1:50 MC-813-70 | R&D FAB1435A
Human Miltenyi
SUSD2 PE 1:200 REA795 Biotec 130-111-641
Human Miltenyi
SUSD2 FITC 1:20 W5C5 Biotec 130-127-93
BD
SUSD2 BVv421 Human 1:200 WS5C5 Biosciences | 749533

An example of a full gating panel is given below (Figure 2.1).
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1. Size (FSC) and granularity (SSC) gating 2. Single cells vs. aggregates gating
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Figure 2.1 Flow cytometry gating strategy example. Experiment shown here is naive CRISPRi Gen1B
+/- 1uM Doxycycline, 48 h. SSC — side scatter. FSC — forward scatter. Dox — doxycycline.
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2.3 Molecular biology

2.3.1 Routine microbial culture

Escherichia coli DH5a (ThermoFisher Scientific, 18265-017) was used in this study for routine
transformation in DNA cloning experiments. First, 1 ul of the DNA transformation mix was added to a
50 ul aliquot of competent bacterial cells, followed by incubation for 30 min on ice. The cells were
transformed using the heat-shock method: 30 sec at 42°C, followed by 2 min on ice. 200 ul of RT SOC
medium (Formedium, SOC0201) was carefully added to the transformed bacterial aliquot. The latter
was then incubated at 37°C in a shacking incubator for 1 h. After that, the bacterial mix was spread
onto a Luria-Bertani (LB) agar plate and left for 17 h at 37°C. For Blue-White screening, the agar would
contain 40 pg/ml X-gal (Melford, MB1001). For antibiotic selection, the agar would contain 100 pg/ml
ampicillin or 50 pg/ml kanamycin B (see details below). After the overnight incubation, individual
colonies were picked and incubated in LB broth containing an appropriate antibiotic for 17 h at 37°C.

Bacterial culture was then used for plasmid extraction.

2.3.2 Molecular cloning: TOPO-TA method

TOPO® TA Cloning® kit (ThermoFisher Scientific, 450641) was used to clone Taq polymerase-
amplified PCR products into a plasmid vector for subcloning and Sanger sequencing, following

manufacturer’s instructions.

2.3.3 Molecular cloning: Gateway™ method
2.3.3.1 Gateway™ cloning method summary

Gateway™ cloning allows the transfer of a DNA fragment between cloning vectors while
maintaining its reading frame. The method is based on recombination between attB+attP and
attL+attR sequences, which flank the DNA fragment and are present in donor, entry and destination
vectors. Two major steps are therefore called BP and LR reactions. In this study, Gateway cloning was

used to generate TetON vectors, carrying NANOGP1, NANOG and KLF2 cDNA.

2.3.3.2 BPreaction

A BP reaction was used to create a Gateway™ entry clone carrying an attB-flanked PCR

product with BP Clonase™ Il kit (ThermoFisher Scientific, 11789-100). The process of generating attB-
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flanked cDNA sequences of NANOGP1, NANOG and KLF2 is described in Section 2.1. In brief, 150 ng of
the attB-flanked PCR product was mixed with 150 ng of the donor vector pDONR221 (ThermoFisher
Scientific, 12536017) and TE buffer (8 pl total). 2 ul of BP Clonase™ Il enzyme was then added to the
mix, followed by vortexing and microcentrifuging. The reaction was then incubated for 1 h at 25°C and
terminated by adding 1 ul of the Proteinase K and incubation 10 min at 37°C. 1 ul of the BP reaction
was transformed into DH5a E.coli. The bacteria were then plated onto 50 pg/ml kanamycin B selective
plates. Next day, individual bacterial colonies were placed into LB broth with added 50 pg/ml
kanamycin B and incubated overnight in a shaking incubator. The following day, bacterial culture was

pelleted, the PCR fragment-carrying entry vector was extracted and validated by Sanger sequencing.

2.3.3.3 LR reaction

150 ng of the sequence-verified entry plasmid was mixed with 150 ng of the destination vector
TetON-GFP/RFP (kindly provided by Andras Nagy; Woltjen et al., 2009) and TE, pH 8.0 up to 8 pl. 2 pl
of the LR Clonase™ Il enzyme was added to the reaction mix, followed by vortexing and
microcentrifuging. The reaction was then incubated for 1 h at 25°C and terminated by adding 1 ul of
the Proteinase K and incubation 10 min at 37°C. 1 ul of the LR reaction was transformed into DH5a
E.coli. The bacteria were then plated onto 100 pg/ml ampicillin selective plates. Next day, the bacterial
colonies were placed into LB broth with added 100 pg/ml ampicillin and incubated overnight in a
shaking incubator. The following day, the bacterial culture was pelleted, the PCR fragment-carrying

destination vector was extracted and validated by Sanger sequencing.

2.3.4 Polymerase chain reaction (PCR) and genotyping primers

Polymerase chain reaction (PCR) was used to amplify various genomic and plasmid DNA
fragments. PCR reactions were run in a BioRad Thermal Cycler T100™. Polymerases Q5® HiFi (NEB,
MO0491), LongAmp® Taq (NEB, M0323) and HotStarTaq® (Qiagen, 203203) were used according to the
manufacturer’s instructions.

Primer sequences used in PCR reactions, genotyping and DNA Sanger sequencing can be found

in Table 2.7.

Table 2.7 Primers used for genotyping, cloning validation and Sanger sequencing. F, R - forward and
reverse primer orientation.

Primer name Assay Primer sequence (5'-3')

M13-20-F Sanger-Seq GTAAAACGACGGCCAGT
Genotyping

M13-R Sanger-Seq CATGGTCATAGCTGTTTCC
Genotyping
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T7-F Sanger-Seq GTAATACGACTACTATAGGG
Genotyping

T3-R Sanger-Seq ATTAACCCTCACTAAAG
Genotyping

PPH-F Sanger-Seq AAATGATAACCATCTCGC

attL1-F Sanger-Seq CTACAAACTCTTCCTGTTAGTTAG
Genotyping

attL2-R Sanger-Seq ATGGCTCATAACACCCCTTG
Genotyping

pgRNA-CKB-F Sanger-Seq GAGATCCAGTTTGGTTAGTACCGGG

pgRNA-CKB-R Sanger-Seq ATGCATGGCGGTAATACGGTTAT

NANOG_2/5'-F Sanger-Seq CAATGGCCTTGGTGAGACTG
Genotyping

NANOG_2/5'-R Genotyping GGTCCATCATTGCTCAAGAGG

NANOG_3/3'-F Sanger-Seq ACCCCAGCCTTTACTCTTCC
Genotyping

NANOG_3/3'-R Genotyping AGGCTCCAACCATACTCCAC

NANOGP1_2/3’-F Sanger-Seq CCCTGAAACACACAACTCCAG
Genotyping

NANOGP1_2/3’-R Genotyping GTTGTCTTTAGCAGCCAAGGT

NANOGP1_7/5'-F Sanger-Seq TCCTGTTATTGTGGAGGCGA

Alias: HA-F Genotyping

NANOGP1_7/5-R Genotyping GTGAAATGATCCCTTAACCCTCT

FLAG-R Genotyping TGGCTTGTCATCGTCATCCT

V5-R Genotyping GGAGAGGGTTAGGGATAGGC

P1-tag-seq-F Sanger-Seq GATCCAGCTTGTCCATAAAGCC

2.3.5 Plasmid and genomic DNA extraction

Genomic DNA extraction from hPSC pellets was performed using Monarch® Genomic DNA
Purification Kit (NEB, T3010). Plasmid DNA extraction from bacterial pellets was performed using
Qiagen Miniprep (27106) and Maxiprep (12162) kits. Miniprep kit was used for routine DNA cloning
and Sanger sequencing. Maxiprep kit has an improved purification efficiency and lower endotoxin

levels, therefore, it was used to prepare plasmids for hPSC transfection.

2.3.6 RNA extraction and cDNA synthesis

RNA extraction was performed using the RNeasy® Mini Kit (Qiagen, 74104) and QiaShredder
Homogenizers (Qiagen, 79654) following the manufacturer’s instructions. RNA concentration was
measured using NanoDrop™ 2000 spectrophotometer. 500 ng of an RNA sample was then converted
into cDNA using QuantiTect® reverse transcription kit (Qiagen, 205311) which involved 1. a DNase-

mediated genomic DNA removal step (2 min at 42°C) and 2. cDNA synthesis using deoxyribonucleotide
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triphosphates (dNTPs)-containing buffer, oligo-dT and random primer mix as well as a reverse

transcriptase (1 h at 42°C/cDNA synthesis followed by 3 min at 95°C/reverse transcriptase inhibition).

2.3.7 Quantitative reverse transcription PCR (RT-qPCR) and RNA expression primers

cDNA was diluted to 50 ng/ul and used in RT-gPCR using SYBR® Green Jump Start™ Taq (Sigma-
Aldrich, S4438) with 200 nM Forward and Reverse primers (Sigma-Aldrich; designed using Primer3
software (Untergasser et al., 2012)). Samples were run in technical triplicates (or duplicates) on 96-
well plates on Bio-Rad CFX96 or 384-well plates on Bio-Rad CFX384. The results were analysed using
the delta-delta cycle threshold method (relative quantity = 2"22%") for which technical replicates were
averaged and normalised to the expression of housekeeping genes HMBS and GAPDH. Data values
represent Mean + Standard Dation of three biological replicates, unless stated otherwise.

Forward and Reverse RNA expression primer sequences can be found in Table 2.8.

Table 2.8 RT-qPCR primer sequences.

Gene Forward primer sequence (5'-3') Reverse primer sequence (5'-
3')

DNMT3L CTGCTCCATCTGCTGCTCC ATCCACACACTCGAAGCAGT

DPPA3 AGACCAACAAACAAGGAG CCCATCCATTAGACACGCAGA

CCT

DUSP6 TTCCCTGAGGCCATTTCTTT AGTGACTGAGCGGCTAATG

GAPDH CGCTGAGTACGTCGTGGAGT GGGCAGAGATGATGACCCTTT

GATA2 AAGGCTCGTTCCTGTTCAGAAG CCCATTCATCTTGTGGTAGAGG

GATA3 TCACAAAATGAACGGACAGAAC TTGTGAAGCTTGTAGTAGAGC
C

GATA6 GCTCTACAGCAAGATGAACG GACAGTTGGCACAGGACAATC

GFP CTTCAAGATCCGCCACAACATC GGGTGCTCAGGTAGTGGTTGT
C

HMBS AGGAGTTCAGTGCCATCATCCT CACAGCATACATGCATTCCTCA

KLF17 CTGCAACTACGAGAACTGCG GCAAGAATATGGCCTCTACC

KLF4 GCTGCCGAGGACCTTCTG GCGAACGTGGAGAAAGATGG

NANOG CCACTTTCTTGCACAGACCA CTGGAGTTGCTGGCAGAAAG

endogenous

NANOG_1 | CTTGTCCCCAAAGCTTGCCT AGGCCCACAAATCACAGGCA

NANOG_2 | AAGCATCCGACTGTAAAGAATCT ACATTTGCAAGGATGGATAGT

NANOGP1_ | CTTGTCCATAAAGCCTGCCT AGGCCCACAAATCACAGGTA

1

NANOGP1_ | AAGCATCTGACTGTAAAGACTGG ACATTTGCAAGGATGGATGGT

2

OCT4 GGATATACACAGGCCGATGTGG ATGGTCGTTTGGCTGAATACCT

OLIG3 TGAGGCTGAAGATCAACGGACG AGTTTCTGGCGAGCAGGAGTG
T

oTX2 CACTTCGGGTATGGACTTGC GGTACCGGGTCTTGGCAAA
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SNAI1 AATCCAGAGTTTACCTTCCAGC GAAGTAGAGGAGAAGGACGA
AG

SOX1 AAGATGCACAACTCGGAGATCA GCCAGCGAGTACTTGTCCTTCT

SOX17 CAAGGGCGAGTCCCGTATC CGACTTGCCCAGCATCTTGC

SOX2 AACCAGCGCATGGACAGTTAC GTTCATGTAGGTCTGCGAGCT
G

T- TGCTGCAATCCCATGACA CGTTGCTCACAGACCACA

BRACHYURY

TFCP2L1 TTTGTGGGACCCTGCGAAG TGCTTAAACGTGTCAATCTGGA

ZIc2 GATGTGCGACAAGTCCTACAC TGGACGACTCATAGCCGGA

2.3.8 Gel electrophoresis

Horizontal gel electrophoresis was used to separate nucleic acid molecules according to their
size. Samples (PCR products, plasmids, DNA restriction digest products and RNA molecules) were first
mixed with 5x Loading Dye containing bromophenol blue as a marker of sample migration. Samples
and a DNA ladder (ThermoFisher Scientific, SM1334) were then loaded onto a 1% agarose gel in
Tris/Borate/EDTA (TBE) buffer with SYBR® Safe cyanine DNA dye (ThermoFisher Scientific, $33102) or
ethidium bromide (BioRad, 1610433). If the nucleic acid fragments differed in size by <10%, a 2%
agarose gel was used for better fragment separation. The electric current was applied using BioRad
Power Pac at 100-160V for 30-75min. Gel imaging was then performed on BioRad Gel Doc XR System.
If separated fragments were to be extracted from the gel, bands of the correct size were first excised

using a scalpel and then purified using Monarch® DNA Gel extraction kit (NEB, T1020).

2.3.9 Western blotting

Cell pellets were frozen on dry ice after harvesting and stored at -80°C; each pellet contained
at least 1x10° cells. Prior to the protein extraction, pellets were re-suspended in ice-cold
Radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris/HCl, 140 mM NaCl, 1% Triton X-100, 0.5%
SDS, 1 mM EDTA, 1 mM PMSF, 1 mM NazVOs, 1 mM NaF) supplemented with cOmplete™ protease
inhibitor (Roche, 1836170). Cells were then lysed by incubating on ice for 30 minutes with vortexing
every 5 min. After the incubation, lysates were centrifuged at 16,000xg for 30 min at 4°C. The
supernatants were transferred to new tubes, and protein concentration was quantified using Bradford
assay.

To prepare samples for gel loading, an appropriate volume of each lysate (containing 20-50
pg of the protein) was mixed with a 5x protein loading dye (5% B-mercaptoethanol, 0.02%
bromophenol blue, 30% glycerol, 10% SDS, 250 mM Tris-Cl, pH 6.8) and incubated at 90°C for 5 min.

Then the samples were vortexed, briefly microcentrifuged and placed on ice. One polyacrylamide
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vertical gel was composed of a stacking (top, used for the sample loading; REAGENTS) and a resolving
(bottom, used for protein separation; REAGENTS) gel layers. Protein samples and a protein ladder
(BioRad 1610374) were then loaded onto the gel, immersed into Tris-Glycine-SDS (TGS) buffer
(BioRad, 1610772). The electric current was applied using BioRad Power Pac at 100V for 60 min. After
the gel run finished, proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane using
iBlot2 gel transfer system. After the protein transfer, the membrane was blocked with 5% skim milk
(Sigma-Aldrich, 70166) in the wash buffer TBST (Tris-buffered saline + 1% Tween20 (Sigma-Aldrich,
P9416)) for 1 h at RT. A primary antibody was then added to a fresh aliquot of TBST + 5% milk, in which
the blocked membrane was incubated overnight on a shaker at 4°C. Next day, the membrane was
washed with TBST three times for 10 min on a shaker at RT. Then, a horseradish peroxidase (HRP)
conjugated secondary antibody was added to a fresh aliquot of TBST + 5% milk, in which the washed
membrane was incubated for 1 h on a shaker at RT. The membrane was then washed three times for
10 min on a shaker at RT, incubated in the ECL substrate (Cytiva, RPN2232) and imaged using X-ray
films (Cytiva, 28906837). Alternatively, IRDye conjugated secondary antibodies were used for imaging
membranes on LI-COR Odyssey.
Antibody details can be found in Table 2.9.

Table 2.9 Western Blotting antibodies. TFS — ThermoFisher Scientific. Na — not applicable.

Target | Conjugation | Reactivity | Host Dilution | Clone Company Reference
IgG HRP Mouse Goat 1:10000 | Polyclonal | BioRad 1706516
IgG HRP Rabbit Goat 1:10000 | Polyclonal | BioRad 1706515
IgG HRP Goat Rabbit 1:10000 | Polyclonal | BioRad 1721034
IgG Dylight 680 Mouse Donkey | 1:10000 | Polyclonal | Cell signalling | 5470

IgG Dylight 800 Rabbit DOnkey | 1:10000 | Polyclonal | Cell signalling | 5151
FLAG na Mouse | 1:10000 | M-2 Sigma-Aldrich | F3165
HA na Mouse | 1:5000 5B1D10 TFS 32-6700
NANOG | na Human Rabbit 1:1000 Polyclonal | Abcam AB21624
NANOG | na Human Goat 1:1000 Polyclonal | R&D AF1997
V5 na Rabbit | 1:1000 | DBH8Q Cell signalling | 13202

2.3.10 RNA-sequencing: library preparation

RNA was extracted using RNeasy Mini Kit (Qiagen). Indexed libraries were made using 0.5 ug
bulk RNA per sample with NEBNext® Ultra™ RNA Library Prep Kit for lllumina® with the Poly(A) mRNA
Magnetic Isolation Module (NEB) and NEBNext’ Multiplex Oligos for Illumina® (NEB). Agilent
Bioanalyzer 2100 and KAPA Library Quantification Kit (KAPA Biosystems, KK4824) were used to identify

library fragment size and concentration. Samples were then sequenced as 75 bp single-end libraries
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on lllumina NextSeq 500 at the Babraham Institute Sequencing Facility, which generated 14-35 million

uniquely mapped reads per library.

2.3.11 RNA-sequencing: data processing

2.3.11.1 Processing and analysing RNA-sequencing datasets generated in this thesis

Raw fastq sequencing files were quality control analysed by FastQC v0.11.9
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). RNA-sequencing (RNA-seq) reads
were trimmed using trim galore v0.4.2 software
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove the adaptor
sequences. Then, using HISAT v2.0.5 (Kim et al., 2015) and guided by the gene models from Ensembl
v70, trimmed reads were mapped to the human GRCh38 genome (Aken et al., 2017). Sequencing data
was converted from. bam to .sam file type using Samtools (Li et al., 2009), and .sam files were
imported to Segmonk software (http://www.bioinformatics.babraham.ac.uk/projects/segmonk/).
‘Raw read counts per transcript’ was calculated using directional counts with help of an RNA
sequencing quantitation pipeline on the Ensembl v70. DESeq?2 software package (Love et al., 2014)was
used to identify genes expressed differentially (cut-off of p < 0.05 without independent filtering and
after testing correction) and to merge biological replicates. To correct for the library size and variance
among counts, regularised log transformation was applied prior to data visualization. Principle
component analysis (PCA) was performed using the top thousand most variable genes across the
experiment. Finally, Enrichr Gene Ontology analysis was then used to identify specific biological

patterns/cell types and simplify the data structure.

2.3.11.2 Analysing published RNA-sequencing libraries

The RNA-seq data of 1481 human embryo single cells from Petropoulos et al. 2016 were
downloaded and categorised into the following groups: 8c, MOR, elCM, eTE, EPI, TE, PE, eUndef, Inter.
Cell annotations were taken from Stirparo et al., 2018. The data was then mapped to the human
GRCh38 genome using HISAT2 (v2.1.0; options --dta --sp 1000,1000), guided by known splice sites
from Ensembl release 94 (Homo_sapiens.GRCh38.94.gtf) to which a custom NANOGP1 mRNA
annotation had been added manually. Reads were then filtered for unique alignments (MAPQ >= 20),
and log2 RPM counts for genes were calculated with SeqMonk (v1.43.1; assuming non-strand specific
libraries and merging transcript isoforms). Beanplots of expression values for genes of interest were

then calculated for different developmental stages using the beanplot library in R (in RStudio).
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The RNA-seq data of 557 human embryo single cells from Xiang et al., 2020 were downloaded
and categorised into the following groups: ICM, EPI, PrE, TrB. The data was then mapped to the human
GRCh38 genome using HiSat2 (v2.1.0; options --dta --sp 1000,1000), guided by known splice sites from
Ensembl release 94 (Homo_sapiens.GRCh38.94.gtf) to which a custom NANOGP1 mRNA annotation
had been added manually. Reads were then filtered for unique alignments (MAPQ > 20), and log2 RPM
counts for genes were calculated with SeqMonk (v1.43.1; assuming non-strand specific libraries and
merging transcript isoforms). Violin plots of expression values for genes of interest were then
calculated for different epiblast developmental stages using the ggplot2 package in R (in RStudio).

In Figure 5.26, Xiang et al., 2020 data was compared to the RNA-seq data produced in this
study, using an R script, kindly shared by Maria Rostovskaya (publication is under review).

The RNA-seq data from Rostovskaya et al., 2019 and Collier et al., 2017 was available in the
form of Annotated Probe Reports (Log2 RPM) and therefore did not require additional annotation and

processing.

2.4 Bioinformatics

2.4.1 Identification of NANOGP1 transcript variants

To identify putative NANOGP1 transcripts, a combination of in-house generated datasets of
naive hPSCs as well as publicly available data from Theunissen et al. (2016; GEO accession GSE84382),
Pastor et al. (2016; GEO accession GSE76970) and Takashima et al. (2014, ENA accession PRJEB7132)
was used. All raw data was processed with Trim Galore (adapter and quality trimming, v0.6.5) and
mapped to the human GRCh38 genome using HISAT2 (v2.1.0; options --dta --sp 1000,1000), guided by
known splice sites from Ensembl release 94 (Homo_sapiens.GRCh38.94.gtf).

To find evidence for splicing, aligned reads were first imported into SeqMonk (v1.43.1) as
introns rather than exons, which effectively uses the CIGAR operation ‘N’ as the start and end
coordinates of putative introns. Multi-mapping reads were filtered out (MAPQ >= 20).

To identify likely exons, reads were then imported into SeqMonk as standard i.e., spliced, RNA-
seq reads (MAPQ >=20). Using read counts of exonic reads and introns identified as described above,
the data was inspected and manually curated further to identify potential NANOGP1 transcript
variants. Transcript candidates appearing well supported by both exonic and intronic reads were
termed NANOGP1 isoform 1-3 and taken forward for further analyses. GTF/GFF files were generated
for NANOGP1 isoforms 1-3 and included as additional annotations for both HISAT2 mapping and

further analyses in SeqMonk.
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To identify potential open reading frames of NANOGP1 isoforms 1-3 their hypothetical cDNA
sequences were then screened for open reading frames (ORF) using the NCBI Open Reading Frame

Finder tool (https://www.ncbi.nlm.nih.gov/orffinder/). The longest ORFs, resulting in predicted

proteins between 255 and 266 amino acids in length, were taken forward for multiple sequence

alignments (ClustalW) and additional analyses.

2.4.2 Disambiguation of NANOG and NANOGP1

To investigate the cross-mapping of reads from the NANOG to the NANOGP1 locus, and vice
versa, cDNAs sequences for NANOG (NANOG-201, Ensembl) and NANOGP1 (isoform 1) were used and
converted them to simulated FastQ files (as 43bp (like in Petropulous et al., 2016) or 100bp single-end
reads, in steps of 1bp from start to end). These NANOG and NANOGP1 FastQ files were then aligned
to the human GRCh38 genome (using HISAT2, v2.1.0); the amount of cross-mapping was either

negligible or non-existent for unfiltered or multi-mapping filtered (MAPQ >=20) reads, respectively.

2.5 Protein Immunoprecipitation

All buffers (Table 2.10) were pre-chilled to 4°C. All centrifugation steps were performed at 4°C.
NANOGP1-V5 and NANOGP1-3xFLAG hPSCs were harvested and centrifuged for 5 min at 300xg, with
5x10° cells per sample. To fractionate nuclei, pellets were resuspended in ice cold Buffer A, incubated
for 10 min on ice and centrifuged for 10 minutes at 2,000xg. Cell pellets were resuspended in 376 pl
Buffer B, followed by 24 ul of 5 M NaCl. The resulting mix was homogenised using a Dounce on ice.
Cell suspensions were kept on ice for 30 min followed by centrifugation for 20 min at 17,000xg. The
supernatant was analysed by Bradford assay and stored on ice. Using a magnetic rack, Protein A and
Protein G Dynabeads (Thermofisher Scientific) were washed twice with Dilution buffer. Then, 5 ug of
anti-V5 and anti-FLAG antibodies (Table 2.11) were added to the Protein G and Protein A magnetic
beads, respectively, which were diluted in 500 pl Dilution buffer. Tubes were kept on a rotating wheel
at 4°C overnight. Next day, the beads were washed three times in the Dilution buffer. Then, 475 pug
(95%) of the nuclear protein obtained in the lysis step was added to the beads. 25 ug (5%) of each
protein sample were set aside as input. Immunoprecipitation samples were rotated at 4°C overnight.
Next day, beads were resuspended in the Dilution buffer and washed for a total of three washes. To
elute the immunoprecipitated complexes, beads were resuspended in 5x protein loading dye and

boiled at 75° for 10 min. The eluate was stored at -80°C and used in Western blot assays.

Table 2.10 Protein Immunoprecipitation buffers
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Buffer A Buffer B Dilution buffer

10 mM HEPES 5 mM HEPES 150 mM Tris-HCl pH 7.5

1.5 mM MgCI2 1.5 mM MgCI2 150 mM Nacl

10 mM KCl 0.2 mM EDTA 0.5 mM EDTA

0.5 mM DTT 0.5 mM DTT cOmplete® EDTA-free

protease inhibitor

0.05% NP40 26% Glycerol Distilled water

250 u/ml Benzonase Nuclease | 250 u/ml Benzonase Nuclease

(Sigma-Aldrich)

cOmplete® EDTA-free protease | cOmplete® EDTA-free
inhibitor (Roche, R1836170) protease inhibitor
Distilled water Distilled water

Table 2.11 Protein immunoprecipitation and ChiP-seq antibody details

Target Conjugation | Reactivity | Host Clone Company Reference
FLAG na Mouse | M-2 Sigma-Aldrich | F3165

V5 na Rabbit DBH8Q Cell signalling | 13202
NANOG | na Human Goat Polyclonal | R&D AF1997

2.6 Chromatin Immunoprecipitation (ChIP)

2.6.1 ChIP-sequencing: library preparation

All buffers (Table 2.12) were pre-chilled to 4°C. NANOGP1-V5 and NANOGP1-3xFLAG hPSCs
were harvested and centrifuged for 5 min at 300xg at 4°C, 2x10° cells per ChIP reaction. Pellets were
re-suspended in PBS and fixed by incubating with 2 uM Di(N-succinimidyl) glutarate (Sigma-Aldrich,
80424) for 45 min at RT and then with 1% PFA (Agar Scientific, R1026) at a cell density of 1x102 cells
in 45 ml culture medium for 12.5 min at RT. 12.5 mM glycine was then added to quench the fixation,
followed by a 5 min incubation at RT. the cells were then washed twice with PBS, re-suspended in 10
ml Wash Buffer 1 and incubated for 10 min at 4°C to lyse the cells. Nuclei were then separated from
the other lysate components by centrifuging at 3,200xg for 5 min at 4°C, re-suspended in 10 ml Wash
Buffer 2, incubated for 10 min at 4°C and centrifuged again at 3200xg for 5 min at 4°C. Then, each
pellet was re-suspended in 1 ml of Nuclei Lysis Buffer per 1.2x107 cells. Nuclear lysis was performed

at 4°C for 30 min and was followed by sonication (30 sec on -> 45 sec off) x55 cycles per one ChIP
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reaction on Bioruptor. To check fragment size distribution, a small amount of the sample was analysed
by gel electrophoresis. Chromatin fragments obtained were ~400-500 bp in size. The chromatin-
containing supernatant was separated from insoluble material by centrifugation at 10,000xg for 15min
at 4°C, transferred to a new tube and diluted 1:10 with ChIP Dilution Buffer. 500 ul of the diluted
chromatin was taken as input sample and frozen. The rest of the sample was incubated overnight with
5 ug of the antibody at 4°C. Next day, 120 ul Magnetic protein A Dynabeads (per IP) (Invitrogen,
10001D) were washed with Washing Buffer A and blocked with Bovine Serum Albumine (NEB, B9000)
for 1 h at 4°C. The beads were then added to the antibody-bound chromatin, which was followed by
8 h incubation at 4°C. The beads-protein-antibody complex was washed twice with Wash Buffer A,
once with Wash Buffer B, once with Wash Buffer C, and once with TE buffer (1 mM EDTA, 10 mM Tris
pH 8).

Chromatin was eluted from the beads with 450 pl of Elution buffer, 11 pl of 20 mg/ml
Proteinase K and 5ul of 10mg/ml RNaseA by incubating at 37°C for 2 hrs. Then, to reverse the crosslinks
DNA and protein, the mix was incubated at 65°C overnight with intermittent shaking. DNA was then
purified with 1x volume of AMPure XP beads (Beckman Coulter, A63880), eluted in 50 ul distilled water
and quantified using the Qubit fluorometer dsDNA HS assay kit (ThermoFisher Scientific, Q32854).
NEBNext Ultra I DNA library prep kit for lllumina (NEB) and NEBNext” Multiplex Oligos for Illumina®
(NEB) were then used to prepare libraries according to the manufacturer’s instructions). Agilent
Bioanalyzer 2100 and KAPA Library Quantification Kit (KAPA Biosystems, KK4824) were used to identify
library fragment size and concentration. Samples were then sequenced as 75 bp single-end libraries
on lllumina NextSeq 500 at the Babraham Institute Sequencing Facility, which generated 20-43 million
uniquely mapped reads per library.

ChlP-seq antibody details are provided in Table 2.11.

Table 2.12 ChiP-seq buffers

Wash Wash Nuclei Dilution | Washing | Washing | Washing Elution
Buffer 1 Buffer 2 Lysis Buffer Buffer A Buffer B Buffer C Buffer
Buffer
10 mM 1 mM 5mM 5mM 1 mM 1 mM 1 mM 1% SDS
EDTA EDTA EDTA EDTA EDTA EDTA EDTA
0.5 mM 0.5 mM 150 mM 150 mM 150 mM 500 mM 1% Igepal | 0.1 M
EGTA EGTA NaCl NaCl NaCl NaCl CA-630 NaHCO;
10 mM 10 mM 1% SDS 0.1% SDS | 1% NP40 | 1% NP40 | 250 mM cOmplete
Hepes pH | Hepes pH LiCl ® EDTA-
7.5 7.5 free
protease
inhibitor
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0.75% 200 mM 0.5% 0.5% 0.1% SDS | 0.1%SDS | 0.5% Distilled
Triton X- | NaCl Sodium Sodium Sodium water
100 deoxycho | deoxycho deoxycho
late late late
cOmplete | cOmplete | 25 mM 25 mM 0.5% 0.5% 50 mM
® EDTA- ® EDTA- Tris pH Tris pH Sodium Sodium Tris pH 8
free free 7.5 7.5 deoxycho | deoxycho
protease | protease late late
inhibitor | inhibitor
(Roche,
R1836170
)
Distilled Distilled 0.1% 1% Triton | 50 mM 50 mM cOmplete
water water Triton X- | X-100 TrispH8 | Tris pH ® EDTA-
100 8.0 free
protease
inhibitor
cOmplete | cOmplete | cOmplete | cOmplete | Distilled
® EDTA- ® EDTA- ® EDTA- ® EDTA- water
free free free free
protease | protease | protease | protease
inhibitor inhibitor inhibitor inhibitor
Distilled Distilled Distilled Distilled
water water water water

2.6.2 ChIP-seq data processing and analysis

ChlP-seq reads (NANOGP1, NANOG from this study and NRSF/REST from ENCODE
(GSM803365) were trimmed using Trim Galore v0.6.6 (Cutadapt v2.3) software and mapped to human
genome GRCh38 with Bowtie2 (v2.4.2) (Langmead and Salzberg, 2012). Subsequent analysis was
performed using SegMonk (https://www.bioinformatics.babraham.ac.uk/projects/segmonk/)
software and R studio/R (v2021.09.0/v4.1.1). Quantitation values are represented as log2 RPM.
NANOGP1 peaks were called on individual replicates using a SeqMonk implementation of MACS
(Zhang et al., 2008) using parameters sonicated fragment size =300 and p<10-°, coverage outliers were
excluded. The intersection of individual replicate peaks was used as NANOGP1 peak annotation.
NANOGP1 peaks overlapping NANOG peaks (Chovanec et al., 2021) were designated ‘shared’.

ChromHMM states for naive hESCs were taken from Chovanec et al., 2021. In order to assign

only one ChromHMM state per peak, the peak centre location was used. Control regions were 1000

randomly selected 900 bp windows where 900 bp is an approximate average peak width.
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De novo motif discovery and motif enrichment for NANOGP1, NANOG and shared peak
regions (+/-100 bp around the peak centre) were performed using Homer (Duttke et al.,
findMotifsGenome.pl) and the human genome version hg38. Homer’s scan MotifGenomeWide.pl was

used to find the REST motif (REST/MA0138.2) in instances across the whole human genome.

2.7 Recombinant protein synthesis

2.7.1 Recombinant protein synthesis: cloning

NANOGP1-HA, NANOGP1-FLAG-His, NANOG-HA and NANOG-FLAG-His recombinant proteins
were made using a Baculovirus expression system (ThermoFisher Scientific, 11827-011/11804-010) in
Sf9 insect cells. NANOGP1 (isoform 1) and NANOG CDSs were generated using gBlocks, inserted into
pCAG-IRES-Puro® backbone vector (Section 2.1.7; Niwa et al., 1991) and then PCR-amplified from
plasmid DNA. Here, PCR primers were different from those used for generating TetON vectors (Section
2.1.7). The primers here were designed to attach Sall and Xbal restriction sites to the 5’ and 3’ ends
of the PCR products, respectively. Additionally, they amplified CDSs without their respective stop
codons.

Table 2.13 Primer sequences used in the molecular cloning for recombinant protein synthesis.

Enzyme restriction sites are in bold. 2-nt and 4-nt overhangs were added for the increased cutting
efficiency. F — forward primer. R —reverse primer.

Primer name Primer sequence (5'-3')

NANOG-Sall-F ACGCgtcgacATGAGTGTGGATCCAGCTTG
NANOG/NANOGP1-Xbal-R GCtctagaCACGTCTTCAGGTTGCATGT
NANOGP1-Sall-F ACGCgtcgacATGTCTTCTGCTGAGATGCC

The PCR products were digested with Sall and Xbal enzymes (ThermoFisher Scientific, FD0684,
FD0644) to be ligated into two different pBluescript vectors, carrying in-frame HA and FLAG-His tags.
pBluescript vectors were also digested with Xbal and Sall enzymes and resolved on an electrophoresis
gel. Bands of the correct size were excised and used in CDS+pBluescript ligation reactions. A 20 pl
ligation reaction contained a digested pBluescript vector fragment, a digested NANOG or NANOGP1
CDS, ATP-containing T4 ligase buffer (NEB, B0202) and T4 ligase (NEB, M0202). The reaction was
incubated for 10 min at RT and terminated by 10 min incubation at 65°C. 1 pl of the reaction was
transformed into DH5a E.coli which was selected on 40 pug/ml X-gal LB plates. Next day, white bacterial
colonies were placed into LB culture with added 100 pg/ml ampicillin. The following day, bacteria were
pelleted, plasmid DNA was extracted and validated by Sanger sequencing with T7-F primer. Plasmids

produced in here were pBluescript-NANOG-HA, pBluescript-NANOGP1-HA, pBluescript-NANOG-FLAG-
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His, pBluescript-NANOGP1-FLAG-His. Next, tagged CDS were cloned into pENTR3c vector containing
attl sequences. First, pENTR3c, pBluescript-NANOG-HA, pBluescript-NANOGP1-HA, pBluescript-
NANOG-FLAG-His and pBluescript-NANOGP1-FLAG-His were digested with Not/ (ThermoFisher
Scientific, FD0595) and Sall enzymes and run on the gel. The correct size bands were extracted and
ligated (see the ligation reaction above). The reactions were transformed into DH5a E.coli which was
then selected on 50 pug/ml kanamycin LB plates. Next day, bacterial colonies were placed in LB culture
with 50 pug/ml kanamycin. Next day, bacterial cultures were pelleted, plasmids were extracted and
validated by Sanger sequencing with attL1 and attL2 primers. Plasmids produced here were pENTR3C-
attL1-NANOG-HA-attL2, pENTR3C-attL1-NANOGP1-HA-attL2, pENTR3C-attL1-NANOG-FLAG-His-attL2,
PENTR3C-attL1-NANOGP1-FLAG-His-attL2. These plasmids were then recombined with a pDEST8
vector in an LR Gateway reaction and transformed in DH5a E.coli cells. Plasmids were extracted and
validated by Sanger sequencing with the polyhedrin promotor-specific primer (P™-F). The verified
plasmids were then transformed into DH10Bac E.coli cells (ThermoFisher Scientific, 10361012), which
contain bacmid DNA with a mini-attTn7 transposition target site and a helper plasmid, encoding
transposition proteins. Bacterial colonies containing the recombinant sequences were white, as the
transposition disrupts the lacZa gene, and resistant to 50 pg/ml kanamycin (DH10Bac bacmid), 7 pg/ml
gentamicin (pDEST8) and 10 pg/ml tetracycline (helper plasmid). Recombinant bacmid DNA mini-
preps were prepared from the selected clones and were used to transfect insect cells.

Primer sequences can be found in Table 2.7.

2.7.2 Recombinant protein synthesis: insect cell culture

Sf9 insect cells were maintained in Hink’s TNM-FH Insect Medium (Merck, 51942C) supplemented
with 10% FBS and 1% Chemically Defined Lipid Concentrate (Gibco, 11905031; CDLC) as a suspension
culture in vented 100 ml flasks at 27°C in a non-humidified shaking incubator (120 RPM) in the dark.
When suspension culture reached 2x10° cells/ml density, it was diluted to 0.5-1 x10° cells/ml. For
transfection, log-phase Sf9 cell culture was plated as a monolayer into a 6-well plate, 1x10° cells/well
in 2 ml TNM-FH + 10% FBS + 1% CDLC and incubated for 2 h. Before the transfection, medium was
changed to TNM-FH without FBS/CDLC. For each transfection, 6 pl Cellfectin™ Il (ThermoFisher
Scientific, 10362100) and 5 pl recombinant bacmid DNA were pre-incubated at room temperature for
30 min in 200 pul TNM-FH and then added to a well dropwise. Ttransfection reactions were incubated
for 5 h, followed by medium change to 2 ml TNM-FH + 10% FBS + 1% CDLC and a five-day incubation
period without feeding. On day 5, when signs of viral infection were visible, 1 ml of the transfected
cell culture (P1 stock) was transferred into 50 ml of fresh suspension culture at 1x10° cells/ml and in

TNM-FH + 10% FBS + 1% CDLC. Suspension culture was incubated for 5 days, then the cells were
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centrifuged (5 min at 500xg). The supernatant was then filtered and 50 ml of fresh suspension culture
at 1x10° cells/ml and in TNM-FH+10% FBS + 1% CDLC was inoculated with 1 ml P2 stock. Suspension
culture was incubated for 5 days, then, the cells were centrifuged (5 min at 500g), supernatant was
filtered. Then, 2 L of fresh suspension culture at 1x10° cells/ml and in TNM-FH+10% FBS + 1% CDLC
was inoculated with 40 ml of P3. At this stage, viruses were combined and added to WT suspension

culture in the following combinations (2 L WT culture per inoculation condition):

NANOG-HA + NANOG-FLAG-His
NANOGP1-HA + NANOGP1-FLAG-His
NANOG-HA + NANOGP1-FLAG-His

P wbp R

NANOG-FLAG-His + NANOGP1-HA

After 2.5 days of incubation, cells were centrifuged, pellets were snap-frozen in liquid nitrogen.
Protein was extracted using ice-cold lysis buffer (50 mM HEPES (pH 7.5), 500 mM NaCl, 0.5 mM TCEP,

5% (v/v) Glycerol) and tissue pulveriser. Proteins were purified using an AKTA system.

2.8 Immunofluorescent staining

hPSCs were fixed in 12-well cell culture plates for 15 min at 4°C in 4% PFA (Agar Scientific,
R1026) in PBS, washed once with PBS and permeabilised with 0.4% Triton X-100 (Sigma-Aldrich,
T8787) in PBS for 10 min at RT. Nonspecific antibody binding was minimised by incubating cells with
3% BSA (Sigma-Aldrich, A7906) + 0.1% Triton X-100/PBS for 1 h at RT. Then, the cells were incubated
with the appropriate primary antibody in 3% BSA + 0.1% Triton X-100/PBS overnight at 4°C, before
being washed four times with 0.1% Triton X-100/PBS and incubated with the appropriate secondary
antibodies in 3% BSA + 0.1% Triton X-100/PBS for 1 h at RT in the dark. Finally, the cells were washed
three times in 0.1% Triton X-100/PBS (for nuclei staining 1 ug/mL DAPI (Tocris, 5748) was added to
the first wash) and two times in PBS. Wells were then filled with PBS, plates were sealed and stored
at4°C.

Immunofluorescent staining antibody details are provided in Table 2.14.

Table 2.14 Immunofluorescent staining antibody details. CST - Cell Signalling Technology. SC — Santa
Cruz. TFS - ThermoFisher Scientific. Na — not applicable.

Target | Conjugate Reactivity Host Dilution | Clone Company | Reference
lgG AlexaFluor 555 | Goat Donkey | 1:1000 | Polyclonal | TFS A21432
lgG AlexaFluor 647 | Mouse Donkey | 1:1000 | Polyclonal | TFS A31571
lgG AlexaFluor 555 | Rabbit Donkey | 1:1000 | Polyclonal | TFS A31572
NANOG | na Human Goat 1:200 Polyclonal | R&D AF1997
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OCT4 na Human/mouse | Mouse 1:300 C-10 SC SC5279

V5 na na Rabbit 1:150 DBH8Q CST 13202

2.9 Microscopy

Imaging of live hPSC cultures was performed on ZOE fluorescent cell imager. Imaging of
immunostaining experiments was performed on Nikon Live Cell Imager. Imaging of alkaline
phosphatase imaging was performed on Zeiss Palm MicroBeam; image stitching was done using the
microscope internal software. All images were processed and analysed using Fiji/Imagel software

(Schindelin et al., 2012).

2.10 Evolutionary genetics

This section has been taken and adapted with permission from the MSc thesis of Gokberk

Alagoz; it described experiments performed by Gokberk Alagdz (see Section 3.2).

To investigate genomic structure of the NANOG/NANOGP1 locus throughout evolution, most
recent assemblies of nine primate species (Table 2.15 Primate genome assemblies used in the
evolutionary genetics’ assays.) were analysed. Approximate genomic coordinates of NANOG and
NANOGP1, if present, were identified using BLAST ((Basic Local Alignment Search Tool (BLAST))) and
Needle (Madeira et al., 2019) pair-wise sequence alignment tools. Within each assembly, a ~250
kilobase genomic region including NANOG, NANOGP1 and their surrounding genes, was extracted
using a Python script. DNA and its corresponding amino acid sequences of NANOG and NANOGP1
were aligned using MEGA (Tamura et al., 2007)and ClustalW (Thompson et al., 1994) tools. Codeml
and codonml PAML 4.8a programs were run for the phylogenetic analysis of amino acid sequences
(Yang and Nielsen, 2000). Dotter (Barson and Griffiths, 2016) and Miropeats (Parsons, 1995) tools
were used for visualising NANOG/NANOGP1 duplication site, detecting its boundaries and conserved
regions.

For GC content calculation, enhancer regions were first extracted from the human genome
assembly. GC content ratios were then calculated by dividing the sum of G and C nucleotide counts
(G+C) to the total nucleotide count (G+C+T+A) at a genomic region, using 30 base-pair sliding-window

approach. GC percentages were plotted against genomic coordinates using matplotlib in Python.

Table 2.15 Primate genome assemblies used in the evolutionary genetics’ assays.

Species Assembly First release date
Human hg38 2013
Chimpanzee panTro6 2018
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Bonobo panPan2 2015
Gorilla gorGor5 2016
Orangutan ponAbe3 2018
Gibbon* nomlLeu3 2012
Crab-eating macaque macFas5 2013
Rhesus macaque rheMac8 2015
Marmoset callac3 2009

1 - Gibbon nomLeu3 assembly was found to be not suitable for investigating NANOG region
due to having large gaps. To resolve this, unpublished raw gibbon genome data, kindly provided by
Prof. Evan Eichler research group (University of Washington), was analysed. To visualise NANOG-
containing locus, human NANOG and NANOGP1 sequences were mapped to gibbon contigs using

Minimap2 (Li, 2018).
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3 Human pseudogene NANOGP1I.
characterisation of its evolutionary
conservation and expression pattern
in human pluripotency
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3.1 Introduction

3.1.1 Background

Segmental and tandem duplications are thought to be one of the main drivers of species
evolution (Section 1.4). Marques-Bonet and colleagues demonstrated a positive correlation between
evolutionary development of mammalian species and the increasing percentage of segmental
duplication in their genomes (Marques-Bonet et al., 2009a; Marques-Bonet et al., 2009b). Moreover,
a sudden burst of gene duplication events occurred following the divergence of apes from Old World
monkeys. According to their work, duplication rates peaked in the arguably most evolutionarily
advanced primates, the Great Apes, and, more specifically, in humans.

Many of the duplicated genes eventually lose their function and either disappear completely,
or become pseudogenes (Section 1.4). Interestingly, despite the commonly accepted assumption that
pseudogenes are unfunctional, pseudogenisation has been linked with the evolutionary development
of species-specific mechanisms (Niimura and Nei, 2007); discussed in more details in Chapter 6).
Currently there is a lack of understanding, at the molecular level, how gene duplications, especially
pseudogenes, contribute to development of species-specific mechanisms. The majority of duplications
and pseudogenisation events therefore require focused attention from computational and
experimental scientists to assess their potential significance and test their functional contribution.

Gene duplications that are active in early development could allow different species to evolve
different reproductive and developmental strategies, therefore also requiring particular attention
from researchers (Section 1.4). Moreover, as preimplantation epiblast is used for deriving hPSCs,
investigating the role of gene duplicates in early development is also important for understanding how
pluripotency (and hPSCs) could be regulated differently between species.

The highly duplicated human pluripotency factor NANOG serves as a tractable model for gene
duplication in human embryo development, as described in Sections 1.3 and 1.4. Human NANOG has
an unusually high number of copies: ten processed pseudogenes and one unprocessed and highly
conserved tandem duplicate, NANOGP1, currently annotated as a pseudogene (Booth and Holland,
2004). Four studies have previously investigated this duplication, including the demonstration that
NANOGP1 mRNA is detectable in primed hPSCs (Booth and Holland, 2004; Eberle et al., 2010;
Fairbanks and Maughan, 2006; Hart et al., 2004; Sections 1.4.4, 1.4.5). However, those prior studies
were mostly computational and did not explore whether NANOGP1 could have a function in human
pluripotent cells or states. Additionally, those studies had some important discrepancies, such as an

inability to agree on the structure of NANOGP1 transcript or whether endogenous NANOGP1 is
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capable of making a protein. Because high expression levels of NANOG are crucial for maintaining
naive and primed pluripotency in hPSCs (Section 1.3), investigating a potential role of NANOGP1 in
these cells is important to understand how gene duplication could influence human embryo
development, as is exploration of the role these processes might play in species-specific
developmental and stem cell programmes.

Until this study, very little was known about the evolutionary history of the NANOG/NANOGP1
tandem duplication and whether NANOGP1 was consistently expressed in human pluripotent
compartments. Moreover, it was not understood what structure NANOGP1 mRNA had in the hPSC
context and whether it had the potential to encode a full-length protein.

In this chapter, | test the hypothesis that NANOGP1, as an unprocessed duplicate of an
important pluripotency regulator, is expressed in human pluripotency. | also address such key
guestions as the evolutionary conservation of NANOGP1 sequence, the structure of NANOGP1 mRNA,
and whether it has functional upstream regulatory regions. Finally, | briefly discuss pseudogenes of
other pluripotency factors and their expression in hPSC, highlighting the potential importance of

pseudogenes in early development.

Sections of this chapter contain results that were obtained in collaboration with scientists
from the Department of Genetics, University of Cambridge, and the Babraham Bioinformatics Group.
All of these data have been essential for establishing the wet-lab project that | focused on during my
Ph.D. project. To present the full scope of the project and demonstrate how it was initiated, | therefore
describe here the results provided by our collaborators, with their permission.

Data presented in Figures 3.2-3.7, and 3.16*, were produced by Gokberk Alagdz under the
supervision of Dr. Aylwyn Scally (Department of Genetics). Data generated by Gokberk Alag6z are
described in his M.Sc. Thesis in Evolution, Ecology and Systematics, which was submitted to the
University of Cambridge on 26.08.2019.

Data presented in Figures 3.9-3.10, and 3.13, were produced by Dr. Felix Krueger (Babraham
Bioinformatics Group).

All figures in this chapter were adapted and/or made by myself, and Figures 3.1, 3.8, 3.11-12,
3.14-3.15, 3.16%*, 3.17-3.20 are entirely my own work.

3.1.2 Aims

1. Investigate the NANOG/NANOGP1 duplication locus using evolutionary genetics
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1.1 Study the architectural structure and boundaries of the NANOG/NANOGP1 locus in
the human genome
1.2 Compare the degree of NANOGP1 conservation between primate species
1.3 Convey protein conservation analysis between NANOG and NANOGP1 primate
orthologs
2. Investigate and compare NANOG and NANOGP1 mRNA expression patterns in hPSCs and
developing embryos
3. Examine NANOGP1 mRNA and protein structure and conservation
4. Examine and compare predicted NANOGP1 and NANOG regulatory regions in hPSCs

5. Analyse other highly expressed pseudogenes in naive hPSCs

3.2 Results

3.2.1 NANOG/NANOGP1 duplication locus: choice of nomenclature

In the human genome, NANOG and its tandem duplicate NANOGP1 are located on the short
arm of chromosome 12. In addition to them, this region contains another pair of duplicated genes,
SLC2A3 and its ancestor SLC2A14 (Figure 3.1). In this thesis, | refer to the duplication locus as
‘NANOG/NANOGP1’, excluding the names SCL2A14 and SCL2A3 for brevity.

NANOG SLC2A14 NANOGP1 SLC2A3
—( -
15000 17000 19000
' ' ' : 12p13.31
7,795,000 7,840,000 7,895,000 7,925,000

Figure 3.1 Diagram showing NANOG/NANOGP1 tandem duplication locus. Orientation of NANOG,
SLC2A14, SLC2A3 genes and NANOGP1 pseudogene is indicated by arrows. Distance between the
genes/pseudogene is indicated with brackets, bp. Scale at the bottom of the diagram represents
position of the locus within the chromosome, bp. 12p13.31 — region on human chromosome 12.
Genome assembly GRCh38 used.

3.2.2 Characterising conservation of the NANOG/NANOGP1 duplication locus

To study the architectural structure of human NANOG/NANOGP1 duplication, as well as its
evolutionary history among primates, a series of genomic analyses were performed.

First, to visualise the duplication locus and identify its boundaries, the sequence within a 250
kb region that included NANOG, NANOGP1, SLC2A14, SLC2A3 and NANOGNB, as well as their flanking

regions, was self-aligned. NANOGNB is located upstream of NANOG and is outside of the duplication
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locus, although NANOGNB was recently hypothesised to be a highly diverged copy of NANOG (Dunwell
and Holland, 2017). Here, NANOGNB was included in the analysis to see if we could detect
conservation between the two genes.

The alighment was performed using Dotter software and visualised as a dot plot matrix. As a
result, three clusters of duplication were identified: 1) NANOG-NANOGP1, 2) SLC2A14-SCL2A3, and 3)
an intergenic region ~60 kb downstream of SLC2A3, which was composed of three smaller areas of
duplication (Figure 3.2). No noticeable similarly was detected in other areas, including between

NANOGNB and NANOG.

NANOGNB NANOG SLC2A14 NANOGP1 SLC2A3 10 kb
= | [ ] =  E— [

- l.l,',l.l | Ll | 1L l'lul lvl‘l - | 1m1‘|.| 1_1v|_.|"1“1 i 11 |‘|‘1 l,l L 1”|71 L

NANOG NANOGNB

SLC2A14

SLC2A3 NANOGP1

|||||||||||||||||.||||||||||||||||||_|||||.|||||||||

10 kb
("

Figure 3.2 Dot plot showing self-alignment of a 250 kb region, containing NANOG, its tandem
duplicate NANOGP1 as well as another duplicated pair, SLC2A14 and SLC2A3. NANOG, NANOGP1,
SLC2A14, SLC2A3 and NANOGNB are depicted as rectangles along the x and y axis. Individual dots
represent matching base pairs between the two alighed sequences. Red circles indicate three areas
or of conservation (1, 2, 3) between the ancestral and duplicated regions. All the other dots visible on
the plot as a grid represent background. Top right and bottom left plots, separated by the diagonal
line, are mirror images of each other. Scale, 5 kb.

Adapted with permission from MSc thesis of Gékberk Alagéz.

From the self-alignment analysis, the tandem duplication event at this locus was concluded to

involve copying and inserting an ~80 kb region, which contained NANOG and SLC2A14 genes,
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downstream (3’) of its original location. NANOGP1 and NANOG were also observed to have high level

of conservation not only within their exons, but upstream of their CDSs as well, as shown in the

Miropeats plot (Figure 3.3).

NANOGP1 SLC2A3
NANOGP1 exons |

-~

_;
FS

i

Mf

———_

—_— : : 4
0 50 100 0 10 20 kb
- R C—— NANOG exons i

NANOG SLC2A14

Figure 3.3 Miropeats plots showing sequence similarity between NANOG-SLC2A14 and its tandem
duplication NANOGP1-SLC2A3 (left) and between NANOG and NANOGP1 exons, as well as their
upstream regions (right). Gene/pseudogene orientation is indicated by arrows. The three regions of
conservation are indicated by red lines and numbers 1, 2, 3 Chromosome distance, kb.

Adapted with permission from MSc thesis of G6kberk Alagéz.

3.2.3 Characterising evolutionary origin of the NANOG/NANOGP1 duplication locus

To study the evolutionary history of NANOG/NANOGP1 duplication, gene localisation data was
obtained from genome assemblies for the following species: Hominoids/Apes (human, chimpanzee,
gorilla, orangutan, gibbon), Old World monkeys (green monkey, rhesus macaque, crab-eating monkey,
baboon, golden snub-nosed monkey), New World monkeys (marmoset) and Prosimians (mouse
lemur). NANOGP1 was originally absent from most non-human genome assemblies and therefore had
to be located and annotated manually using human NANOGP1 as a reference.

As a result, NANOGP1 sequences, full or truncated, as well as SLC2A14, were found in almost all

Hominoid and Old World monkey genomes, but not in the mouse lemur genome (Figure 3.4)
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Figure 3.4 Dot plots showing alignment of primate NANOG orthologs to their corresponding
NANOGP1 duplicates. Individual dots represent matching base pairs between the two aligned
sequences. In areas of sequence conservation individual dots form diagonal lines. Gene/pseudogene
structure is shown as black rectangles (exons) and lines (introns). Scale, bp.

Adapted with permission from MSc thesis of G6kberk Alagéz.
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This alignment analysis led to the conclusion that the duplication event had occurred at least ~40

million years ago (mya), before the split between the Hominoid-Old World monkey branches (25-32

mya) (Figure 3.5). It was not clear, however, whether it occurred after the Old World-New World

monkey taxa had separated (50 mya), or prior to that event. Indeed, while NANOGP1 sequence was

not found in the marmoset genome, the SLC2A14 duplicate SLC2A3 was located there. This led to

proposing two alternative duplication timing scenarios, namely, prior or after the Old and New World

Monkey branch split.
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Figure 3.5 Summary diagram showing conservation of NANOG/NANOGP1 tandem duplication locus
among analysed species. Genes/pseudogenes are colour-coded - see legend in the top left corner.
Predicted duplication dates are indicated with two red vertical lines. Predicted NANOGP1 deletions
are indicated with red triangles. Gene/pseudogene orientation is indicated by arrows. Chr —
chromosome. Gene/pseudogene length, bp.
Adapted with permission from MSc thesis of Gékberk Alagéz.
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In the hominoid branch, NANOGP1 sequence was found in all analysed Great Ape species:
human, chimpanzee, gorilla and orangutan. In that branch, NANOGP1 had a noticeably high degree of
sequence conservation with NANOG, whereas in gibbon, which belongs to Lesser Apes, the whole
structure of the locus was altered and NANOGP1 was absent. Interestingly, in contrast to Great Apes,
the duplication in Old World monkeys had been noticeably affected by mutagenesis. For instance,
NANOGP1 sequence in green monkey and crab-eating macaque possessed large deletions, while in
baboon NANOGP1 was completely absent. In the two remaining Old World monkeys, rhesus macaque
and golden snub-nosed monkey, NANOGP1 seemed to be mostly intact (with the exception of several
fine-scale mutations, discussed further in the text). Therefore, NANOGP1 was concluded to be highly
conserved and resemble NANOG in all analysed Great Ape genomes, while only two Old World
Monkey species demonstrated similar conservation. Moreover, the Great Ape branch was unique not
only in its level of sequence conservation within NANOGP1 but also within the tandem duplication
locus itself, which included gene order and orientation. Therefore, it was concluded that the high level
of conservation of the duplicated locus in the Great Ape branch could suggest potential functional

importance of NANOGP1 in that group of species.

3.2.4 Characterising conservation of the protein-CDS within the NANOG/NANOGP1

duplication locus

To study whether the protein-CDS was also conserved among the NANOG and NANOGP1
primate orthologs, amino acid alignment plots were generated for the seven following species:
human, chimpanzee, gorilla, orangutan, gibbon, rhesus macaque and crab-eating macaque (Figure
3.6). Crab-eating macaque was only included in the NANOG multiple sequence alignment since its
NANOGP1 sequence is severely truncated. This method did not involve identification of potential
ORFs/splicing patterns, but analysed the likelihood of conservation for each codon using Phylogenetic
Analysis by Maximum Likelihood (PAML) software. This analysis showed that in all species except
gorilla, amino acid sequences were largely conserved.

Interestingly, in gorilla NANOG and NANOGP1 predicted protein sequences, a single
nucleotide deletion was identified in exon 4. This deletion would cause frameshifts towards the end
of the amino acid sequence in both proteins. Due to these frameshifts, both NANOG and NANOGP1
obtained an early stop codon, V276STOP. The predicted NANOGP1 frameshift is located downstream
of the predicted early stop codon, which would lead to losing just over 25 amino acids in the C-terminal
end of NANOGP1. In NANOG, however, the frameshift occurs upstream of the early stop codon,
leading to a change of over 80 amino acids of the C-terminal domain, in addition to the deletion of

~30 amino acids downstream of the early stop codon. Collectively, the frameshift and early stop codon
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would cause the loss of one third of the conserved NANOG protein sequence in gorilla. Currently, this
gorilla-specific NANOG frameshift, as well as its premature stop codon, are not annotated in publicly

available protein repositories.
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Figure 3.6 Amino acid sequence alignment of primate NANOG and NANOGP1 orthologues. Amino acid residues are indicated with the universally accepted
single-letter code. Colour coding indicates different types of amino acids, according to their biochemical properties. Stop codon — dot. Names of the analysed
primate genomes are listed on the left from each alignment matrix. The alignment figures for both NANOG and NANOGP1 are split into two parts (top and
bottom) for better visual representation.

Adapted with permission from MSc thesis of G6kberk Alagéz.
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The next step in the analysis of NANOGP1 protein sequence focused on the conservation of
its key functional region, the homeobox DNA-binding homeodomain. Multiple sequence alignment
was generated using the data shown in Figure 3.6. As a result, the homeodomain was found to be fully
conserved between human, chimpanzee and gorilla genomes whereas in orangutan and rhesus
macaque it possessed one and four amino acid substitutions, respectively (Figure 3.7). Based on the
DNA recognition properties of conserved NANOG homeodomain (see Section 3.3.2), it is likely that
rhesus macaque DNA recognition would be impaired, while the other species would have likely

preserved the domain functionality.

* k ok * k k %k k % * * k X * k% % k k k k * *k k k ¥ k X * k k %k %k *k % k k K kx k * ¥k k ¥k ¥k k ¥k k k *k * k k k k k

Human KQKTRTVFSSTQLCVLNDRFQRQKYLSLQAQMQELSNILNLSYKQVKTWFQNQRMK S KRWQ
Chimpanzee KQK TRTVFSSTQLCVLNDRFQRQKYLSLQQMQELSN I LNLSYKQVKTWFQNQRMK SKRWQ
Gorilla KQKTRTVFSSTQLCVLNDRFQRAQKYLSLQOQMQELSNILNLSYKQVKTWFQNQRMK S KRWQ
Orangutan KQKTRTVFSSTQLCVLNDRFQRAQKYLSLQQTQAQELSNILNLSYKQVKTWFQNQRMK S KRWQ
Rhesus macaque KQKARTVFSSPQLCVFNDRFQRAQKYLSLAQOMQELSNILNLSYKQVKTWFQNQR I KSKRWQ

Figure 3.7 Amino acid sequence alighment showing aligned homeodomain sequences of NANOGP1
orthologs. Amino acid residues are indicated with the universally accepted single-letter code. Colour
coding indicates different types of amino acids, according to their biochemical properties. * - amino
acid residue is the same for all aligned sequences.

Adapted with permission from MSc thesis of G6kberk Alagéz.

In summary, NANOGP1 sequence is retained and conserved only in Hominids. In contrast, in
all other species, including Gibbon and Old/New World monkeys, NANOGP1 has been disabled
through a variety of different types of deletions and mutations. ‘Predicted protein sequence’ analysis
demonstrated that the protein-CDS is mostly conserved in human, chimpanzee, orangutan and gorilla
and the protein likely would be functional in those species. The consequences of mutations in rhesus
macaque homeodomain would likely be more detrimental and await future research.

To conclude, NANOGP1 pseudogene sequence remained highly conserved in Hominid species
for at least 40 million years, suggesting that it could be functional there. This is particularly curious in

relation to the human pluripotency.

3.2.5 Characterising NANOGP1 mRNA expression in naive hPSCs

The high degree of NANOGP1 sequence conservation within the Great Ape branch implies that
the gene might have a functional role in these species. To investigate this topic further, in this section,
conservation and expression of human NANOGP1 were analysed at the transcript level.

NANOGP1 transcripts were reported as detectable in primed hPSC cultures (Hart et al., 2004),
providing an exciting prospect to investigate NANOGP1 expression in hPSCs further in this thesis. The
first question here was whether NANOGP1 RNA could be detected in hPSCs, i.e., whether the result
published in 2004 could be replicated. To investigate this, NANOG and NANOGP1 RNA expression was

analysed using published RNA-seq naive and primed hPSC datasets (Collier et al., 2017). As a result,
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NANOGP1 transcripts were detected both in primed and naive hPSCs (Figure 3.8 NANOGP1 and
NANOG have different expression patterns in the naive and primed hPSCs. RNA-seq reads are mapped
against the published genome assembly, GRCh38 v9.0. Position of the locus within the chromosome,
bp. RNA-seq datasets (n=3) are from Collier et al., 2017.. As seen in the wiggle plot and RNA-seq data
tracks below, reads mapping to the NANOGP1 sequence revealed a clear exon-intron structure,
suggesting that NANOGP1 mRNA undergoes splicing in hPSCs. A striking difference was discovered
between NANOGP1 and NANOG expression patterns in the hPSCs. NANOG was highly expressed both
in the naive and primed states, while NANOGP1, in contrast, exhibited high expression in naive cells

only, and its primed transcript level was noticeably downregulated.
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Figure 3.8 NANOGP1 and NANOG have different expression patterns in the naive and primed hPSCs.
RNA-seq reads are mapped against the published genome assembly, GRCh38_v9.0. Position of the
locus within the chromosome, bp. RNA-seq datasets (n=3) are from Collier et al., 2017.

Top: Wiggle plot. Naive hPSC RNA expression is in blue, primed hPSC RNA expression is in red. CDS is
shown as rectangles (exons) and lines (introns).

Bottom: RNA-seq data tracks. Numbers of mapped reads in the 'naive' and 'primed' tracks contribute
to larger peaks, representing higher gene expression. Mapped reads, gene and CDS are in red and
blue, corresponding to the two opposing DNA strands. Gene structure is shown as rectangles under
gene names. CDS is shown as rectangles (exons) and lines (introns). Data tracks were generated using
SeqMonk sequence analysis tool.

At the time of analysis, the precise structure of NANOGP1 mRNA was not known. Since

NANOGP1 expression appeared particularly elevated in the naive hPSCs, the exon-intron composition
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of NANOGP1 transcripts were investigated using three publicly available naive hPSC RNA-seq datasets:
WIBR3 (cultured in 5i/L/A medium), UCLA1 (cultured in 5i/L/A/F medium) and NK2 CR-H9 (cultured in
t2iLGo medium), originally published in Theunissen et al, 2016, Pastor et al., 2016 and Takashima et
al., 2014, respectively. The analysis involved finding splicing evidence among reads mapping against
the NANOGP1 genome sequence, as well as identifying its likely exons and introns. Collectively, this
led to a conclusion that NANOGP1 could be transcribed into three mRNA isoforms (Figure 3.9). All
three isoforms were very similar in their exon-intron structure, bearing some differences in the last
exons, which is addressed further. All three isoforms were also detected within each of the three
analysed datasets, demonstrating that NANOGP1 transcripts had the same mRNA structure in
different cell lines and medium conditions, strengthening my confidence in the predicted structures.
It was not possible, however, to identify whether either of the isoforms were expressed more than

the others.
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Figure 3.9 Sashimi plot showing splicing analysis summary (top) and three predicted mRNA isoforms
for NANOGP1 (bottom). RNA-seq peaks corresponding to exons are shown in red, orange and blue,
each colour representing one individual dataset (Theunissen et al., 2016 — red; Pastor et al., 2016 —
ornate; Takashima et al., 2014 — blue). Values in between the RNA-seq peaks represent the number
of times a splicing event was recorded.

The scale at the bottom of the mRNA isoform diagram represents position of the locus within the
chromosome, bp. GRCh38_v9.0 — human genome assembly version.

Adapted with permission of Dr. Felix Krueger.

To further characterise NANOGP1 mRNA variants, The NCBI Open Reading Frame Finder tool
was used to identify potential ORFs for the three NANOGP1 transcript isoforms. Their structure and

comparison to NANOG mRNA is summarised in (Figure 3.10).
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Figure 3.10 Diagram showing NANOGP1 open reading frame (ORF) variants predicted based on
exon-exon splicing analysis of naive hPSC RNA-seq data and compared to NANOG ORF. ORF variants
were predicted based on the exon-exon splicing analysis of naive hPSC RNA-seq data. Exons are shown
as blue blocks, introns — as black lines, 5’ and 3’ UTR as pink and white blocks respectively. Start (green)
and stop (red) labels mark the predicted location of start and stop codons. An ORF component length
is shown as a number of nucleobase pairs. Question marks indicate that the exact end point of
NANOGP1 mRNA tail was not determined.

Adapted with permission of Dr. Felix Krueger.

Interestingly, for all three isoforms, the predicted ORFs used an alternative start codon to the
one that was previously put forward (Booth and Holland, 2004). Additionally, no splicing to an
upstream putative exon was detected, as had been originally proposed by Booth and Holland. This
demonstrated that the structure of NANOGP1 mRNA differed from the previously hypothesised
structure. According to the splicing analysis in this thesis, instead of the distant upstream exon 1,
NANOGP1 exon 1 was predicted to be the same as that of NANOG, but significantly shortened at its 5’
end, as shown in the figure above. This was due to NANOGP1 using an alternative start codon, located
downstream of the start codon that NANOG would normally use. The reason for this was a stop codon
present soon after the NANOG-specific ATG in the NANOGP1 sequence, which would terminate
translation only several amino acids after the start.

Usage of the newly-predicted start codon would result in NANOGP1 missing 117 bp that is
found at the start of NANOG, resulting in a decrease in the size of the first exon from 50 to 11 codons.
Similar truncations were also suggested previously by Hart et al., Eberle et al., Fairbanks et al. and
Booth and Holland. Despite the substantial difference in the size of exon 1, the rest of the NANOGP1

ORF was very similar to that of NANOG, which included almost identical exons. Finally, it was not

possible to determine the exact end point of the NANOGP1 3’-UTR (untranslated region). However,
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this did not prevent establishment of either the exon-intron structure or the most likely start and stop
codons.

In the next step, NANOGP1 mRNA variants were used to predict protein sequence, which
resulted in prediction of nearly full-length proteins in the case of all three isoforms (Figure 3.11). In
agreement with previously published data, all three variants were lacking a 39 amino acid region at
the N-terminus. The rest of the protein sequence was highly similar to the sequence of NANOG. All
three protein variants had highly conserved homeodomains, identical to that of NANOG at the amino
acid level. One substitution mutation, S285N, was found in the transactivation domain in all three
NANOGP1 isoforms. Additionally, isoforms 1 and 2 had one short deletion each. The deletion in
NANOGP1 isoform 1 (herein, NANOGP1-1) was located between the homeodomain and the
tryptophan-rich region, while the NANOGP1-2 deletion included two tryptophan residues in the
beginning of the tryptophan-rich region. All the other synonymous and non-synonymous amino acid
mutations were identical between the three isoforms and were predominantly contained in the N-

terminal region, outside of the key functional domains.
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Figure 3.11 Diagram showing three predicted NANOGP1 protein isoforms compared to NANOG
protein domain structure. Domain structure of the three NANOGP1 protein variants was estimated
from the three predicted NANOGP1 open reading frames. Peptide sequence deletions are labelled by
vertical black dotted lines. NANOGP1 vs. NANOG amino acid substitutions caused by missense DNA
mutations are labelled by red vertical lines. Silent mutations are labelled by grey vertical lines. Amino
acid letter code: A — alanine, H — histidine, L — leucine, N — asparagine, P — proline, S — serine, T —
threonine, V — valine. 8xW - tryptophan—rich subdomain/region containing 8 tryptophan (W)
residues, A2xW — deletion of two tryptophan residues from the tryptophan-rich subdomain, HD —
DNA-binding homeodomain, aa —amino acid.

Having identified that NANOGP1 is highly expressed in naive hPSCs and has three predicted

mMRNA isoforms which encode three nearly full-length protein variants, it was important to validate
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that none of the reads mapping to NANOGP1 belonged to NANOG. Hence, predicted NANOGP1-1 was
used to investigate potential cross-mapping of reads from the NANOG to the NANOGP1 locus, and
vice versa. To do this, cDNA sequences for NANOG (NANOG-201, Ensembl) and NANOGP1-1 were
converted into the two types of simulated FastQ files: 43bp (like in Petropoulos et al., 2016) and 100
bp single-end reads, in steps of 1bp. Collectively, these simulated reads represented NANOG-201 and
NANOGP1-1 sequences from start to end, and were used to assess their potential cross-mapping
between the two duplicates. To do this, the simulated reads were aligned to the human genome and,
as a result, the degree of cross-mapping between NANOG-201 and NANOGP1-1 was either negligible
or non-existent for unfiltered (MAPQ =0) or multi-mapping filtered (MAPQ >=20) reads, respectively.
This confirmed that the identified putative transcripts were indeed based on NANOGP1 reads and not
NANOG.

After showing that the transcription described above indeed corresponded to NANOGPI,
based on the three variants three new NANOGP1 annotation tracks were created and added to
SegMonk sequence analysis software for all subsequent RNA analysis. Here and further in the thesis
the annotation tracks were used as a tool for quantificating NANOGP1 transcript abundance.

Previously in this chapter, NANOGP1 was shown to be highly expressed in naive hPSCs and
noticeably downregulated in the primed cells, which was in contrast to the expression pattern of
NANOG (Figure 3.8). Using the new annotation tracks, the difference between NANOGP1 primed and
naive expression levels was additionally confirmed by analysing several other naive and primed hPSC
RNA-seq datasets, including embryo-derived and reprogrammed cell lines cultured in different media

conditions (Figure 3.12).
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Figure 3.12. Bar chart showing NANOGP1 RNA expression in naive (blue) and primed (red) hPSC
lines. Gene expression values are in log2 RPM (reads per million). Error bars represent mean %
standard deviation. Cell line names are used to label the x-axis. RNA-seq data was taken from the four
published studies; citations are shown at the bottom of the graph.
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In summary, three NANOGP1 mRNA isoforms were identified in naive hPSCs. All the three
MRNA variants and their associated ORFs were highly similar to those of NANOG, with the major
protein domains being present and seemingly intact in the predicted NANOGP1 protein variants. This
suggests that NANOGP1 protein is likely functional, if it is expressed in hPSCs. The data presented here
also resolved inconsistences in the literature rddiaegarding NANOGP1 mRNA and ORF structure,
providing splicing evidence for the NANOGP1 exon-intron composition and identifying a new,
previously unknown, NANOGP1-specific start codon. Finally, conservation of the NANOGP1 CDS
compared to its ancestral gene suggests presence of positive conservation acting on NANOGPI,

implying potential functionality of NANOGP1 in human early development.

3.2.6 Characterising NANOGP1 RNA expression in human embryo and hPSCs

In the previous section, NANOGP1 transcripts were detected in naive and primed hPSCs, and
the expression pattern appeared to be similar to that of NANOG in the naive state. In primed hPSCs,
however, NANOGP1 appeared to become downregulated, while NANOG did not exhibit such a
noticeable change in its expression levels. To further investigate NANOGP1 expression, its RNA
expression was examined in cell types corresponding to where its ancestor NANOG is normally
expressed, including the developing human embryo and the developing germ line.

A published embryo scRNA-seq dataset, Petropoulos et al., 2016, was used to investigate
NANOGP1 expression patterns in human embryos. The analysis demonstrated that NANOGP1 is highly
expressed in ICM and pre-implantation epiblast, similar to NANOG. Notably, in these two
compartments NANOGP1 was expressed at the same level as its ancestor, and also additionally had
lowered transcript levels in the extraembryonic lineages, which also mirrored the NANOG expression
pattern. One noticeable difference in the expression of the tandem duplicates was that NANOG mRNA
was found in the developing embryo at the 8-cell stage, morula, and then gradually increasing in the
developing ICM and epiblast; NANOGP1 expression, however, was mostly limited to ICM and epiblast
and was significantly lower in the 8-cell and morula stages, compared to NANOG. Surprisingly,
NANOGP1 was also detected in a subpopulation of extraembryonic primitive endoderm, unlike
NANOG whose expression was absent in primitive endoderm and, instead, slightly elevated in some

cells of the trophectoderm (Figure 3.13).
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Figure 3.13. Violin plots show NANOG and NANOGP1 RNA expression in the developing human
embryo. Gene expression values are in log2 RPM (reads per million). Data is presented as violin plots
and contains markers for the median (horizontal lines). 8 cell — 8-cell stage, Mor — morula, elCM —
early inner cell mass, eTE — early trophectoderm, Epi - epiblast, PE — primitive endoderm, TE —
trophectoderm. RNA-seq data was taken from Petropoulos et al., 2016.

Adapted with permission of Dr. Felix Krueger.

Since NANOGP1 expression was different between naive and primed hPSCs, | decided to
examine whether it would change during pre-and post-implantation epiblast development as well. To
do this, | used an in vitro-cultured embryo scRNA-seq dataset (Xiang et al., 2020). Analysing the
expression on a per-cell-basis, | observed two different transcriptional profiles (Figure 3.14). In the
developing epiblast, NANOG exhibited high expression starting from Day 6 until Day 14, while the
NANOGP1 expression window was narrower. It was also detected between Day 6 and Day 12, but then

dropped in the majority of cells on Day 14.
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Figure 3.14 Violin plots showing NANOG and NANOGP1 RNA expression in the developing human
epiblast. Gene expression values are in log2 FPKM+1 (fragments per kilobase of exon per million
mapped fragments). Data is presented as violin plots and contains markers for the median (horizontal
lines). Day 6, Day 7, Day 8, Day 9, Day 10, Day 12, Day 14 — embryo developmental time points.
RNA-seq data was taken from Xiang et al., 2020.

Finally, NANOGP1 and NANOG expression was analysed in the developing human germ
lineages of male and female embryos (Gkountela et al., 2015). Throughout the whole developmental

timeline, starting from PGC stage and until advanced germ cell stage, NANOGP1 was expressed in the

same pattern and at the same level as NANOG (Figure 3.15).
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Figure 3.15 Heat maps showing NANOG and NANOGP1 RNA expression in the developing male and
female germ line. Progression of development is indicated with arrows. Gene expression values are
in log2 RPM (reads per million) and are plotted as a colour gradient (blue — lower expression level, red
— higher expression level). PGC — primordial germ cells, IGC — intermediate germ cells, AGC — advanced
germ cells. RNA-seq data was taken from Gkountela et al., 2015.
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In summary, in addition to the previously shown high expression of NANOGP1 in naive hPSCs,
NANOGP1 is also highly transcribed in human embryos, and its expression pattern and levels there are
similar to those of NANOG. These results lead me to conclude that, since the two duplicates have
closely overlapping expression patterns, NANOGP1 could have a conserved function in the cells and
embryo compartments where its expression is high. It is worth noting, though, that the expression
patterns are very similar, but not identical. Indeed, NANOGP1 transcription appears to be more
temporally restricted. Compared to NANOG, its transcript levels are lower in the early stages of
embryo development (8-cell, morula), by Day 14 in the developing epiblast, as well as in primed hPSCs.
To conclude, this chapter has revealed previously unknown in vivo expression patterns of NANOGP1,
strengthening the hypothesis that it could have conserved functionality in human early development

with, potentially, a more specific role due to a shorter developmental window of expression.

3.2.7 Characterising putative regulatory regions of NANOGP1

NANOG and NANOGP1 DNA sequences, predicted mRNA and protein structure appear to be
mostly similar between each other, yet their RNA expression patterns in hPSCs and human embryo do
not completely overlap. As shown in Sections 3.2.5 and 3.2.6, both duplicates are highly expressed in
the ICM and epiblast, as well as naive hPSCs. However, in human embryo, the expression of NANOGP1
is more temporally restricted compared to NANOG, and it is also significantly lower in the primed
hPSCs in comparison to its ancestral copy. The similar, but non-identical, expression patterns allowed
me to hypothesise that the two duplicates could have divergent upstream regulation.

First, | aimed to investigate whether any NANOG regulatory regions can be found upstream of
NANOGP1, suggesting that they had been created during the tandem duplication event. | also checked
whether any other, non-duplicated, regulatory regions were present near NANOGP1 that could be
involved into its regulation. Here, understanding what mechanisms could be involved in establishing
RNA expression patterns of the two duplicates was essential for learning potential functional
conservation and/or divergence that NANOG/NANOGP1 might exhibit.

In this section, | used Chovanec et al., 2021 to obtain coordinates of putative NANOG and
NANOGP1 regulatory regions (enhancers and super-enhancers), that had been originally annotated
using the ChromHMM chromatin state identification tool (Ernst and Kellis, 2012), and the super-
enhancer ROSE pipeline (Lovén et al., 2013; Whyte et al., 2013). | also used published datasets to
characterise putative regulatory regions of NANOGP1 and NANOG by their chromatin status (Assay
for transposase-accessible chromatin sequencing (ATAC)-seq: ‘active’/’inactive’ chromatin) (Pastor et
al., 2016), DNA methylation level (Theunissen et al., 2016), transcription factor binding profile (ChiP-
seq: NANOG, OCT4 and SOX2) (Chovanec et al., 2021; Ji et al., 2016) and histone modifications (ChiP-
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seq: H3K27ac, H3K4mel and H3K4me3, marking ‘active’ chromatin; H3K27me3, marking ‘inactive’
chromatin) (Chovanec et al., 2021; Gifford et al., 2013; Ji et al., 2016; Theunissen et al., 2014) that
occur in the NANOG/NANOGP1 locus. Results of the analysis are depicted in Figure 3.16 and described

in detail in the text below.
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Figure 3.16 Summary figure of the RNA-seq, ATAC-seq, ChIP-seq (top) and GC content analysis
(bottom) of the predicted NANOG and NANOGP1 regulatory regions.

Top: Sequencing reads are mapped against the published genome sequence. GRCh38 v9.0 — human
genome assembly version. Higher numbers of mapped reads in the 'Naive’ and 'Primed' tracks
contribute to larger peaks, representing higher gene expression (RNA-seq), more abundant protein
binding and histone modifications (ChiP-seq), more ‘open’ chromatin state (ATAC-seq) and higher
levels of DNA methylation (DNAm).

Four shaded boxes (a, b, ¢, d) represent two duplicated pairs of regulatory regions. Green blocks —
enhancers, red blocks — super enhancers, according to the Chovanec et al. annotation (based on
H3K27ac ChlP-seq data run through ROSE super-enhancer ranking pipeline).

Scale at the bottom of the track diagram represents position of the locus within the chromosome.
Gene/pseudogene CDS structure is shown as rectangles (exons) and lines (introns).

See main text for dataset references.
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Bottom: Dot plots and GC content ratio line graphs showing comparison of the ‘naive’ (‘a’ and ‘b’) and
‘shared’ (‘c’ and ‘d’) putative NANOG and NANOGP1 regulatory regions.

Dot plots: Individual dots represent matching base pairs between the two aligned sequences. In areas
of sequence conservation individual dots form diagonal lines. Chromosome position, bp.

GC content ratio graphs: x-axis represents the length of a putative regulatory region, bp; y-axis shows
(G+C)/(G+C+A+T) values. Average GC content ratio is shown in the right bottom corner of each graph,
%.

Bottom: adapted with permission from MSc thesis of Gékberk Alagéz.

Collectively, the data revealed the location of several potential regulatory regions, annotated
as enhancers and superenhancers (Chovanec et al., 2021) in the NANOG/NANOGP1 locus. Four of
those regions were positioned as two pairs directly upstream of NANOG (a, c) and NANOGP1 (b, d). A
pair-wise comparison was performed to identify whether they were formed as a result of the tandem
duplication. Pair-wise alignments showed that the sequences within the two individual pairs, a/b and
c/d, were very similar; additionally, each pair had matching GC content profiles, proving that they
had| formed during a duplication event.

GC content ratio values for a and b were 32% and 40%, compared to 47% and 46%,
respectively, for c and d. In the case of the ¢/d pair, GC content ratios were close to typical GC content
ratio values, which normally average ~50% in the promoter areas (Villar et al., 2015), unlike the a/b
pair which had lower GC content values. Additionally, in contrast to a/b, the c/d pair was enriched for
the H3K4me3 modification, a known mark of active promoters (Barski et al., 2007). This allowed me
to conclude that c/d are likely to serve as promoters while a/b serve as enhancers.

According to the ATAC-seq profile, sites a, b, ¢ and d were characterised as having highly
accessible, or ‘active’, chromatin. Additionally, all four regions had high acetylation and ‘active’
methylation histone marks and were bound by pluripotency factors in either one or both pluripotent
states. These data supported the hypothesis that the four regions could have a regulatory role.

Interestingly, based on the protein binding signal, histone marks, chromatin status and, finally,
ROSE pipeline, putative promoters ¢ and d appeared active in both naive and primed states, and were
hence referred to as ‘shared’, while the putative enhancers a and b were predominantly marked as
active in the naive hPSCs, and therefore, were called here ‘naive’.

Pluripotency factor binding, histone modification and chromatin status profiles were very
similar between NANOG and NANOGP1 putative promoter regions. The only prominent difference
was the SOX2 protein binding and H3K4me3 profiles within the ‘shared’ putative promoters. More
specifically, SOX2 and H3K4me3 peaks were detected near NANOG in both primed and naive hPSCs,
but at the NANOGP1 locus they were only present in the naive state.

Finally, in addition to putative enhancers and promoters a, b, ¢ and d, six other enhancers
were identified near the pseudogene (highlighted in the figure above). Their roles would require

additional investigation in the future.
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In summary, this section demonstrates that NANOGP1 expression regulation is integrated
within the regulatory circuitry of pluripotent cells, as its putative regulatory sites are targeted by OCT4,
SOX2 and NANOG binding. Additionally, the two duplicated potential regulatory regions upstream of
NANOGP1 exhibit high sequence, GC content, histone modification and pluripotency factor binding
similarity with the putative regulatory regions found upstream of NANOG. Collectively, these data
explain the overall similarity of the NANOGP1 and NANOG expression in human embryo and naive
hPSCs. Some differences were identified between the duplicated putative promoter profiles of
NANOG and NANOGP1 in the primed pluripotent state, which could be interesting to investigate in
the future, asking if these factors could be responsible for the difference in the expression patterns of

NANOGP1 and NANOG.

3.2.8 Exploring the expression of other pseudogenes in human naive pluripotency

Previously in this chapter, | described NANOGP1 expression in the developing human embryo
and PSCs, while comparing it to the expression of the ancestral copy, NANOG. To conclude the chapter,
| decided to broaden the analysis and examine pseudogene expression in human naive pluripotency
more generally, as well as the pseudogene localisation, putative origin and function of their ancestral
copies.

First, | analysed the expression of human pseudogenes using a naive hPSC RNA-seq dataset,
produced in this study (described in Chapter 5). By applying a name filter method to select all gene
name entries ending with ‘PN’ (where N is a number from 1 to 9) pseudogenes were selected. As a
result of this approach, 1880 protein-coding genes in the human genome were found to have copies,
labelled as pseudogenes. A total duplicate copy number analysed here was 6922.

Here, | identified that 563 pseudogenes out of 6922 were expressed at a reasonable level (log2

RPM>0) in naive hPSCs (Figure 3.17).
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Figure 3.17 Bar chart showing pseudogene RNA expression in naive hPSCs. RNA-seq dataset was
produced in this study, see Chapter 5). Gene expression values are in log2 RPM (reads per million).
Values show the mean of three biological replicates. Top 1% box highlights the top 1% highest
expressed pseudogenes.

In addition to NANOG, another core pluripotency regulator, POU5F1 (the gene encoding
OCT4), as well as a naive-specific factor, DPPA3, had highly expressed pseudogene copies in naive
hPSCs. Three of these duplicates, NANOGP1, POU5F1P3 and DPPA3P2, were among the top 1% highest
expressed pseudogenes in the whole genome, and their expression levels were comparable to the

three core pluripotency regulators NANOG, POU5F1 and SOX2 (Figure 3.18).
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Figure 3.18 Bar chart showing top 1% highest expressed pseudogenes in naive hPSCs (top) and
diagram showing naive hPSC expression and chromosomal location of POU5F1 and DPPA3
pseudogenes.

Top: Top 1% highest expressed pseudogenes in naive hPSCs. For the expression level reference, 69
highest expressed pseudogenes (blue bars) are compared to the expression of three core pluripotency
factors, NANOG, SOX2, POU5F1 (red bars). Pseudogenes of pluripotency transcription factors are in
red.

Bottom: Bar charts show POU5F1 and DPPA3 RNA expression levels in naive hPSCs (red) compared to
the expression of their pseudogenes (yellow). Idiograms show 22+XY human chromosome set (pink)
with locations of the pluripotency genes and their corresponding pseudogenes (blue). Gene and
pseudogene chromosome location information was obtained from UCSC Genome Browser. RNA-seq
dataset was produced in this study - see Chapter 5. Gene expression values are in log2 RPM (reads
per million). Values show the mean of three biological replicates. Error bars indicate + standard
deviation.

Interestingly, in addition to the structurally conserved NANOGP1, processed duplicates
NANOGP4 and NANOGPS8 were also expressed in naive hPSCs (Figure 3.19).
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Figure 3.19 Bar chart showing RNA expression of NANOG and its pseudogenes in naive hPSCs (left)
and idiogram showing chromosomal location of NANOG and its duplicates (right).

Bar chart shows RNA expression levels of NANOG and its duplicates in naive hPSCs (left). The RNA-seq
dataset was produced in this study; see Chapter 2. Gene expression values are in log2 RPM (reads per
million). Values show the mean of three biological replicates. Error bars indicate + standard deviation.
Idiogram shows 22+XY human chromosome set (grey) with locations of NANOG and its pseudogenes
(blue). Gene and pseudogene chromosome location information was obtained from UCSC Genome
Browser.

Detailed investigation of all other highly expressed pseudogenes was beyond the scope of this
thesis; however, | anticipated that examining the functions that their ancestral copies perform could
be insightful in studying the global role of highly expressed pseudogenes genes in naive hPSCs. To
narrow down the list of pseudogenes to be examined here, | chose an arbitrary parameter: ‘genes that
exhibited higher expression than that of NANOGP1’. As described previously, NANOGP1 was among
the top 1% highest expressed pseudogenes, more specifically, the 20" from the top. Hence, here, |
explored the origin of the remaining 19 highest expressed pseudogenes. | found that their ancestral
copies were involved in processes such as ribosome functioning and protein
synthesis/modification/ubiquitylation (RPS7, PDIA3, RPLPO, RPL3, RPL13A, RPL24, RPS2, NPM1,
SUMO2, UBE2Q2), mitochondrial functioning (MTATP8, MTND2, SDHA, VDAC2), regulation of peptide
hormone activity (ECEL1), chromatin organisation (MORF4L2), endocrine function (TPTE) and mouse
spermatogenesis (Ggnb). Notably, one of the highly expressed pseudogene ancestral copies was found

to have a somatic-to-PSC reprogramming ability (HMGA1), (Kim et al., 2016).
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Examining pseudogene locations within the genome, | observed that the majority of
pseudogenes were positioned far from their ancestral copies, often on different chromosomes, which
meant that they were likely created with help of transposons/retrotransposons (see DPPA3 and
POUS5F1 pseudogene chromosome location as examples, Figure 3.18). NANOGP1, formed by tandem
duplication, was one of few pseudogenes found in the same locus as its ancestral copy, making it
unique not only among the NANOG copies but other highly-expressed human pseudogenes as well.

In summary, | identified that NANOGP1, as well as copies of other pluripotency genes, POU5F1
and DPPA3, were among the top 1% highest expressed genes in naive hPSCs. In addition to the high
expression level, NANOGP1 was found to be unique in its genome location, being present in the same
locus as NANOG, whereas the majority of other pseudogenes were located far away from their
ancestral copies. Collectively, these results uncovered the large set of pseudogenes that are expressed
in naive hPSCs. In particular, the high expression of the duplicated and unprocessed pseudogene

NANOGP1 raises the possibility that this gene might have a functional role in hPSCs.

3.3 Discussion and future work

In this chapter, | described crucial topics related to the evolutionary conservation, mRNA
expression pattern, regulation and predicted protein sequence of the pseudogene NANOGPI1. The
results strengthen the rationale for my hypothesis that NANOGP1 might play a previously overlooked
role in human pluripotency and development.

NANOGP1 was found to be highly conserved within the Great Ape branch, which included a
highly similar structure between human NANOG and NANOGP1 mRNA isoforms identified in naive
hPSCs. NANOG and NANOGP1 were found to have overlapping but distinct expression profiles, both
in vivo and in vitro. Putative regulatory regions of NANOG and NANOGP1, on the contrary, had very
similar chromatin profiles. Finally, NANOGP1 expression was compared to other pseudogenes
expressed in naive hPSCs, and NANOGP1 was found to be among the highest expressed.

Taken together, Chapter 3 described previously unknown properties of NANOGPI
pseudogene, highlighting its structural conservation and, at the same time, unique expression pattern
in human pluripotency and embryo development. Thus, it emphasised the importance of functional
assays that would help further characterise NANOGP1 properties and test whether its potential
function is also conserved and/or has unique properties, different from that of NANOG.

The functional assays are described further in the thesis, in Chapter 4 and Chapter 5.

107



3.3.1 Conservation of NANOG/NANOGP1 duplication in primate evolution suggests potential
functionality of NANOGP1 in Great Apes

The first topic described in Chapter 3 addressed the structure of the human
NANOG/NANOGP1 duplication locus. ldentification of the duplication boundaries had been
challenging due to the high divergence in intergenic and intron sequences between the two
duplicates. Moreover, this region contained not only NANOG and NANOGPI1, but also another
duplicated pair, SLC2A14 and SLC2A3. The SLCA14/SLCA3 proteins are unrelated to NANOG function
and, instead, are involved in glucose transport (Gould and Holman, 1993). Nevertheless, the
approximate duplication boundaries were identified by analysing several distinct genomic features.
The first of these is NANOGNB, which is located ~15 kb upstream of NANOG, but a copy of this gene
is not present near to NANOGP1, indicating that the duplication area upstream of NANOG is likely less
than 15 kb in size. Moreover, a 4 kb region upstream of NANOG that contains putative regulatory
regions was found to be duplicated and thus also present upstream of NANOGP1. Collectively, these
findings place the predicted start of the duplication in the ~ 11 kb intergenic region between NANOG
and NANOGNSB.

NANOGNB is worth discussing here separately due to its recently proposed connection to
NANOG. Originally, NANOGNB (NANOG NeighBour) homeobox gene had not been considered as a
NANOG copy due to the very high sequence divergence. Hence, it had been placed in a separate gene
family (Zhong and Holland, 2011a; Zhong and Holland, 2011b). Therefore, initially, ‘NANOG’ in its
name had only reflected its chromosomal location and not evolutionary origin. More recently,
however, NANOGNB was suggested to be a cryptic duplicate of NANOG that had acquired such a high
number of mutations as to be almost unrecognisable (Dunwell and Holland, 2017). Dunwell and
Holland compared eutherian mammal NANOGNB domain structure to that of eutherian mammal,
reptile and avian NANOG proteins. As a result, they discovered two small N-terminal motifs that were
present in NANOGNB as well as in NANOG orthologs from multiple species. These new findings about
NANOGNB gene indicate that NANOG could have more duplicates than initially assumed. According
to Dunwell and Holland, this duplication occurred long before the NANOG/NANOGP1 duplication
event, specifically before mammals, birds and reptiles diverged. Additionally, the results presented in
this chapter demonstrate that no indication of a NANOGNB pseudogene can be found between
NANOG and NANOGP1, which means that if NANOGNB is a cryptic copy of NANOG, then
NANOG/NANOGNB and NANOG/NANOGP1 formed by two separate tandem duplication events, and

the former has diverged at the sequence level significantly more than NANOGP1.
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The 3’ end of the NANOG/NANOGP1 duplication was predicted based on the presence of
SLC2A3, as well as its downstream conserved intergenic flanking region. Overall, the duplication of the
original NANOG-SLC2A14-containing area, which was approximately 80 kb in size, resulted in the
formation of a new NANOGP1-SLC2A3 genomic locus. It is likely that in addition to this main
duplication event, the area has undergone other genomic re-arrangements, since the NANOGP1-
SLC2A3 locus is noticeably longer than its ancestral copy, as seen in Figure 3.3. Based on the sequence
conservation profile, shown in Figure 3.3, this is probably explained by insertional mutagenesis in
SLC2A3. Together, the human NANOG/NANOGP1 duplicated locus is estimated to cover ~ 250 kb in
size and to contain two duplicated pairs of genes, as well as their corresponding intergenic regions.

Findings described in this chapter indicated that the duplication event occurred before the
Hominoid and Old World monkey branches split. However, it is possible that this event took place
even earlier, before the Old and New World monkey separated. The evidence for this is that SLC2A14
and SLC2A3, but not NANOGP1, are present in the marmoset genome, which is a member of the New
World monkey branch. This finding created two different potential duplication scenarios. It is possible
that the duplication of NANOG and SLC2A14, described above, had indeed occurred in the marmoset
genome, but NANOGP1 is now missing due to its subsequent deletion. Alternatively, it could mean
that the two SLC2A duplicates were formed in a separate duplication event in the common ancestor
of New/Old World monkeys and Great Apes, and only later NANOGP1 was formed in a separate
tandem duplication in the ancestor of the Old World monkeys and Great Apes. Unfortunately, the
current quality of primate genome assemblies does not allow for distinguishing between the two
scenarios, i.e., it is not possible to detect the ‘scars’ of NANOGP1 duplication and subsequent deletion,
or to compare putative New World monkey SLC2A14/SCL2A3 duplication with the one detected in
Great Apes and Old World monkeys. Therefore, at this point it is only possible to conclude that the
duplication event took place at least ~ 40 mya; any further clarifying experiments will require better
quality genome assemblies as they become available.

The overall conservation of the NANOGP1 CDS in Great Ape genomes led to speculation of its
potential functionality in the branch. Indeed, it appears that all members of the Old World monkey
branch, which were investigated here, had disabled NANOGP1 via different mechanisms, such as
deletions and nucleotide substitutions. It looks clear that in Old World Monkey rhesus macaque,
NANOGP1 has lost (or significantly altered) its DNA binding due to the substitution mutation in the
key DNA recognition site within the homeobox domain, M109l. Indeed, this residue is conserved
among NK homeodomain proteins and serves as the primary determinant of the DNA binding
recognition sequence (Weiler et al., 1996; Weiler et al., 1998). Residue 109 often varies between

species and mutating it usually leads to a significant decrease in protein binding affinity (Gehring et
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al., 1994; Gruschus et al., 1997; Weiler et al., 1996; Weiler et al., 1998). In mouse, residue 109 was
shown to be important for NANOG DNA recognition and binding (Jauch et al., 2008; Weiler et al.,
1998), and a recent publication of human NANOG protein crystal structure demonstrated that mouse
and human NANOG HDs are virtually identical in their structure (Hayashi et al., 2015). Therefore,
replacing methionine 109 with isoleucine in rhesus macaque NANOGP1, which is highly similar to its
human ortholog in the rest of the gene, probably altered its DNA binding site completely. The only
homeobox protein that has isoleucine in position 109 is the transcription factor PBX1, and the binding
consensus of PBX1 is different from that of NANOG: TGAT vs. TAAT, respectively (Chang et al., 1996;
Piper et al., 1999). Therefore, it is possible to hypothesise that the M1091 mutation in rhesus macaque
NANOGP1 has led to the complete altering of the putative protein binding, potentially making it non-
functional.

In summary, | conclude that the NANOG/NANOGP1 duplication event occurred at least 40 mya
and involved two genes, NANOG and SLC2A14, that were inserted downstream of their original
location. While NANOGNB could be a highly diverged copy of NANOG, it did not appear to be involved
in the NANOG/NANOGP1 tandem duplication. NANOGP1 sequence is highly conserved in Great Apes,

which implies a potential function.

3.3.2 NANOGP1 mutations and their consequences on the putative protein functionality

In Section 3.2.5, NANOGP1 was predicted to have three mRNA isoforms in the naive hPSCs.
Using an ORF-finding tool, the three isoforms were concluded to use the same start and stop codons
and, as a result, likely to be translated into functional full-length protein variants with conserved
NANOG-like domains, in addition to containing several small mutations. Here | discuss the potential
effects of NANOGP1 mutations on its functional properties.

According to the published literature (Chang et al., 2009; Do et al., 2009; Oh et al., 2005),
human NANOG functionality is mediated by its central homeodomain (HD, tryptophan-rich region
(8xW, or WR), and the C-terminal transactivation domain, which are involved in motif recognition and
DNA binding, protein dimerisation, and transactivation respectively, as described further.

Three separate studies of NANOG, Chang et al., 2009; Do et al., 2009; Oh et al., 2005, conveyed
detailed analysis of NANOG domain transactivation activity using variations of the luciferase reporter
assay. Collectively, these studies tested the activity of the following NANOG domains: N-terminus

(ND), HD, and C-terminus, which was separated into CD1, WR and CD2, as shown in Figure 3.20.
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Figure 3.20 Diagram showing NANOG domain structure. Numbers indicate the number of amino acid
residues. ND — N-terminus; HD — homeodomain; CD1, WR, CD2 — C-terminal subdomains.
Adapted from Do et al., 20089.

The main conclusions of these three studies, relevant to the transactivation activity, were:

1) Only the C-terminus, CD1-WR-CD2, has transactivation activity, while ND and HD do not.

2) The CD1 domain within the CD1-WR-CD2 region cannot mediate transactivation, while
WR and CD2 are highly potent.

3) Complete deletion of the WR region increases transactivation of the CD domains, while
substituting W and Q residues in the WR stretch leads to the decrease of transactivation.

4) Only amino acid residues number 253 — 273 are crucial for the CD2 transactivation

function.

Chang and colleagues also demonstrated that the WR region is required for human NANOG
dimerisation (Chang et al., 2009). From their data, however, it is not clear what effect deleting the
region containing two tryptophan residues, like in NANOGP1-2, would have on the dimer formation.

Therefore, | could hypothesise that the small deletion within CD1, the substitution mutation
in CD2 in position 287, and the series of substitution mutations in ND detected in human NANOGP1
isoforms, are all unlikely to be detrimental to NANOGP1 transactivation. However, the 2AW deletion
found in NANOGP1-2 may have altered its dimerisation activity (Figure 3.11).

Finally, the presence of a fully conserved homeodomain in NANOGP1 suggests identical DNA
binding properties to those of NANOG.

Taken together, NANOGP1 substitution mutations and small deletions, described in this
thesis, are unlikely to critically interfere with the conserved NANOG-like properties in NANOGP1. The
ability of NANOGP1-2 to dimerise would need to be investigated in more detail. A possible future
experiment could test protein dimerisation ability of recombinant NANOGP1-2 in insect cell culture,
with further protein extraction and AKTA purification. A similar experiment was performed in this
thesis using NANOGP1-1 (described in Chapter 4).

The last and the most prominent difference between NANOGP1 and NANOG proteins is a
large, 39 amino acid deletion in the NANOGP1 N-terminus, conserved between all three variants, and
which does not overlap with any currently known functional domains. However, it could still have an
effect on NANOGP1. For instance, one possible scenario originates from the NANOG bivalency model

(Chang et al., 2009). Chang and colleagues proposed that instead of being functionally redundant, the
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NANOG N-terminus is in fact responsible for mediating transcriptional interference and could attract
co-repressors of cell differentiation, opposing the transactivation role mediated by the C-terminus.
Indeed, deleting the whole length of the ND, 122 amino acids, led to a significant increase in
transactivation activity mediated by the remaining HD-CR1-WR-CR2 domains. This was demonstrated
by two separate research groups, in Chang et al., 2009 and Oh et al., 2005, by testing AND-HD-CR1-
WR-CR2 luciferase assay constructs in non-human primates and human cell lines. This, however, has
not been tested directly in hPSCs.

According to our predicted isoform structure, NANOGP1 only has a partial deletion of the N-
terminal domain, 39 amino acids, and not a full truncation of the N-terminal as described above. This
means that, if the bivalent model applies to NANOG in hPSCs, then NANOGP1 could have partially
maintained co-repressor binding domains in its remaining N-terminus, but with potentially altered
protein interaction properties. Therefore, even though the N-terminal deletion is not likely to cause
functional decay of NANOGP1, it could still affect its transactivation activity. The key question here is
which part of the 122 aa is important for mediating the repressive effects and whether it overlaps with
the first 39 aa, missing from NANOGP1.

Another potential function for the NANOG N-terminus was suggested by Oh and colleagues,
who hypothesised that it could be required for post-translational protein modifications, such as
phosphorylation and ubiquitination. Indeed, human NANOG contains 11 phosphorylation sites in its
N-terminal domain (Brumbaugh et al., 2014; Ho et al., 2012; Wang et al., 2019; Xie et al., 2014), and
one of them, Y35, is absent from the predicted NANOGP1 protein isoforms as it falls within the N-
terminal deletion. The consequences of deleting Y35 in NANOG in hPSCs are currently unknown.
However, in cancer cells, substituting Y35 with T inhibited its interaction with a tyrosine kinase FAK,
involved in regulation of cell migration, and ultimately prevented the formation of the expected
filopodia-formation phenotype in NANOG overexpression studies (Ho et al., 2012). This study showed
that another phospho-site mutation, Y174F, present in CD1, had the same effect in NANOG
overexpression assays; coincidentally, Y174 also falls within a NANOGP1-1 deletion, but this time in
CD1. This could imply that in hPSCs, the absence of just one or both of these phosphorylation sites in
NANOGP1 could also be sufficient to impair one or more downstream phosphorylation pathways.

Four other NANOG phosphorylation sties, Ser/Pro-52, Ser/Pro-65, Ser/Pro-71 and Thr/Pro-
287, which are conserved among mouse, human and rat Nanog orthologs, were shown to supress
ubiquitination when phosphorylated and, therefore, to stabilise mouse NANOG (Moretto-Zita et al.,
2010). This study demonstrated that in mouse, the four sites interact with prolyl isomerase PIN1,
which in turn stabilised NANOG by supressing its ubiquitination. Mutating those phosphorylation sites

led to inhibition of their interaction with PIN1 and resulted in impaired cell self-renewal and increased
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NANOG protein degradation. More specifically, replacing Ser with Ala in just two phospho-sites out of
four was sufficient to disrupt NANOG-PIN1 interaction. The inability of NANOG to interact with PIN1
(also shown in PIN1 direct inhibition) led to its instability and level reduction.

A study by Ramakrishna and colleagues, performed in primed hPSCs, demonstrated an
opposite result: deletion of all amino acid residues in NANOG positions 47-72 (PEST motif; contains
conserved Ser/Pro-52, Ser/Pro-65, Ser/Pro-71) led to the reduction of NANOG proteasomal
degradation (Ramakrishna et al., 2011). They, however, did not test individual phospho-sites.

Coincidentally, out of the four phosphorylation sites mentioned above, one is mutated in
NANOGP1 (Ser/Pro-65 -> Ser/His-65). Unfortunately, Moretto-Zita et al., 2010 did not analyse the
consequences of mutating Ser/Pro-65. Instead, they used Ser/Pro-71 site as an example for a single
phosphorylation site mutation, which caused partial impairment of NANOG turnover. This study
mutated Ser/Pro-71 by replacing Ser with Ala, and did not test the role of proline in +1 position, which
is mutated in NANOGP1. Therefore, it is not possible to use that experiment as direct evidence that
another single phosphorylation site mutation would have the same effect on NANOGP1. It is
reasonable to assume, though, that mutating the +1 proline in the phosphorylation site could affect
the downstream processes. Indeed, +1 position prolines do not get phosphorylated themselves, but
are required for correct phosphorylation reactions to occur, as was demonstrated in a study of another
mammalian kinase, KIS (Maucuer et al., 2000). Taken together, a single Ser/Pro-65 phosphorylation
site mutation could have an effect on NANOGP1 turnover in hPSCs; however, this speculation is based
on secondary evidence and needs to be tested experimentally. A potential future study could test this
by studying NANOGP1 interaction with proteins binding PEST motif. If any effect is seen when
compared to NANOG, a rescue protein variant could be created (i.e., by replacing the NANOGP1-
specific mutations with NANOG WT nucleotides) and tested for the ability to restore the
impaired/changed phenotype.

In summary, based on our proposed protein structure for NANOGP1, the NANOGP1 N-
terminal deletion, as well as NANOGP1-1 CD1 deletion could hypothetically affect its downstream
phosphorylation pathways involved in ubiquitination and protein turn over. Similarly, the N-terminal
deletion could cause altered co-repressor binding. However, both of these models would require
additional protein-protein interaction assays in hPSCs to be confirmed or rejected. Other mutations
found in the CDS of NANOGP1 are less likely to have any significant effect on transactivation,
dimerisation, or DNA binding, with the exception of the 2AW amino acid deletion that would need to

be tested in future studies.
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3.3.3 Divergent expression patterns of NANOGP1 and NANOG in human embryos and hPSCs

One of the major findings of this chapter is that NANOG and NANOGP1 have overlapping but
distinct expression patterns in the developing embryo. NANOGP1 exhibited a more temporally
restricted expression window and was first detected in ICM, while NANOG was first detected at the 8-
cell stage, thereby demonstrating a more prolonged duration of expression. Strikingly, expression of
the two duplicates was also detected in the extraembryonic lineages where their patterns differed as
well. NANOGP1 RNA was present in a subpopulation of primitive endoderm cells, while some
trophectoderm cells expressed NANOG transcripts. Notably, both of the duplicates exhibited
noticeably lower transcriptional levels in the extraembryonic lineages compared to the epiblast.

Studying NANOGP1 in the context of primitive endoderm was beyond the time scale of this
project. However, in future studies, NANOGP1 overexpression and expression downregulation assays
in hPSC-to-primitive endoderm differentiation protocol (Linneberg-Agerholm et al., 2019) could help
to reveal NANOGP1-specific functions, if any are present. Researching its potential activity in primitive
endoderm would be particularly interesting, since primitive endoderm does not express NANOG;
NANOGP1 would therefore be investigated as ‘individually’ as possible, without the risk of having
NANOG function masking/affecting it.

NANOG protein expression in human trophectoderm, but not in primitive endoderm, has
already been shown by immunostaining (Cauffman et al., 2009). In fact, expression of NANOG and
GATA4 were found to be mutually exclusive in the developing human epiblast and primitive endoderm
(Roode et al.,, 2012), similar to Nanog and Gata6 in mouse epiblast and primitive endoderm,
respectively (Chazaud et al.,, 2006; Plusa et al., 2008; Rossant et al., 2003). Therefore, detecting
NANOGP1 transcripts in some primitive endoderm cells was unexpected. One of the possible
explanations for this could be that NANOGP1 may have an impaired ‘ICM -> epiblast/primitive
endoderm’ resolving mechanism, and therefore remains in both epiblast and primitive endoderm.
Alternatively, NANOG and NANOGP1 could have different developmental timings for becoming
restricted to epiblast. In this way, our observations could be interpreted as NANOGP1 being
downregulated in primitive endoderm, but not yet being completely silenced. The role of NANOG
expression in trophectoderm and whether NANOGP1 has any unique functions in primitive endoderm
both await future investigations.

In addition to the non-identical embryo expression patterns, NANOGP1 is also expressed at a
significantly lower level in the primed hPSCs compared to NANOG. This result does not imply that
NANOGP1 is a naive-specific marker, since some transcripts were still present in the primed cell lines,
but it serves as further evidence for a more temporally restricted expression of NANOGPI.

Furthermore, similar behaviour is seen in the developing epiblast of cultured embryos, where
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NANOGP1 expression drops by Day 14, while NANOG is highly expressed for a longer period of time
and stays upregulated on Day 14. Collectively, these findings present NANOGP1 as a slightly more
transient factor than NANOG, implying that the potential function of the former could be more stage-
specific. This could mean that high expression levels of NANOGP1 are either not required in late
epiblast, and, similarly, in primed hPSCs, or that NANOGP1 has to be downregulated there not to
interfere with some, currently unknown, process(es).

The reason why NANOGP1 expression level is lower than that of NANOG in the primed hPSCs
and late epiblast could be related to the duplicated putative regulatory regions, found upstream of
NANOGPI1. It was clear that the NANOGP1 promoter and proximal enhancer regions had much
stronger active markers in the naive cells compared to primed. Identification of the precise
mechanism, responsible for establishing the expression difference between the naive and primed
state remains an interesting topic and awaits future investigation. Overall, the putative promoter
regions of NANOG and NANOGP1 exhibited mostly similar pluripotency factor binding and histone

modification profiles in naive and primed hPSCs.

3.3.4 Human naive pluripotency and pseudogene expression

Finally, | uncovered that in addition to NANOGP1, other key pluripotency factors, POU5F1 and
DPPA3, have highly expressed pseudogenes in naive hPSCs, namely, POU5F1P1-3 and DPPA3P2,
respectively. Thus far, these pseudogenes have mostly been studied in human cancers and adult stem
cells (Cheng et al., 2018; Jez et al., 2014; Mostert et al., 2000; Poursani et al., 2016; Schneider et al.,
2002), with little knowledge of their properties in hPSCs. For example, DPPA3P2 was found to encode
a protein, STELLAR, and is a marker of testicular cancer and developing germ cells (Bouckenheimer et
al., 2018; Cheng et al., 2018; Kossack et al., 2013; Oosterhuis and Looijenga, 2005), but was not studied
in the context of human pluripotency. POU5F1 pseudogenes have received more attention and thus
were analysed in more depth. For instance, Jez et al., 2014 and Poursani et al., 2016 show that POU5F1
pseudogenes exhibit expression in multiple somatic, cancer and even primed hPSCs lines. Judging by
the sequence conservation, POU5F1P1 and POU5F1P3 were initially assumed to possess an ancestral
function as its CDS is almost identical to that of POU5F1, while POU5F1P2 is truncated and had only
partially preserved its last exon while all the others are missing (Poursani et al.,, 2016). Quite
unexpectedly though, POU5F1P1 and POU5F1P3 could not be translated into a protein, even in the
cell lines where they are highly expressed at the mRNA level; the reason for this remains unclear
(Poursani et al., 2016). Taken together, high expression of POU5F1 pseudogenes in naive hPSCs,
reported in this thesis, could mean that they have developed a naive-specific role, with POU5F1P1 and

POU5F1P3 being the most likely candidates, likely as IncRNA, as hypothesised by Prousani and
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colleagues. Their role, as well as a potential function of the DPPA3 pseudogene, would require further
investigation.

Analysing gene expression data from naive hPSCs, | identified expression of two processed
NANOG pseudogenes, NANOGP4 and NANOGPS8. According to the published literature, NANOGP8 and
NANOGP4 are also expressed in several human cancer lines, however, whether they have any
functions remains unclear (Ambady et al., 2010; Palla et al., 2014; Zhang et al., 2006). NANOGP8 is one
of the most conserved processed NANOG duplicates (Booth and Holland, 2004) and additionally, it
was shown to be able to mediate somatic-to-primed reprogramming in mouse and human fibroblasts
(Palla et al., 2014). The latter was likely possible due to the complete conservation of its DNA-binding
homeodomain, which is known to be sufficient in mediating the reprogramming function of NANOG,
as shown in Theunissen et al., 2011. NANOGP4 CDS is less similar to that of NANOG: the pseudogene
was predicted to encode three truncated reading frames, with only one of them encoding the
functionally important homeodomain, whereas the N-terminus and C-terminus encoding regions are
either completely missing or significantly shortened in all three ORF versions (Booth and Holland,
2004). Therefore, provided that the NANOGP4 and NANOGPS are in fact expressed by naive hPSCs, |
speculated that NANOGPS8 could have the potential to contribute to naive pluripotency and to have a
conserved, NANOG-like role. NANOGP8 and NANOGP4, however, are transcribed at a lower level than
NANOG and NANOGP1 and presumably lack regulatory sequences, so it is not clear whether these
pseudogenes are expressed in a regulated way. NANOGP4 would also most likely have diverged or
have a limited functional conservation, if it has any role in the naive context at all.

Among other highly expressed pseudogenes in naive hPSCs, | identified copies of ribosomal
genes and genes related to mitochondrial function that are involved in protein and energy synthesis,
respectively. Interestingly, the high abundance of ribosomal and mitochondrial pseudogenes in the
human genome attracted the attention of scientists almost three decades ago, and since then they
have been hypothesised to contribute to their ancestral function, as well as tissue-specific expression,
carcinogenesis and/or ageing (Dutta et al., 2011; Mamoor, 2020; Shay and Werbin, 1992; Tonner et
al., 2012; Woischnik and Moraes, 2002; Yuan et al., 1999; Zhang, 2002). However, very few functional
studies have been performed and this topic remains poorly understood. It is possible that in naive
hPSCs, as well as in other cell types where such pseudogenes are highly expressed, they still perform
their ancestral function and/or ensure that such crucial processes as energy and protein synthesis can
still occur if mutations disrupt other copies involved in the process. In my opinion, this reasoning could
also explanation the high expression of pluripotency factor pseudogenes in naive human cells; this
and other hypotheses for NANOGP1 expression in naive pluripotency are discussed in more detail in

Chapter 6.
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To conclude, this chapter described several important aspects of NANOGP1 organisation and
structure. NANOGP1 was presented as a conserved copy of NANOG, both within its CDS and its
putative regulatory elements. Importantly, NANOG and NANOGP1 had very similar overlapping
expression patterns both in vivo and in vitro. NANOGP1 protein had several mutations, deletions and
substitutions, that could in theory affect its activity, but none were located in the important domains.
Based on this knowledge, | hypothesise that NANOGP1 has the potential to possess both conserved
and/or novel functions and properties. This is subject, however, to one important condition: whether
NANOGP1 can be translated into a protein. Indeed, high mRNA expression levels and conservation do
not ensure that a pseudogene will be translated into a stable protein form, like in the case of

POUS5F1P3, discussed above. This crucial question is addressed in the next chapter.
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4 Characterising NANOGP1 protein:
expression in naive hPSCs, chromatin
binding and dimerisation
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4.1 Introduction

4.1.1 Background

In this chapter | address a key question that has not been answered until now: can NANOGP1
RNA be translated into a protein in the context of human pluripotency?

To answer this, a correct system for the protein expression must first be chosen. NANOGP1 is
highly similar to NANOG at the sequence level and, as was shown in the previous chapter, their
expression patterns also overlap. Hence, | hypothesised that NANOGP1 and NANOG protein
expression patterns would also at least partially overlap. Finally, based on the NANOGP1 protein
structure prediction analysis (Section 3.2.5), | also suggested that if NANOGP1 existed, it would likely
have had similar properties to NANOG.

What do we know about the NANOG protein?

NANOG protein is expressed in the human embryo and by hPSCs. In cell culture, NANOG can
be detected in primed and naive hPSCs, as well as during the hPSC formative capacitation (Guo et al.,
2017; Hyslop et al., 2005; Rostovskaya et al., 2019; Theunissen et al., 2014). In human embryo, NANOG
protein expression can be seen in the ICM and preimplantation epiblast, while some reports also
mention its presence in the developing trophectoderm (Cauffman et al., 2009; de Paepe et al., 2013;
Gerri et al., 2020; Guo et al., 2016; Kimber et al., 2008; Kuijk et al., 2012; Niakan and Eggan, 2013;
Roode et al., 2012). Finally, its expression can also be detected in the developing germ cells (Gkountela
et al., 2015; Kerr et al., 2008; Kuijk et al., 2010).

Several key studies on mouse pluripotency showed that NANOG functions as a dimer, and can
also dimerise with other transcription factors via its tryptophan-rich domain (Gagliardi et al., 2013;
Mullin et al., 2008; Mullin et al., 2017; Mullin et al., 2020; Torres and Watt, 2008; Wang et al., 2008a).
The same ability to form homodimers by human NANOG has also been demonstrated in Chang et al.,
2009.

The chromatin binding profile of human NANOG has been investigated extensively both in
primed and naive hPSCs; examples of the NANOG chromatin binding studies are Barakat et al., 2018,
Boyer et al., 2005, Chovanec et al., 2021 and Gifford et al., 2013. A very recent study by Chovanec and
colleagues presented a comparison of NANOG binding profiles between the two pluripotent states.
This study demonstrated that in hPSCs NANOG can be found not only in promoter regions, but also in
naive, primed and shared (between naive and primed) enhancers and superenhancers, which NANOG

co-binds with the other two key pluripotency factors, OCT4 and SOX2.
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Considering that NANOGP1 exhibits high RNA expression in naive hPSCs, where NANOG is also
highly expressed and is capable of binding chromatin in its protein form, | chose naive cell culture as
the most optimal cell system to investigate potential NANOGP1 protein expression. | also
hypothesised that NANOGP1 protein, if it indeed exists, is capable of binding chromatin, since the
DNA-binding homeodomain was predicted to be conserved between NANOG and NANOGP1 at the
amino acid level (Section 3.2.5). | also suggested that since the two homeodomains were predicted to
be completely identical in their protein-encoding DNA sequence, the binding profiles of the two
proteins are also likely to be similar, if not identical. Finally, | proposed that NANOGP1 protein is
capable of dimerising as its predicted tryptophan-rich region is intact in two predicted isoforms, and
bears only one small deletion in the third isoform (Section 3.2.5).

In this chapter, | discover that NANOGP1 pseudogene indeed can be translated into a stable
protein in naive hPSCs. | demonstrate that, as expected, NANOG and NANOGP1 share a relatively small
number of chromatin binding regions. | also uncover 84 unique NANOG-independent chromatin
binding regions, although this data requires further clarification. Finally, | demonstrate that, in line
with my hypothesis, recombinant NANOGP1 is capable of forming homodimers as well as
heterodimers with NANOG in vitro.

In summary, this chapter shows for the first time that endogenous NANOGP1 is translated
into a stable protein. Additionally, it describes that at least some properties of the protein are
conserved, such as the ability to form dimers and the existence of shared chromatin binding domains

with NANOG sites.

This chapter contains results obtained in collaboration with a scientist from Babraham
Institute Bioinformatics facility. Here, ChIP-sequencing analysis was performed with help from Dr.
Christel Krueger (Figures 4.15-4.24). All the other figures in this chapter are entirely my own work.

All figures in this chapter were adapted and/or made by myself.

4.1.2 Aims

1. Identify whether NANOGP1 can be translated into a stable protein in naive hPSCs.
2. If NANOGP1 protein exists, study its chromatin binding in naive hPSCs.
3. Investigate whether recombinant NANOGP1 protein can form homodimers, as well as

heterodimers with NANOG.
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4.2 Results

4.2.1 Characterising the expression of epitope-tagged NANOGP1 protein in naive hPSCs

In this section, | describe generation of naive hPSC lines in which the endogenous NANOGP1
locus is epitope-tagged to produce a tagged NANOGP1 protein. Epitope tagging was chosen by me
because there were no currently available antibodies capable of distinguishing NANOGP1 from
NANOG due to their high structural similarity. In addition to the epitope-tagged NANOGP1, | also
attempted to tag NANOG gene in a separate cell line, as a control experiment.

To my knowledge, until this study, there have been no published reports in which endogenous
gene tagging was performed directly in naive hPSCs. As a result, | had to ensure that each step of the
experiment was optimised, which is detailed below.

In order to introduce an epitope tag, | utilised two different CRISPR-mediated genome editing
approaches, namely, those using Cas9 and Cas12a proteins (Deltcheva et al., 2011; Hsu et al., 2013;
Zetsche et al,, 2015). These two proteins recognise different PAM sequences (NGG and TTTV,
respectively) and create different types of ends after the DNA cut (blunt and sticky, respectively),
therefore offering more targeting options and increasing the possibility of successful gene editing.
Additionally, Cas12 only requires a crispr RNA (crRNA) sequence for targeting, unlike Cas9 which also
needs trans-activating crispr RNA (tracrRNA) (Deltcheva et al., 2011; Hsu et al., 2013; Zetsche et al.,
2015). Firstly, | designed crRNA molecules that would guide the CRISPR complex to their target site.
Initially, | aimed to tag both the N- and C-terminal ends, and therefore designed crRNAs that would
individually target both 5" and 3’ ends of a gene. crRNA cut sites were positioned <30bp away from
the anticipated knock-in site for increased HDR efficiency (Quadros et al., 2017; Renaud et al., 2016).
| also designed single strand oligonucleotides (ssODNs) that contained an epitope tag sequence
flanked by homology arms, serving as homology directed repair (HDR) templates. In this experiment,
| chose using ssODN over double-stranded templates since they exhibit higher HDR efficiency and are
more likely to generate a successful knock-in edit (Codner et al., 2018; Miura et al., 2015; Yoshimi et
al., 2016). To ensure that the genome is being cut only once by the CRISPR-Cas complex, the PAM sites
and crRNA-complementary regions within the HDR templates had single-nucleotide mutations. All
ssODN templates also had phosphorothioate bonds connecting the last three nucleotides on each end
in order prevent the DNA from degradation (Papaioannou et al., 2009).

For the ssODN design, | chose two different tags, V5 and 3xFLAG, which are widely used in the
field in such methods as immunostaining, immunoprecipitation, ChIP and ChiP-seq (Kidder et al., 2011;
Lobbestael et al., 2010; Wang, 2009). Ideally, my plan to have two differentially tagged cell lines would

have ensured that the potential signal detected by only one tag is not an artefact and has a biological
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meaning. Additionally, in case one of the tagging strategies was to fail at any stage, | would have had
a back-up option remaining.

Here | designed reagents for 5'-NANOGP1 and 3’-NANOGP1 tagging to be used with CRISPR-
Cas9, as well as for a 5’-NANOGP1 strategy to be used with CRISPR-Cas12a; similarly, | designed
reagents for tagging NANOG using CRISPR-Cas9 (Figure 4.1). For simplicity, all diagrams in this section
depict NANOGP1-1 CDS, while the designed reagents were suitable for tagging all three isoforms.

NANOGP1

crRNA_Cas9

crRNA_double_1_Cas9 crRNA_double_2_Cas9 5-GATGTTACTCAGTTTCAGTC-3'
5'-ATACCTGTGATTTGTGGGCC-3' 5'-GAGATGCCTCACACAGAGAC-3' 4

W g -m' 3

I
5— — —. 4 f—
- ]
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crRNA_2 TGA
ATG target i
S'C 1T - P —— 3 5' eE—]  — )3
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target 3XFLAG/V5 3xFLAGN5

Figure 4.1 Diagram showing crRNA and ssODN template designs for the NANOGP1 and NANOG
epitope tagging experiments. Three and two CRIPSR-Cas gene editing strategies are shown for
NANOGP1 and NANOG, respectively. Each experimental design is described in a separate panel which
contains a crRNA schematic (top) and a matching ssODN template (bottom). ‘5" and ‘3" label the 5’
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and 3’ ends of the nucleotide sequence, respectively. Each crRNA schematic includes its 5’-3’ target
sequence, and shows its positioning in relation to the gene of interest and PAM. crRNA target
sequences are indicted by red arrows (top), and by red blocks (bottom). 5’-UTR and 3’-UTR are shown
as pink blocks. Exons are shown as dark blue blocks, labelled with their number (exon 1, exon 4). Red
vertical lines indicate PAM. Yellow vertical lines indicate single nucleotide mutations in the PAM or
crRNA target sequence. 3xFLAG and V5 tag sequences are shown as light blue blocks. ATG — start
codon. TGA — stop codon. ‘Start’, ‘stop’ — crRNA target is located near the start or stop codon,
respectively. ‘Double’ — experimental design includes two crRNAs. HA — homology arm. Glu —
glutamate.

After the design was complete, the double stranded DNA cutting efficiency of each crRNA was
tested using an in vitro CRISPR/cut method (NEB, M0386). This method required combining PCR-
generated DNA molecules (cutting templates) with their respective CRISPR complex components (pre-
assembled crRNA:tracrRNA:Cas9, or crRNA:Cas12a). First, | designed primer pairs that would amplify
crRNA target DNA regions (cutting templates) from NANOGP1 and NANOG genomic sequences (Figure
4.2).
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Figure 4.2 Sequence map showing primers used for testing crRNA cutting efficiency. NANOG sequence is shown on top (exons and UTRs are light blue),
NANOGP1 is shown at the bottom (exons and UTRs are pink). Scale, bp.

Each primer name contains the following details:
1) aletter, indicating whether it corresponds to NANOG or NANOGP1 (N — NANOG, P - NANOGP1)
2) primer pair index number (i.e., 1)
3) which end of the gene/pseudogene sequence it binds (3’ or 5’).
4) primer orientation (F/R).

If a primer was used in more than one primer pair, it is indicated by its index number (i.e., 1+3).
Black asterisk — NANOGP1-crRNA-Cas12a/5’. Red asterisks — NANOGP1-crRNA-1-Cas9/5’ and NANOGP1P1-crRNA-2-Cas9/5’.
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| then tested the primer pairs and selected those that produced PCR products of the expected length
and that were subsequently validated by Sanger sequencing (using the ‘forward’ primer from each
primer pair). As a result, one primer pair was selected for each tagging experiment (Figure 4.3). See
primer sequences in Table 2.7 Primers used for genotyping, cloning validation and Sanger sequencing.

F, R —forward and reverse primer orientation.

NANOG_2/5'
NANOG_1/3'
NANOG_2/3'
NANOG_3/3'
NANOGP1_1/3'
NANOGP1_2/3'
NANOGP1_3/3'
NANOGP1_4/3'
NANOGP1_1/5'
NANOGP1_2/5'
NANOGP1_3/5'

<
H
©
Q
3
=

/5

NANOGP1_4/5'
NANOGP1_5/5'
NANOGP1_6/5'
NANOGP1_7/5'
NANOGP1_8/5'
NANOGP1_9/5'
NANOGP1_10

400 bp 400 bp

Figure 4.3 Gel electrophoresis images showing results of the genotyping primer screen. Names of
the PCR products indicate whether they were used for NANOGP1 or NANOG genotyping screen, as
well as the primer pair index number and whether they bind the 5’ or 3’ end of the gene/pseudogene
sequence. Names of the PCR products that passed selection are shown in bold. The red rectangle
indicates the band of the expected size that was excised and sequenced. Expected band size is in red:
NANOG_2/5’ — 575 bp, NANOG_3/3’ — 649 bp, NANOGP1_2/3’ — 746 bp, NANOGP1_7/5" — 395 bp.

After suitable DNA templates were obtained, the crRNA in vitro cutting protocol had to be
tested using an efficient crRNA as a positive control. For this purpose, | used crRNA designed to target
RING1B, which was previously designed and validated by a different lab member in their project. This
involved combining a purified RING1B PCR product containing the crRNA target sequence, with
RING1B crRNA, preassembled with tracrRNA and Cas9. After the protocol was shown to be working
with the control RING1B reagents, | validated the cutting ability of crRNA molecules designed in my
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project using the same strategy (Figure 4.4). All crRNA molecules were shown to cut their respective
PCR-amplified regions. Notably, Casl2a NANOGP1 crRNA was the most efficient, not leaving any

original DNA product uncut.
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Figure 4.4. Gel electrophoresis images showing results of the in vitro crRNA efficiency assay. A
positive control (left) and the NANOG/NANOGP1 crRNA screen (right) are shown. Lane names indicate
what PCR product, crRNA and Cas protein were used. ‘5" and ‘3" indicate 5’ and 3’ ends of a nucleotide
sequence. Wt — uncut PCR product. No wt* - no uncut PCR product remained. White bracket indicates
two products of the crRNA-mediated cutting. Each lane contained ~25-40 ng of DNA (a full volume of
one CRISPR/Cas reaction, or the same amount of uncut control), therefore the bands produced in the
in vitro cutting reactions are fainter than the uncut control ones.

To further analyse and quantify the efficiency of DNA cutting, | performed a similar crRNA test
in vivo. Human primed H9 hPSCs were transfected with the NANOGP1_5’, NANOGP1_3’, NANOG 5’
and NANOG_3’ CRISPR reagents: Cas9 or Casl2a protein, preassembled with its corresponding
crRNA:tracrRNA (Cas9) or crRNA (Cas12a) molecules. HDR templates were not used since this assay
was only testing the ability of crRNA to cut DNA in vivo. After transfection, the cells were expanded
and used for genomic DNA extraction. The DNA was further used to generate PCR products with the
four selected primer pairs, described above and in Figure 4.3. NANOG 5, NANOG_3’' and
NANOGP1_3’ PCR products were sequenced (using primer NANOGP1_7/5’-F) and analysed using
Genewiz Amplicon EZ NGS service, which analyses the ratio and composition of edited:unedited
amplicons in a sample. NANOGP1_5’ PCR products were sequenced and analysed with CRISPResso
online tool (Clement et al., 2019), which uses a similar approach as the Genewiz service. The efficiency
of crRNA cutting was assessed by quantifying the amount of sequencing reads that contained
deletions. The presence of a deletion indicated that DNA cutting took place and was subsequently

repaired by the NHEJ mechanism (Cong et al., 2013; Mali et al., 2013). As a result, | concluded that
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only one reaction had generated high efficiency of cutting (~70%) was suitable for epitope tagging

HDR; this reaction was mediated by the NANOGP1_5’ CRISPR/Casl12a reagents (Figure 4.5, Figure 4.6,

Table 4.1).
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Figure 4.5 Histograms showing indel profile across sequenced PCR amplicons in the in vivo crRNA
cutting assay. Y-axis shows percentage of sequences/reads as well as the total number of reads
generated for each type of analysis. X-axis indicates changes in the amplicon length caused by a
mutation, bp. Histograms were generated as part of CRISPResso report.
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Figure 4.6 Graphs showing indel profile across sequenced PCR amplicons in the in vivo crRNA cutting
assay. Y-axis — percent of reads generated by Amplicon EZ sequencing. X-axis — position of
deletion/insertion within the amplicon. Vertical brown lines indicate the borders of the amplicon.
Graphs were generated as part of Amplicon EZ report.

Table 4.1 Table showing in vivo crRNA cutting assay results

crRNA In vivo DNA cutting efficiency (% of amplicons with deletions per
sample)
NANOGP1_5' Casl2a 70%
NANOG_5’ Cas9 30%
NANOGPI1_crRNA1_5’ Cas9 18%
NANOGPI_crRNA2_5’ Cas9 15%
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NANOG_3’ Cas9 3%

NANOGP1_3’ Cas9 9%

These crRNA cutting efficiency results were in line with the in vitro test, described above (FIG),
where the NANOGP1_5’ Cas12a crRNA did not leave any uncut DNA behind, unlike when using all
other test crRNA molecules.

A detailed composition of the NANOGP1_5’ Casl12a cut site and all deletions found in the
sequencing sample are shown in Figure 4.7. In the bottom part, this figure shows all variants of
deleterious mutations created in the target DNA by NANOGP1_5" Casl2a crRNA, once again
demonstrating high efficiency of the crRNA reagent. The top part of the figure contains a summary of
all deleterious mutations in the sample, showing that these reagents have a high enough efficiency
for the knock-in reaction to occur (based on the high cumulative amount of the deleterious mutations
in the predicted cut site). This figure also highlights that the cut site is in the close vicinity of the
NANOGP1 ATG codon, implying that it will be beneficial for the knock-in HDR reaction.
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Figure 4.7 Diagram showing nucleotide percentage quilt (top) and alleles frequency table (bottom)
around NANOGP1_5’_Casl2a crRNA.

Top: Predicted crRNA cut site and the tag knock-in site are indicated with a black arrow. NANOGP1
start codon is underlined. Numbers above nucleotides indicate the percentage of reads, where a
respective nucleotide was not deleted. NANOGP1 5’ Cas12a crRNA specificity was validated using the
crRNA design software, which confirmed that it does not target the NANOG sequence.

Bottom: Reference shows the uncut control amplicon sequence. Percentage and number of reads,
corresponding to a specific allele type, are shown on the right.

Here crRNA is called sgRNA, which is a universal title that CRISPResso gives to all guide RNA molecules.
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At the end of this screen, | selected the NANOGP1_5’ Cas12a crRNA to be used in the epitope
tagging. None of the other CRISPR reagents were used.

Next, | optimised the hPSC transfection reaction protocol. | had to ensure that the transfection
reaction is as efficient as possible, so that in the final experiment a sufficient number of cells in the
population would contain epitope-tagged NANOGP1. During the optimisation, among other
experimental factors | had to take one important limitation into account. The ssODN templates were
designed to be as short as possible to ensure the most efficient HDR; they therefore only contained
the tag sequence and homology arms, but no selectable reporter. Consequently, | tested whether co-
transfecting CRISPR reagents with a vector encoding GFP protein under a constitutive promoter could
improve identification of the transfection efficiency. In this experiment, | nucleofected naive HNES1
hPSCs with a pCAG-eGFP vector and two different amounts of ssODN using Amaxa™ Nucleofector™
4D. After 24 h, the transfected hPSCs were analysed by flow cytometry. The analysis showed that
combining multiple components in the transfection reaction significantly reduced its efficiency (Figure

4.8).
no GFP; no ssODN 3 ug GFP; no ssODN

Autofluorescence
Autofluorescence

=3

GFP

Autofluorescence
Autofluorescence

Figure 4.8 Flow cytometry scatterplots showing efficiency of co-transfecting ssODN reagents into
hPSCs with a constitutive GFP-encoding vector. Title of each scatterplot indicates the amount of
plasmid/ssODN used in a transfection. X-axis shows GFP fluorescence. Y-axis shows autofluorescence.
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Percent of GFP-positive cells is indicated in the top right corner of each scatterplot. This experiment
was performed twice, one representative replicate is shown here.

Cells transfected with the GFP vector alone had almost 25% GFP* cells, while addition of ssODN
decreased the positive population to 1.6% and 2.1%. Such low transfection efficiency was not suitable
for my future experiments, as other CRISPR reagents would have been added for the reaction to occur,
also potentially decreasing the transfection efficiency. Also, not all transfected cells would undergo
HDR, affecting the experimental efficiency even further. Therefore, this strategy was not pursued, and
no additional reporter was added to the tagging protocol. Instead, | decided to assess the efficiency
of gene editing after transfection and cell expansion by genotyping and immunostaining.

For the final epitope tagging transfection | used the Neon™ Transfection system, which is
known to be an efficient system for nucleofecting naive hPSCs (Guo et al., 2021). A detailed description
of the final nucleofection protocol can be found in Chapter 2. Briefly, naive CR-H9 hPSCs were
transfected with ssODN encoding V5 or 3xFLAG, NANOGP1_5’ crRNA and Casl2a. After the
nucleofection, cells were seeded into PXGL medium (Bredenkamp et al., 2019b; Rostovskaya et al.,
2019), supplemented with 10 uM Y-27632 for increased cell survival and 2 uM M3814, a NHEJ-
inhibitor to increase the HDR efficiency (Riesenberg et al., 2019). The latter two components were
kept in the medium for 72 h. Additionally, after the nucleofection, cells were incubated at 32°C for 24
h (‘cold shock’) to further improve the HDR (Guo et al., 2018; Skarnes et al., 2019).

This experiment was performed in two biological replicates for each epitope tag, and all
replicates showed the presence of the tags in naive hPSC genomes after expanding the cells for a
week, as shown in gel electrophoresis images (Figure 4.9). Successful epitope tag insertion was
additionally validated by Sanger sequencing (Genewiz), using primers HA-F and P1-tag-seq-F. Epitope-
tagged naive hPSC lines were further analysed as a bulk heterogeneous population, as they did not

survive the procedure of clonal selection.

HA-F V5-R HS  HI  HO9
— — WT V51 W52
5'¢ [TTT I I\l EXON 1 EX “
W5
HA-F FL-R HO  HY  Hg
—) A— WT FLAG-1FLAG-2
'l ——— NG 3 [e——
3xFLAG

Figure 4.9 Diagram (left) and gel electrophoresis images (right) showing the strategy and outcome
of the NANOGP1 epitope tagging genotyping, ‘5" and ‘3" indicate 5" and 3’-ends of the nucleotide
sequence. 5’-UTR is shown as pink blocks. Exon 1 is shown as a dark blue block. crRNA target
sequences are shown as red blocks. Vertical red lines represent PAM sequence. 3xFLAG/V5 tag is
indicated as light blue blocks. HA-F, V5-R, FL-R — PCR primers used for genotyping. HA-F primer binds
upstream the HDR repair template. H9 — name of the cell line. WT — untransfected wild-type cell lines.
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V5-1, V5-2 —two NANOGP1-V5 hPSC lines (two biological replicates). FLAG-1, FLAG-2 —two NANOGP1-
3xFLAG hPSC lines (two biological replicates).

Naive hPSCs containing V5-epitope were also analysed using immunostaining using an anti-V5
antibody. The assay demonstrated the presence of nuclear-localised V5-tagged protein in the cells.
Additionally, the V5-signal overlapped with a nuclear OCT4 signal, showing that the tagged cells were
pluripotent. Also, as expected, the proportion of cells with a V5 signal (cells that had undergone

transfection, successful DNA cutting and HDR) was very low (Figure 4.10).

DAPI OCT4 V5-tag

DAPI OCT4 V5-tag

Figure 4.10 Immunofluorescence images showing co-localised nuclear V5-tag, OCT4 and DAPI signal
in NANOGP1-V5 naive hPSCs. Bottom panel is a zoom-in image of the V5-tag positive colony in the
top panel. White arrows indicate the V5-positive colony. Scale bar, 100 um.

A similarimmunostaining experiment was attempted for the NANOGP1-3xFLAG tagged hPSCs.
However, the antibody did not exhibit the required specificity and as a result, images produced by the
wide-field and confocal microscopes had a very high background signal (not shown).

Due to a low number of tagged cells in the population, | decided not to analyse the cells in
bulk by Western blotting. Instead, | performed a co-immunoprecipitation experiment using anti-V5 or

anti-FLAG antibodies, which enriched the amount of the tagged protein in the sample, and then
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performed a Western blotting assay using anti-NANOG antibodies. To validate that the V5 and FLAG
signal corresponds to epitope-tagged NANOGP1, | used two different anti-NANOG antibodies that can
distinguish between NANOG and NANOGP1 due to their predicted protein sequence differences
(Figure 4.11). The NANOG antibody from R&D recognises the C-terminus of NANOG, and should
therefore also detect NANOGP1. The NANOG antibody from Abcam binds to the N-terminal domain
of NANOG that is absent in NANOGP1.

N-terminus C-terminus

NANDG

NANOGPL
isafarm 1

NANOGP1
isoform 2

NANOGP1
Isaform 3

—
ABCAM ANTIBODY R&D ANTIBODY

Figure 4.11 Diagram showing specificity of the two NANOG antibodies used in this project. NANOG
and NANOGP1 domains are in grey. Antibody binding regions are in purple.

The results showed that epitope-tagged NANOGP1 protein was detected in naive CR-H9 hPSCs
(Figure 4.12). As expected, NANOGP1 was not detectable in the input samples, presumably because
very few cells in the population were correctly tagged, but the NANOGP1 signal was present in the
immunoprecipitated samples. A protein of the same molecular weight as the V5 and FLAG bands was
detected by the C-terminal but not the N-terminal NANOG antibody, providing strong evidence that
the immunoprecipitated protein corresponded to NANOGP1. NANOG was present in the input and

detected by both R&D and Abcam antibodies, and was not detected in the pull-down sample.
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Figure 4.12 Western blotting image showing proteins pulled down in the V5 and FLAG Co-IP
experiments compared to their corresponding input samples. * - due to low number of NANOGP1-
epitope tagged cells in the population, the proteins were not detected in the input samples. 50kDa,
40kDA — approximate size of the pulled-down proteins.

In summary, in this section, | have shown for the first time that endogenous NANOGP1
pseudogene is translated into a stable, nuclear-localised protein. This finding resolved conflicting
reports in literature (described in Section 1.4.4-1.4.5) and publicly available databases (i.e., Ensembl)
that for many years had not been able to agree whether NANOGP1 is protein-coding or not. Having
discovered that NANOGP1 in fact encodes a protein, it has now become possible to investigate its
chromatin binging profile, comparing it to the chromatin binding of NANOG. This enabled the first
functional characterisation of NANOGP1 in the context of human pluripotency, which is described in

the following section.

4.2.2 Characterising NANOGP1 chromatin binding in naive hPSCs by ChIP-sequencing

After discovering that NANOGP1 protein is expressed by naive hPSCs, | analysed the chromatin
binding of the epitope-tagged protein using ChlIP-sequencing (ChIP-seq). Of note: the results
presented here are preliminary, because in the current form they raise several concerns from a quality
control (QC) point of view. In some cases, it was difficult to determine if the ChIP signal was true or
afflicted by technical artefacts. Nevertheless, the results obtained here are interesting and are worth

describing. In the Discussion, | will also describe potential ways to investigate this topic further.
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The ChIP-seq experiment was performed in two biological replicates, using two separately
generated cell lines for each tag. A detailed description of the protocol can be found in Section 2.5.

Briefly, pellets were double-fixed using Di(N-succinimidyl) glutarate and formaldehyde
(Nowak et al., 2005), and lysed. This was followed by chromatin sonication that produced fragment

size distributions of predominantly ~500 bp, as seen by gel electrophoresis (Figure 4.13).
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Figure 4.13 Gel electrophoresis image showing fragment size distribution of the sonicated chromatin
used in ChiP-seq. Lane titles indicate which cell line the chromatin was extracted from. 500 bp —
average fragment size. Rep1/2 — biological replicate (here, individual hPSC lines).

ChlP-seq reactions were performed using the same V5 and FLAG antibodies that had been
used in co-immunoprecipitation, described above. Additionally, as a positive control, | did ChIP-seq
using an anti-NANOG C-terminal antibody with the NANOGP1-V5 and NANOGP1-FLAG naive hPSC
lines. After immunoprecipitation and stringent washing, the chromatin was reverse cross-linked, RNA
and proteins were degraded, and the isolated DNA used for generating ChlP-seq libraries. After library
preparation, the absence of contaminants and library fragment size distributions were tested with

help of an Agilent Bioanalyser (Figure 4.14).
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Figure 4.14 Spectra showing ChiP-seq library fragment size distribution, produced by Agilent
Bioanalyzer. Broad library peaks are positioned between the two size standards located at 35 bp and
10,380 bp. A small peak near the 35 bp standard marker is a remaining adapter (insignificant amount).
Y-axis — arbitrary fluorescence unit. X-axis — fragment size scale, bp.
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In total, | generated nine libraries: 2xNANOGP1-V5, 2xNANOGP1-3xFLAG, their respective
input samples, and a NANOG sample. After generating the libraries and performing the QC, the
libraries were sequenced by the Babraham Institute Next Generation Sequencing facility, which
generated 20-43 million uniquely mapped reads per library. Initial data analysis demonstrated by
Principal Component Analysis (PCA) showed that the biological replicates were grouped together, as

were all of the inputs, which suggests good quality ChlP-seq replicates (Figure 4.15).
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Figure 4.15 PCA plot showing comparison of ChIP-seq samples. X-axis — PC1, Y-axis — PC2. PCA was
performed over all probes. Adapted with permission from Dr. Christel Krueger.

Further analysis revealed that there were no obvious areas of enrichment in sequencing reads
above the input for the two NANOGP1-V5 samples, indicating that the V5 ChlP had failed. In contrast,
the NANOG and NANOGP1-3xFLAG were noticeably different compared to their corresponding input
samples and showed regions of strong enrichment (peaks); four sequencing data track windows are

shown in Figure 4.16 as an example. Therefore, only the NANOGP1-3xFLAG libraries were used further

in the analysis.
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Figure 4.16 ChIP-seq track, showing comparison of sequencing reads enrichment between all the samples — continued on the next page. Sequencing reads
are mapped against the published genome sequence, GRCh38 v10.2; mRNA for selected genes is shown (top row). Mapped reads and mRNA are in red and
blue, corresponding to the two opposing DNA strands. NANOGP1-3xFLAG peaks are shown as grey blocks; peak calling used p<107 and p<10”® parameters in
‘FLAG MACS 7' and ‘FLAG MACS 9’, respectively. Scale at the bottom of the diagram represents position of the locus within the chromosome. Chr —
chromosome. Scale, 5 kb. Adapted with permission from Dr. Christel Krueger.
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Figure 4.17 ChIP-seq track, showing comparison of sequencing reads enrichment between all the samples. Sequencing reads are mapped against the
published genome sequence, GRCh38 v10.2; mRNA for selected genes is shown (top row). Mapped reads and mRNA are in red and blue, corresponding to
the two opposing DNA strands. NANOGP1-3xFLAG peaks are shown as grey blocks; peak calling used p<10” and p<10® parameters in ‘FLAG MACS 7’ and
‘FLAG MACS 9’, respectively. Scale at the bottom of the diagram represents position of the locus within the chromosome. Chr — chromosome. Scale, 4 kb
(top), 20 kb (bottom). Adapted with permission from Dr. Christel Krueger
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This ChiP-seq experiment contained only one replicate of NANOG ChiP-seq library, which was
intended to be a positive control for the experimental procedure. In order to be able to compare
NANOGP1-3xFLAG chromatin binding to that of NANOG, a published NANOG ChIP-seq dataset in naive
hPSCs was used as it had replicated data (Chovanec et al.,, 2021). The correlation between the
published ChlIP-seq dataset and the one produced in this study was strong (R=0.598), as shown in the

scatterplot in Figure 4.18.
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Figure 4.18 Scatterplot showing log2 RPKM quantitation of 1 kb genome tiles for NANOG ChiP-
seq data. NANOG ChlIP-seq in this study was performed on naive H9 NANOGP1-3xFLAG hPSCs;
NANOG ChIP-seq from Chovanec et al., 2021 was performed on naive H9 NK2 hPSCs. Tiles overlapping
the NANOG peaks from Chovanec et al., 2021 are shown in dark grey. Adapted with permission from
Dr. Christel Krueger.

Taking the intersect of two independent biological replicates, 467 NANOGP1 only peaks were
identified using MACS (Zhang et al., 2008), p<10°. Out of the 467 peaks, 383 (82%) overlapped with
NANOG peaks from Chovanec et al., 2021. These ‘shared’ peaks represent a small fraction (0.533%) of
the total number of all NANOG-bound sites (n=71923). Surprisingly, the remaining 84 NANOGP1-
bound sites did not overlap with NANOG, thereby defining NANOGP1-specific peaks (Figure 4.19).
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Figure 4.19 Scatterplot showing log2 RPKM quantitation of 1 kb genome tiles for NANOG (x-axis)
and NANOGP1 (y-axis) ChiP-seq data. Tiles overlapping NANOG only peaks are shown in dark grey,
NANOGP1-3xFLAG only peaks in dark violet and shared peaks in teal. Adapted with permission from
Dr. Christel Krueger.

Overall, NANOGP1 ChiP-seq helped to identify chromatin regions bound by both NANOG and
NANOGP1, which was expected based on the conservation of the DNA-binding homeodomain
between the two duplicates. Presence of NANOGP1 only peaks, however, was potentially concerning,
and is discussed below.

This thesis and Chovanec et al., 2021 used the same NANOG C-terminal antibody for ChiP-seq,
which was expected to bind both NANOG and NANOGP1 C-terminus. Therefore, it was concerning
that NANOGP1 only peaks were detected in our dataset but not in Chovanec et al., 2021. To test
whether NANOG was indeed absent from the NANOGP1 only sites, ChIP-seq signal over a 4kb signal
at NANOGP1 peaks was analysed. The figure below shows that in fact, a very small level of NANOG
can be detected in the NANOGP1 only peaks Figure 4.20, and the location of peaks follows the same
pattern in the NANOG ChiP-seq library generated in this study and the one made by Chovanec et al.,
2021. Some areas in the NANOGP1 only peaks, however, appear to be NANOG negative. Based on this
analysis, it is possible that existence of NANOGP1 only peaks reflects real biology, but it could also be
related to a technical artefact. Therefore, in my opinion, this dataset should be analysed further, but

with caution and treated as preliminary.
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Figure 4.20 Heatmap showing reference adjusted ChIP-seq signal across a 4kb window, centred on
the NANOGP1 peaks. Peaks were MACS called (Zhang et al., 2008) in naive hPSCs from this study
across NANOGP1 only, NANOG only and a control sample ‘Input_4’ datasets from this study, as well
as NANOG datasets from Chovanec et al., 2021. Adapted with permission from Dr. Christel Krueger.

In a further attempt to characterise NANOG only, NANOGP1 only and NANOG/NANOGP1
shared peaks, and to understand whether they could be different functionally, chromatin state
analysis was performed with help of ChromHMM software (Ernst and Kellis, 2012). In this analysis,
peak location data was compared with the annotated chromatin features such as, for instance, distinct
regulatory regions (active/inactive enhancers), inactive chromatin, or background. In this analysis,
annotation categories were taken from Chovanec et al., 2021. An additional control group was added
containing 1000 randomly selected 900 bp genomic windows, which mostly fell within the
background. As a result, the overall chromatin state profiles within NANOG, NANOGP1 and
NANOG/NANOGP1 shared peaks were found to differ between the systems (Figure 4.21). Compared
to a set of randomly-assigned peaks, NANOGP1 only and NANOG/NANOGP1 shared peaks were much
more likely to overlap with active promoters than other defined categories, whereas NANOG only
peaks were likely to be found in active and inactive enhancers (31% and 25%), as well as active

promoters (18%). Notably, 74% of NANOGP1 only peaks corresponded to the background, which could
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not be annotated by any particular regulatory pattern, while only 1% of the shared peaks was found
in the background, and the majority, 89% corresponded to active promoters. Similarly, only 7% of the
NANOG only peaks were found in the background, highlighting the general difference in the chromatin
state of the NANOGP1 only peaks compared to NANOG and NANOG/NANOGP1 categories. However,
it is important to note that in Chovanec et al. 2021, only a few histone marks were used to define
chromatin states. It is possible, therefore, that the NANOGP1 ‘background’ can be defined by other

markers that were not included in the original analysis.
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Figure 4.21 Heatmap showing peak locations with respect to chromatin states. Categories are from
the ChromHMM genome annotation for naive hPSCs in Chovanec et al., 2021. Numbers represent
percent peak centres falling into each chromatin state. Random — 1000 x 900bp randomly selected
genomic windows. Adapted with permission from Dr. Christel Krueger.

After analysing chromatin state profiles of the ChiP-seq data | concluded (provided that the
peaks are biologically meaningful and not artefacts) the possibility that NANOG only, NANOGP1 only
and NANOG/NANOGP1 shared binding may indeed have different functional properties. To further
characterise protein binding within these three peak categories, de novo motif search was performed

using Homer software. This analysis revealed one particular motif, highly represented among the
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NANOGP1 only and NANOG/NANOG1 peaks, compared to both NANOG only peaks and a random set
of 1000x900 bp genomic windows. NANOGP1 and shared motifs were strongly and significantly
enriched in the top motif for an overlap with the binding motifs of REST protein (p<1x10*? each; Chi-
squared test was performed) (Figure 4.22). REST is a repressor of neuronal fate in the non-neuronal

lineages (Schoenherr and Anderson, 1995).

2o CTETCCALLETACTCA

Figure 4.22 Diagram showing the resulting motif produced in de novo NANOGP1-3xFLAG motif
search. This coincides with the REST protein motif (Gertz et al., 2013). Letters represent the four DNA
nucleotides, A — adenine, T — thymine, G — guanine, C — cytosine. Size of each letter reflects its
abundance within the indicated position among all found motifs. Adapted with permission from Dr.
Christel Krueger.

All the other motifs bound by NANOGP1 found were insignificant (p>0.05; Chi-squared test),
with the exception of one other NANOGP1 only motif which had a significant p-value (p=0.01; Chi-
squared test), but the motif data was found in a ChiP-seq dataset that was not published or peer-
reviewed and therefore was not included here.

Since NANOGP1 only and NANOG/NANOGP1 peaks were overlapping with REST motif at a
significant level, it was important to check whether any other peak categories had a similar (or
different) REST motif representation. To do this, the percentage of peaks overlapping the REST motif
was quantified for each category. As a result, more than 35% of all NANOGP1 peaks, and 5% of shared
peaks, overlapped with REST motifs, compared to ~1% of NANOG-only peaks and <1% of random
genomic regions. Notably, 11% of REST ChIP-seq peaks (Gertz et al., 2013) overlap with REST motifs,
indicating that NANOGP1 is more often bound at sites containing a REST motif than REST itself (Figure
4.23).
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Figure 4.23 Bar plot showing percentage of peaks overlapping the REST motif. This bar plot
integrates data from two different cell types: NANOGP1 and NANOG binding to REST motifs in naive
hPSCs (this study), and REST binding REST motifs in primed hPSCs (Gertz et al., 2013; ChIP-seq). Total
peak numbers are indicated above the bars. Peak overlap data for each category was compared to a
random set (1000x900 bp genomic regions) using the Chi-squared test, p-values are p<1x10*?
(NANOGP1 and shared) and p<1x10?!? (NANOG); significance accepted at p<0.05. Adapted with
permission from Dr. Christel Krueger.

Interestingly, when REST ChIP-seq binding in primed H1 hPSCs was analysed (Gertz et al.,
2013), REST log2 RPM signal was also higher in the NANOGP1 binding sites, not only compared to the

shared and NANOG sites, but also to the majority of REST peaks themselves.
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Figure 4.24 Violin plot showing REST protein binding in primed H1 hPSCs. Values shown are log2 RPM
guantitation of 1 kb tiles overlapping ChIP-seq peaks. ChIP-seq data is from Gertz et al., 2013. REST
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peaks and a random set of 1000x900 bp regions were chosen for comparison. Median values are
shown as horizontal lines. Adapted with permission from Dr. Christel Krueger.

So far, the data demonstrated that NANOGP1 peaks were highly associated with REST motif
and REST chromatin binding, and also exhibited unique chromatin state profiles. If NANOGP1 only and
NANOG/NANOGP1 shared peaks were indeed functionally different from the NANOG only peaks, it
could have become visible during analysis of their respective target genes. To characterise their
potential target genes and to investigate whether they are united by any particular gene ontology
(GO) categories, GO analysis was performed for the NANOG only, NANOGP1 only and
NANOG/NANOGP1 shared predicted target genes, using Enrichr online tool.

At first, potential target genes were identified on the basis of their location within 10 kb of a
peak. From that list, genes were only included if a peak overlapped with the gene sequence or was in
its close proximity (0-500 bp). As a result, it was found that the majority of NANOGP1 only (86% out
of n=84) and NANOG/NANOGP1 shared (96% out of n=383) peaks overlapped with or were near genes.
In the case of NANOG only peaks, the starting number of them was so large (n=71,923), that a
randomly selected subset of 200 NANOG target genes had to be generated (also subsequently
applying ‘peak overlapping or near a gene, 0-500 bp’ filter). Notably, random n=200 lists of NANOG-
only targets were generated five times, and the results of their GO analysis were consistently similar;
therefore, only one list is shown below. As a result, NANOG only (n=200), NANOGP1 only (n=72) and
shared (n=366) predicted target genes were used in the GO analysis.

The GO analysis revealed that NANOGP1 only gene targets were found in three neural lineage-
associated terms, namely, Purkinje neurons, pyramidal cells and interneurons (Figure 4.25). These
three terms were (a) top ranked by p-value <0.05 and (b) the only terms identified that had adjusted

p-value <0.05.
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Figure 4.25 Bar chart showing neural cell types discovered in gene ontology (GO) analysis of
predicted NANOGP1-3xFLAG gene targets. X-axis — -log2-transformed p-values produced in the GO
analysis. Benjamini-Hochberg statistical test was applied, significance was accepted at p<0.05. Y-axis
— predicted targets of NANOG, NANOGP1-3xFLAG as well as their shared target genes.

GO analysis of the NANOG/NANOGP1 shared peaks identified genes that are overrepresented in PSCs,

dividing germ cells and, surprisingly, with a very low p-value, foetal natural killer T-cells (Figure 4.26).
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Figure 4.26 Bar chart showing cell types discovered in gene ontology (GO) analysis of predicted
NANOG/NANOGP1 shared gene targets. X-axis — -log2-transformed p-values produced in the GO
analysis. Benjamini-Hochberg statistical test was applied, significance was accepted at p<0.05. Y-axis
— predicted targets of NANOG, NANOGP1, as well as their shared target genes. NANOG only target GO
analysis did not produce any specific groups.

| also attempted to perform GO analysis on a list of predicted NANOG only target genes
(n=200). However, no meaningful GO categories were identified, likely due to such a high and versatile

number of NANOG only peaks.
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GO analysis results allowed me to hypothesise that NANOGP1 only binding could be
potentially functionally different from the protein binding in NANOG only and NANOG/NANOGP1
shared binding regions, based on such a noticeable difference between their predicted downstream
targets.

To further analyse the gene clusters described above, the Enrichr Clustergram tool was used
to check which genes and, more importantly, how many of them, drove the clustering. The ‘Neural
cell type’ cluster that was associated with the genes near to NANOGP1 peaks was found to be driven

by a group of eight genes (out of 72 in the gene set) (Figure 4.27).
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Figure 4.27 Heat map showing predicted NANOGP1 target genes that contributed to formation of
specific cell types in the gene ontology analysis.

Interestingly, the ‘Natural Killer T-cell group’ that was identified in genes near to shared peaks were
driven by a very large number of genes. The list contained more than 150 unique names, which was
almost half of all unique gene targets (n=366) of the shared NANOG/NANOGP1 peaks (

Figure 4.28).
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Figure 4.28 Heat map showing predicted NANOG/NANOGP1 target genes that contributed to

formation of specific cell types in the GO analysis. 1 — NKT cell (foetal), 2 — Mitotic germ cell (Foetal),
3 —-PSC.
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Finally, using the same gene lists as in the GO analysis above, NANOG, NANOGP1 only and
NANOG/NANOGP1 shared target gene expression was analysed in the naive t2iLGo hPSC RNA-seq
dataset, produced in this study (see Chapter 5). Here, shared gene targets were found to be expressed

at a much higher level compared to the NANOG-only and NANOGP1-only target genes (Figure 4.29).

e

15 s ——

10 1

Log2 RPM

_.1 0 -

NANOG NANOGP1 shared

Figure 4.29 Violin plots showing expression of predicted NANOG, NANOGP1 and shared
NANOG/NANOGP1 gene targets in the naive hPSCs. Data was taken from the RNA-seq dataset
produced in this study. Violin plots show mean gene expression for 72 NANOGP1-only, 366 shared and
a randomised set of 200 NANOG-only targets. Gene expression values are in Log2 RPM (read per
million). Individual values represent average of three biological replicates. Median and quartiles are
shown. ANOVA statistical test with Dunnett's multiple comparisons was performed (****p < 0.0005,
ns — not significant).

In summary, in this section, | used ChIP-seq in naive hPSCs to show that epitope-tagged

NANOGP1 has a small set of unique chromatin binding sites that do not overlap with NANOG
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occupancy, as well as a greater number of sites that are targeted by NANOGP1 and NANOG. Sequences
at NANOGP1 only peaks were strongly enriched for REST motifs, and re-analysis of published data
corroborated this finding by showing that a large proportion of NANOGP1 only peaks were bound by
REST in primed hPSCs. Predicted genes targets have roles associated with neuronal cells, in keeping
with the known function of REST to target neuronal genes in non-neural cell types. Most NANOGP1
binding sites were found in ‘background’ chromatin and active promoters. In contrast, the majority of
shared binding sites were found in active promoters, and their target genes were also significantly
higher expressed in naive hPSCs, when compared to NANOGP1 only and NANOG only target genes.
The data analysis here had certain limitations; for example, it was not clear whether the NANOGP1
only signal was absent in Chovanec et al, 2021, which used the same antibody. This will have to be
investigated further. If the data is indeed meaningful, it opens up a plethora of exciting new research
avenues. For instance, this would mean that NANOGP1 could have developed a NANOG-independent
way of regulating the neuronal differentiation, due to its high association with REST. The role of shared
peaks appeared to be associated with pluripotency and not differentiation, although presence of a
highly represented NKT-cell category in the GO analysis could mean that some other functional
divergence may become possible when NANOG and NANOGP1 interact. In any case, this section
demonstrated a valuable preliminary dataset, showing that NANOGP1 could be capable of binding
chromatin and therefore regulating gene expression, either in a manner similar to NANOG, or in a new

unknown way.

4.2.3 Investigating NANOGP1 homodimerisation and NANOGP1/NANOG heterodimerisation

NANOG is known to act as a dimer, and is also known to be capable of forming heterodimers
with other proteins (Section 1.3). Here, | aimed to investigate whether NANOGP1 could form dimers
as well. As mentioned above, there was no antibody available that would pick up endogenous NANOP1
in the naive context. Additionally, the epitope tagged lines (Section 4.2.1) contained only a small
proportion of cells with the epitope tagged NANOGP1. To study protein dimerisation, | needed a more
robust and high scale method that would allow extraction of large amounts of protein to be analysed
by size exclusion chromatography. To achieve this, | produced recombinant proteins in Sf9 insect cells
(Figure 4.30), followed by Ni*-NTA protein pull-down and AKTA size exclusion chromatography, and

Western blotting to assess protein interactions.
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R_ecombinant baculovirys NANOG functions as a dimer
carrying NANOGP1-FLAG-His/-HA

and NANOG-FLAG-His/-HA DNA

1. infection
2. expansion

3. protein

M’ NANOGP1 homodimerisation? NANOGP1/NANOG heterodimerisation?

S. frugiperda Sf9
linsect) cells

Figure 4.30 Summary of the recombinant protein assay, used to study the ability of NANOGP1 to
form homodimers and heterodimers with NANOG. N, C — N-terminus, C-terminus. HA, FLAG-His —
epitope tags. Dimerisation is indicated by red dotted lines.

The first goal was to clone NANOGP1 (isoform 1) and NANOG CDSs in frame with an epitope
tag (two constructs each, with HA and FLAG-His tags) into the bacmid DNA. The choice of tags was
based on the method itself: the protein labelled with a FLAG-His tag was to be pulled-down by a Ni*-
NTA column, and the protein labelled with HA could only be detected in the final Western blotting if
the proteins dimerise. Therefore, CDSs were first inserted into pBluescript plasmids to add the tags.
Tagged CDSs were then ligated into an entry vector, pEntr3c, and then into a constitutive expression
plasmid based on the destination vector pDest8. The expression vector was transformed into DH10Bac
E.coli where it was inserted into the bacmid DNA with help of an enzyme transposase. The approach
was based on standard Bac-to-Bac recombinant protein synthesis (Invitrogen). A detailed description

of this experiment can be found in Chapter 2. A cloning summary is shown in Figure 4.31.
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Figure 4.31 Summary of the cloning performed to generate epitope-tagged NANOGP1 and NANOG
protein. See Chapter 2 for detailed cloning description.
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Sall-CDS-Xbal, undigested

pBluescript-tag, Sall+Xbal digested

NANOG
NANOGP1

927bp—» «762bp

SalL+Xbal
(undigested)

Sall+Xbal

(undigested)
pBluescript-FLAG-His

pBluescript-HA
pBluescript-HA
pBluescript-FLAG-His

pBluescript-CDS-tag, bacterial colony genotyping with T7_F +T3_R primers PCR

pBluescript-NANOG-HA

1132bp—

pBluescript-NANOG-FLAG-His

< 1098bp

pBluescript-NANOGP1-HA

967bp

pBluescript-NANOGP1-FLAG-His

4 933bp

PENTR3c and pBluescript-CDS-tag, Sall+Notl digested

NANOGPI1-HA
NANOG-FLAG-His
NANOGP1-FLAG-His

Table 4.2 - continued on the next page
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PENTR3c-CDS-tag, attL1 + attL2 primers PCR

NANOGP1-HA NANOG-HA NANOGP1-FLAG-

His FLAG-His

@2345@2345‘@2345@

NANOG-

NANOG-
FLAG-His
2 3 4

‘_1410

Bacmid DNA + tag

NANOGPI-HA NANOG-HA | NANOGPI-FLAG-| NANOG-FLAG-
His His

2 @l 2 ® 1 2 ®l1 2 B

1

Table 4.2 Gel electrophoresis images showing sequential cloning validation steps for the
recombinant protein syntheis. See Chapter 2 for detailed cloning description.

After the bacterial culture selection, each bacmid DNA construct (NANOG-HA, NANOG-FLAG-
His, NANOGP1-HA and NANOGP1-FLAG-His) was individually used to transfect Sf9 insect cells. Each of
the four insect cell lines were expanded and the first baculovirus stock was extracted 5 days later (P1),
using culture centrifugation and supernatant filtering. Fresh insect cultures were then used to increase
the titer of the filtered baculovirus in two more rounds of infection (P2 -> P3), additionally validating

the synthesis of the recombinant protein in the insect cells using the Coomassie staining (Figure 4.32).

NANOG-HA P2
NANOG-HA P3

! NANOG-FLAG-His P2
NANOGP1-HA P2
NANOGP1-HA P3
NANOGP1-FLAG-His P2
NANOGP1-FLAG-His P3

j NANOG-FLAG-His P3

O
.32( olo 0

0 n S

Figure 4.32 Bright-field image of the Sf9 insect culture used in recombinant protein synthesis (left).
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Coomassie staining of a PAGE-SDS gel, showing presence of the recombinant protein in insect
cultures used for producing of P2 and P3 viral stock (right). Scale, 100 um. Proteins of interest are
indicated by red rectangles.

Baculovirus P3 stocks were then used in different combinations (described below) to infect a
large volume of fresh insect cell culture. In this step, | aimed to produce a large quantity of co-
expressed recombinant proteins. Therefore, cell pellets were collected and snap frozen 2.5 days post-
infection, prior to the virus-induced cell lysis that would have destroyed the cells carrying the protein-
encoding constructs, as well the protein itself.

To create the different combinations, equal volume fractions of the P3 viral stock were combined
to produce cell cultures that synthesised two proteins at the same time. The protein combinations

used here were:

NANOG-HA + NANOG-FLAG-His
NANOGP1-HA + NANOGP1-FLAG-His
NANOG-HA + NANOGP1-FLAG-His

P W bpoR

NANOG-FLAG-His + NANOGP1-HA

Cell culture #1 was used as a positive control sample, validating whether NANOG protein can
homodimerise in insect cells, as would be expected. Cell culture #2 was used to determine the ability
of NANOGP1 to homodimerise. Cell cultures #3 and #4 were used to reciprocally analyse any potential
heterodimerisation between NANOGP1 and NANOG.

Proteins from the pellets were extracted and passed through a gravity column with Ni2+-NTA
beads to bind His-tagged proteins. If dimerisation was occurring between the pair of proteins co-
expressed by the insect cells, then the HA-tagged protein would also have been pulled-down during
the His-tag isolation, and both proteins would bind to the column. After a series of washes, the
proteins in the column were eluted in imidazole/glycerol-based buffer.

Eluted protein samples were analysed by size exclusion chromatography using an AKTA Pure
system. The output of this experiment is typically a chromatogram with multiple peaks. Depending on
the size and elution time of each peak | was able to detect (a) presence of the protein of interest (POI)
in the sample, (b) its size, (c) its amount and (d) formation of POl dimers or other aggregates. A POl at
approximately the size of tagged NANOG and NANOGP1 proteins would be expected to generate a
peak in the ~70 ml fraction as a monomer (Figure 4.33). Dimerised proteins would produce a larger
peak that is separated from the monomeric peak in earlier fractions. The imidazole peak at the end of
the extraction is used as a counter ligand in size exclusion chromatography, binding to metal ions and

later being displaced by His-tagged proteins. Eventually, imidazole leaves the column, in the ~120 ml
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fraction. Larger peaks shown in the POl example graph below (specifically the 41-57 ml fractions)
represent experimental artefacts, likely involving protein aggregates that are stuck in the column or

larger non-specific protein complexes.

Protein yield example
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171
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Fractions, ml

Figure 4.33 Example of a size exclusion chromatogram for purification of cell lysate solution, using
the AKTA Pure system. X-axis, fractions produced by the AKTA system, in ml. Y-axis, absorbance, in
mAU (milli-absorbance unit). POl — protein of interest. Data generated with a collaborator, Katie
Mullholland (unpublished).

Unfortunately, when purifying the protein samples containing tagged NANOG and NANOGP1,
an unexpected technical obstacle was encountered: even though each pellet had been produced from
2 L of log-phase insect cell culture, very little protein was bound to the beads within the column.
Instead, most of the protein aggregated and remained on top of the column. In an attempt to
eliminate this technical obstacle, the following adjustments were made: increasing/decreasing protein
sample incubation time, adding/removing triton in the lysis buffer, as well as attempting to adjust the
amount of resin used in the experiment. However, none of the above improved the protein yield.
Therefore, the experiment was continued albeit with a smaller amount of protein than expected
initially. At the AKTA purification step, another issue was encountered: the proteins that were bound
to the column also seemed to aggregate while being passed though the size exclusion system, leaving
most of the protein sample as an aggregate that was separated in one of the early fractions and is
visible as one large peak on the spectrum (37-45 ml fractions). Despite these technical issues, in the
NANOGP1-FLAG-His + NANOGP1-HA protein pull-down sample it was possible to distinguish two small

peaks at the expected sized of a monomer and dimer (Figure 4.34),
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Figure 4.34 Size exclusion chromatogram showing two protein peaks obtained in analysing
NANOGP1-FLAG-His+NANOGP1-HA lysate. Peak 1 and peak 2 indicate two protein peaks of different
size. Artefact represents a protein aggregate that was not separated during the size-exclusion
chromatography. X-axis, fractions produced by AKTA system, in ml. Y-axis, absorbance, in mAU (milli-
absorbance unit).

Fractions corresponding to these two peaks in the NANOGP1-FLAG-His + NANOGP1-HA co-
expression samples were collected, purified and analysed separately by Western blotting (Figure
4.35). The protein represented by Peak 2 (smaller size protein/protein complex) produced a signal
when probed with the C-terminal NANOG antibody, and by the FLAG antibody, but not with the HA
antibody. This protein was therefore concluded to be a NANOGP1 monomer (a faint HA signal in Peak
2 is due to the slight overlap between Peaks 1 and 2 as it was impossible to identify a clean boundary
between them). The protein represented by Peak 1 (larger protein/protein complex) reacted with
antibodies against NANOG, FLAG and, importantly, HA, and was therefore concluded to represent the
NANOGP1 homodimer. This result showed that recombinant NANOGP1 was capable of

homodimerising when expressed in insect cells.
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Figure 4.35 Zoomed in view of the the size exclusion chromatogram (Figure 4.34), showing two
separate protein peaks (left) and a Western blotting image of the two samples corresponding to
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these peaks (right). X-axis, fractions produced by AKTA system, in ml. Y-axis, absorbance, in mAU
(milli-absorbance unit).

The quality of AKTA size exclusion chromatography performed on the remaining three
samples was lower than that of NANOGP1-FLAG-His + NANOGP1-HA sample. Due to the very low
amount of protein obtained in the pull-down step and a relatively large aggregate forming in one of

the early fractions, it was impossible to distinguish two or more separate peaks (Figure 4.36).
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Figure 4.36 Size exclusion chromatogram of NANOGP1-FLAG-His + NANOG-HA, NANOG-FLAG-His +
NANOG-HA and NANOG-FLAG-His + NANOGP1-HA lysates. Peak 1 - possible individual protein peak.
Artefacts represent protein aggregates. X-axis, fractions produced by AKTA system, in ml. Y-axis,
absorbance, in mAU (milli-absorbance unit). Vertical red lines separate the artefact peak from the area
were the protein peaks separated by size were expected to be.

Nevertheless, the fractions where the peaks would have been present, and the artefact
aggregate peak fractions, were collected and analysed by Western blotting. As a result, | was able to

detect the following:

1. The NANOG-FLAG-His + NANOG-HA sample reacted with NANOG, FLAG and HA
antibodies, confirming the expected pattern of NANOG homodimerization.

2. The NANOGP1-FLAG-His + NANOG-HA samples: Peak 1 reacted with NANOG and FLAG
antibodies, and Peak 2 reacted with NANOG and HA antibodies.

3. The NANOG-FLAG-His + NANOGP1-HA sample: Peak 1 reacted with NANOG and FLAG
antibodies, and Peak 2 reacted with NANOG and HA antibodies.
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These results demonstrated that, in all cases, an HA-tagged protein was pulled-down with the
FLAG-His-tagged protein, showing that recombinant NANOGP1 is capable of homodimerisation and
also of heterodimerisation with NANOG. Due to the technical complications described above, it was
not possible to analyse all four samples on the same Western blotting gel (as shown in Figure 4.37)
and therefore the data obtained from the four separate blots were combined and summarised in
Figure 4.37. All protein bands were of expected size and in line with the predicted protein separation

shown in the Western blotting schematic below.
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Figure 4.37 Summary of NANOGP1 and NANOG recombinant protein experiment; western blot
schematic (left). Western blotting results obtained for the four insect cell lysates (right). 50 kDa and
37 kDa — two main marker bands used for distinguishing NANOG and NANOGP1 proteins by size.
NANOG, NANOGP1, FLAG-tag, HA-tag were detected by NANOG C-term, NANOG C-term, anti-FLAG
and anti-V5 antibodies, respectively.

In summary, in this final section | demonstrated that recombinant NANOGP1 protein (isoform
1) is capable of forming homodimers, as well as heterodimers with NANOG. Due to technical
complications, it was not possible to perform size exclusion chromatography on all samples or quantify
the data. Nevertheless, these results led to a conclusion that NANOGP1 has preserved the functional
property to form homo- and heterodimers, supporting my main hypothesis that it could function and

dimerise with other proteins in the same way NANOG does.
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4.3 Discussion

Here | discovered that endogenous NANOGP1 can form a stable, full-length protein. This
finding rejects the model for NANOGP1 activity and potential function that was proposed by Booth
and Holland in 2004. According to their study, NANOGP1 was most likely to use a truncated ORF, which
would terminate translation only several amino acids into the protein synthesis. Based on this,
databases, such as Ensembl, classified NANOGP1 as non-protein-coding. My results suggest that this
classification should now be updated.

In order to be able to detect endogenous NANOGP1, it had to be ectopically tagged, since no
antibodies would have been able to distinguish it from NANOG. The successful tagging was replicated
by using two different HDR templates, V5 and 3xFLAG, each additionally repeated twice in
independent cell lines. Importantly, the crRNA sequence was chosen to provide good specificity to
targeting the start codon of NANOGP1 compared to NANOG. However, the epitope tagging
experiment produced another unexpected result: as seen in Figure 4.12 the molecular weight of the
NANOGP1 protein was larger than originally expected. It is possible that the protein had undergone
post-translational modifications. Also, as mentioned in Section 3.2.5, it was not clear where the
NANOGP1 mRNA would terminate. Thus, it was only assumed that the stop codon would be the same
as that of NANOG, while the NANOGP1 3’-end in fact contained six additional stop codons downstream
of the predicted one. Overall, this could affect the size of the NANOGP1 protein and where its final
domain would terminate. Nevertheless, the ability to be detected by the C-terminal NANOG antibody
and the inability to be detected by the N-terminal NANOG antibody collectively means that the overall
predicted domain structure of the NANOGP1 protein was correct. Therefore, | have confidence that
despite NANOG and NANOGP1 having very similar structure and sequences, the tagged protein
described here is NANOGP1, not NANOG.

After discovering that NANOGP1 encodes a protein, | proceeded to investigate its chromatin
binding profile in naive hPSCs. The dataset produced had several uncertainties, such as very strong
association of NANOGP1 only peaks with REST binding, which was not detected by the NANOG C-
terminal antibody, expected to bind both NANOG and NANOGP1. Additionally, it was not clear
whether NANOGP1 and NANOG were co-binding (as dimers) in the shared peaks, or that both were
capable of binding the shared motif but did not interact with each other. Finally, less than 500
NANOGP1 peaks vs. 70,000+ NANOG peaks were identified. The low efficiency could be attributed to
the heterogeneous cell population and/or the target detection method (antibody targeting an epitope
tag vs. endogenous protein, respectively). To improve the quality of NANOGP1 ChiP-seq, | propose
several possible approaches. First, it would be highly beneficial to tag NANOG and perform its ChlIP-

seq the same way as the ChiP-seq of NANOGP1 was conducted in this study. This way we would be
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able to eliminate the bias of comparing a signal produced by a tag antibody vs a signal produced by a
protein-specific antibody. This could also improve the quality of statistical analysis as it might improve
the ratio between NANOG and NANOGP1 peaks. Moreover, another tagging experiment could be
performed, using another sequence - HA, for instance - followed by testing if the same REST-specific
peaks could be observed. Finally, it would also be interesting to attempt to ‘cut out’ the NANOGP1-
tag locus, use these cells in ChiP-seq and check whether the REST-associated peaks disappear. It would
also be interesting to perform a mass spectrometry and/or co-immunoprecipitation analysis of the
NANOGP1 pull-down sample and identify what proteins it interacts with, i.e., can we actually detect
REST and/or NANOG there?

Nevertheless, we can still hypothesise that the ChiP-seq data had biological significance. If so,
it could mean that the presence of uniqgue NANOGP1 binding with a divergent chromatin state profile
reflected that NANOGP1 had developed new protein interactions and properties that are not present

for NANOG.

What could those novel protein interactions be? To answer this question, it is first important
to discuss the known, as well as predicted, protein interactions of NANOG. In primed hPSCs, NANOG
directly interacts with a SMAD2/3 complex and guides it to the promoters of pluripotency-associated
genes, which eventually become transcriptionally activated, in response to the NANOG/SMAD binding
(Vallier et al., 2009). In the alternative scenario, when NANOG is absent, SMAD2/3 instead binds to
the promoters of differentiation-associated genes, which promotes stem cell differentiation. How
NANOG interacts with SMAD2/3 proteins is poorly understood, although one study identified a
SMADA4-like domain in the N-terminus of NANOG (Hart et al., 2004). This let me hypothesise that the
interaction could be occurring via that region and, interestingly, this region overlaps with the
NANOGP1 N-terminal deletion. However, more importantly, it is not currently known whether this
interaction is two- or one-sided. Does the SMAD2/3 complex also affect where NANOG can bind? If it
does, then NANOGP1 protein would not be regulated in the same manner because the SMAD4-like
domain is absent from its truncated N-terminal sequence. Collectively, this could mean that NANOGP1
was excluded from an important (hypothetical) expression regulation pathway and, possibly, has
other proteins regulating its expression.

In my opinion this hypothesis is promising, but is still only an assumption, mostly based on
secondary evidence and, therefore, this would have to be tested in future experiments. One such
experiment could involve testing whether SMAD2/3 proteins overlap with the NANOGP1-only peaks.
This could be performed by cross-comparing NANOGP1, NANOG and SMAD2/3 ChiP-seq datasets.

It is also important to note that the NANOG/SMAD2/3 interaction, on which the hypothesis is

based, was studied in primed hPSCs (Vallier et al., 2009), and not much has been known for a while
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about TGF-B/ACTIVIN/NODAL/SMAD signalling in naive hPSCs. However, a recent study discovered
that the TGF-B/ACTIVIN/NODAL signalling pathway, required for maintenance of human primed
pluripotency, is active and also important in the naive state. A study by Osnato and colleagues
demonstrated that downstream effector proteins of TGF signalling, SMAD2/3, have common binding
sites in naive and primed hPSCs, including at the promoters of pluripotency-associated genes.
Additionally, most TGF pathway components are also expressed in naive and primed hPSCs at a similar
level (Osnato et al., 2021). Therefore, it is possible that the SMAD2/3 complex interacts with NANOG
(and cannot interact with NANOGP1) in the naive hPSC context as well, and hence, the hypothesis
described above could be applied to the naive hPSCs too.

The hypothesis is summarised in Figure 4.38.

ACTIVIN/NODAL

cell membrane

nucleus

NANOG modulates SMAD2/3 binding

MAD2/3) Differentiation genes @@ Pluripotency genes

Does SMAD2/3 modulate NANOG binding?
NANOGP1 is unable to bind SMAD2/3?
NANOGP1 binding # NANOG binding?

)

Figure 4.38 Diagram showing the interaction between NANOG and SMAD2/3 complex, and the
hypothesis regarding the NANOGP1 interaction with the complex.

Partial deletion of the N-terminus of NANOGP1 could have led to it developing new protein
interactions and, consequently, novel chromatin binding patterns. Alternatively, the novel interaction
could be influenced by the S285N substitution mutation within the NANOGP1 transactivation domain.
Finally, other unknown processes could have caused this protein-protein interaction.

The data shown in this chapter suggests that REST might be one of the major protein

interactions NANOGP1 could be involved in. This however does not mean that REST itself is a novel
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interactor for NANOGP1, because REST is known to interact with NANOG as well. In primed hPSCs,
REST is regulated by OCT4/SOX2/NANOG and although REST is not essential for maintenance of
pluripotency, REST is needed for regulating cell survival (Thakore-Shah et al., 2015). Mouse ESCs
studies have also demonstrated that REST is regulated by OCT4/NANOG/SOX2, and moreover, Nanog
itself is the direct target of Rest (Johnson et al., 2008; Loh et al., 2006). Finally, NANOG and REST were
shown to directly interact at the protein level in mouse (Johnson et al., 2008; Wang et al., 2006).
Published literature shows that REST had developed the ability to independently interact with a vast
array of different proteins, such as CoREST, N-CoR, mSin3A, SCP and others, via both its N-terminal
and C-terminal domains (Lunyak and Rosenfeld, 2005). These interactions are normally involved in
restricting the neural fate in non-neural lineages.

Collectively, this shows that REST is a protein with a large interactome, and is also deeply
integrated into the pluripotency network. Being a protein that developed an ability to interact with a
large number of cellular factors, it would not be surprising if it developed an ability to interact with
NANOGP1. If that were true, it would open up new possible interactions for NANOGP1, present in a
complex, ‘gathered’ by REST, and potentially not involving NANOG (an instead, for instance,
interacting with NANOG in a different complex). Therefore, NANOGP1 could have become involved in
the restriction of neural lineage development at a new, NANOG-independent level. This could be
supported by the detection of neural-lineage associated genes as potential targets of NANOGP1 in the

NANOP1 only binding peaks.

In this chapter, | showed that NANOGP1 can dimerise with itself, as well as form heterodimers
with NANOG, outside of the naive context. This was tested using recombinant and tagged NANOGP1
isoform 1, which means that such a result was not completely unexpected, as the key domain
mediating the dimerisation activity is conserved in the predicted NANOGP1 structure. It is still unclear
whether NANOGP1 can dimerise with NANOG in the naive context. This of course could be a technical
limitation that would require optimisation of the co-immunoprecipitation experiment in naive hPSCs.
It is also possible that that NANOG/NANOG, NANOG/NANOGP1 and NANOGP1/NANOGP1 dimers
have different stability, or that NANOG:NANOGP1 dimers simply cannot form a complex. Overall, this

was one of the unexpected results that will have to be investigated in the future.

In conclusion, here | showed that NANOGP1 encodes a protein in naive hPSCs, and could have
overlapping, but not completely identical chromatin binding properties, with NANOG. Recombinant
NANOGP1 was also shown to be capable of dimerising with itself and with NANOG, likely due to the

conserved dimerisation domain. Overall, this chapter supports the hypothesis that NANOGP1 is a
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conserved copy of NANOG. Other potential functional similarities of NANOG and NANOGP1 are tested

further in Chapter 5.
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5 Investigating NANOGP1 function in
naive hPSCs
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5.1 Introduction

5.1.1 Background

After discovering that NANOGP1 protein is present in naive hPSCs, | next aimed to investigate
whether it has any functional roles in establishing or maintaining naive pluripotency. The ancestral
copy of the pseudogene — NANOG — has several known functions in naive hPSCs, such as, for instance,
restricting naive hPSCs from upregulating some trophectoderm-lineage markers (Guo et al., 2021) and
reprogramming primed hPSCs towards the naive state when overexpressed with KLF2 (Takashima et
al., 2014; Theunissen et al., 2014). Here, these two aspects of NANOG functionality were tested in
relation to NANOGP1. Another interesting property of Nanog, shown in mouse, is an ability to regulate
its own expression via autorepression (Navarro et al., 2012). Here | also test whether NANOGP1, as
well as NANOG, have the same autorepressive function in naive hPSCs.

A recent study has shown that cultures of NANOG-deficient naive hPSCs upregulate several
trophectoderm lineage marker genes, thereby revealing a potentially crucial role for NANOG in
maintaining naive pluripotency (Guo et al., 2021). However, the dynamics of the transcriptional
response following NANOG perturbation, and the effect on gene expression programmes beyond
individual marker genes, has not been examined. Moreover, because NANOGP1 potentially binds to
shared and unique genomic sites (Section 4.2.2), and has conserved protein sequence and expression
profiles (Section 3.2), it is important to establish whether the loss of NANOGP1 expression also leads
to cell differentiation.

Since the predicted NANOGP1 protein encodes a functional homeodomain that is identical to
that of NANOG at the amino acid sequence level (Section 3.2.5), | also hypothesise that NANOGP1
could be capable of inducing primed-to-naive hPSC reprogramming when ectopically expressed.

Ectopic Nanog overexpression in mouse serum-free ESCs (equivalent of naive hPSCs) leads to
the transcriptional repression of endogenous Nanog expression by an unknown mechanism that
involves NANOG binding within a 5 kb region upstream from its gene sequence (Navarro et al., 2012).
Section 3.2.7 demonstrated that the 5 kb region upstream of NANOGP1 is conserved between NANOG
and NANOGP1 and was likely created during the tandem duplication event. This led me to hypothesise
that in addition to potentially conserved autorepression function that NANOG and NANOGP1 could
have in naive hPSCs, they could also repress the expression of each other, due to the highly conserved

duplicated putative promoter region.
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5.1.2 Aims

1. Design and validate RT-qPCR primers to distinguish NANOG and NANOGP1 expression.
2. Study the role of NANOGP1 in naive hPSCs using a gene expression downregulation
approach.

3. Investigate NANOGP1 function in human pluripotency using gene overexpression assays.

5.2 Results

5.2.1 Distinguishing between NANOG and NANOGP1 RNA expression in hPSCs

To be able to distinguish between NANOGP1 and NANOG expression in hPSCs, two RT-gPCR
primer pairs were designed for both genes. The primer pairs for NANOGP1 and NANOG were designed
to bind to the same regions in their respective sequences but that had sufficient sequence diversity.
In total, each primer pair had at least five nucleotide mismatches to provide target-specific binding

and amplification (Figure 5.1).

NANOGP1F1  NANOGP1F2

7

4

NANOGP1 R1,1 . NANOGP1R2

NANOG F1: NANOG F2

" NANOG R1,< - NANOG R2

et NANOGP1 F1 NANOGP1 F2 NANOGP1 R1
NANOGP1 1>?,TGAGTGTGGATCCAG_TG-:trcCMAGCATCTGAGTGTAAAGACTGGTcz;::NFGMGMAnuu
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Figure 5.1 Schematic showing NANOGP1 and NANOG RT-qPCR primer design. Binding sites for the
primer pairs are indicated by arrows (top) and highlighted in blue (NANOGP1) and grey (NANOG) at
the bottom of the figure. F1/2, R1/2 — forward and reverse primer orientation in their respective
primer pairs. Mismatching nucleotides are in red. Exon 1 is shown as blue and black blocks, and 5’-
UTR as a pink block. 5" and 3’ indicate the nucleotide sequence orientation. Start codon is labelled as
a green vertical line.

After the primers were synthesised, they were tested in four different hPSC lines: one primed
(H9), and three naive (CR-H9, NK2-H9 and HNES1) (Figure 5.2). Both primer pairs produced the
expected result: NANOG expression was ~4-fold higher in the naive lines compared to the primed,
while NANOGP1 expression was ~20-fold higher in the naive state, similar to the previously observed
differences between the expression patterns of these two genes (Chapter 3). These values were
obtained by averaging the gene expression values obtained using the two primer pairs for NANOG and
NANOGP1. RT-qPCR results produced by the primer pairs NANOG_PP1 and NANOGP1_PP1 were more
consistent between the tested biological replicates then their corresponding PP2 pairs, therefore,

NANOG_PP1 and NANOGP1_PP1 were used further in this study. The primers were further validated

by gene-specific knockdown and overexpression experiments that are described later in this chapter.
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Figure 5.2 Bar charts showing NANOG and NANOGP1 RNA expression in three naive and one primed
hPSC lines. RT-gPCR values are relative to HMBS expression values. Individual replicates (n=2 or n=3)
and mean % SD are shown. ANOVA with Dunnett’s multiple comparison test was performed (p < 0.05
(*), p <0.005 (**) and p < 0.0005 (***)); ‘primed H9’ was used as a control.

5.2.2 Development, validation and application of NANOGP1 loss of function approach

In this section, gene mis-regulation assay CRISPRi was used to study NANOGP1 function. This
section therefore describes the development and validation of NANOG and NANOGP1 knockdown

systems, and their successful application in naive hPSCs.
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5.2.2.1 NANOGP1 expression downregulation shows that the pseudogene is not required to

maintain naive pluripotency

5.2.2.1.1 CRISPRi gene expression knockdown approach

To investigate whether NANOGP1 has a role in maintaining the naive state, the transcriptional
response and dynamics following the depletion of NANOG or NANOGP1 in naive hPSCs were studied
using a CRISPR interference (CRISPRi)-based approach.

The CRISPRi gene downregulation system used in this study was developed in Gilbert et al.,
2013, Gilbert et al., 2014 and Kearns et al., 2014, and successfully applied in primed hPSCs in Mandegar
et al., 2016. Briefly, it involves the destablised Cas9 protein (dCas9) fused with a KRAB domain,
mediating transcriptional repression. The destablised nuclease is unable to cut DNA, and instead, is
used to recruit the KRAB protein to the TSS of the target gene by site-specific guide RNA (gRNA) (Figure
5.3).

site-specific
target gRNA

\/

co-transfection

| transcription respression

gene of interest

gRNA-guided
DNA binding

Figure 5.3 Diagram describing the CRISPRi dCas9-iKRAB gene expression downregulation tool. TSS —
transcription start site. gRNA — guide RNA. dCas9 — destabilised Cas9.

In the hPSCs that | used (cell line CRISPRi Gen1B), a KRAB-dCas9-P2A-mCherry sequence is
integrated into the AAVS1 safe-harbour locus and is doxycycline-inducible (Mandegar et al., 2016).
Additonally, the AAVS1 locus also contained a G418/neomycin resistance-encoding gene, and an
reverse tetracycline-controlled transactivator (rtTa) sequence, that were driven by constitutive PGK

and CAG promoters, respectively (Figure 5.4).
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Figure 5.4 Diagram illustrating the AAVS1 locus and the dCas9-iKRAB construct structure (top) and
the mechanism of the induced gene expression downregulation (bottom). Kl — knock-in. 5’"HA, 3’HA
— 5’ and 3’ homology arms. Neo — neomycin. rtTa — transactivator. PGK, CAG, TRE/TetON — promoters.
P2a — self-cleaving peptide. Dox — doxycycline.

Adapted from Mandegar et al., 2016.

5.2.2.1.2 CRISPRi NANOG and NANOGP1 gRNA design

Based on Mandegar et al., 2016, not all gRNA molecules are equally efficient at inducing target
gene knockdown. Therefore, | generated several gRNA designs, including gRNAs that were specific for
either NANOG or NANOGP1, or that took advantage of sequence conversation to target both genes
(Figure 5.5). In this way, the former two gRNAs were designed to create single gene expression knock-
downs, and the latter gRNAs to create double gene expression knock-down. To ensure that the
efficiency of gRNA is as high as possible, | only tested gRNAs that were designed to bind within the
+150 bp range of their respective TSSs (Mandegar et al., 2016). The designed gRNA sequences were
cloned into a pgRNA-CKB constitutive expression plasmid (Mandegar et al., 2016) and were validated
by Sanger sequencing. pgRNA-CKB vector contains a constitutive promoter CAG, driving the
expression of gRNA, fluorescent reporter mKate2 and a blasticidin-resistance gene (Mandegar et al.,

2016).
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Figure 5.5 Schematic showing NANOGP1 and NANOG CRISPRi gRNA design. gRNA binding sites are
indicated by arrows (top) and highlighted in blue (NANOGP1), grey (NANOG) and pink (shared) at the
bottom of the figure. T/NT indicates the coding strand. Mismatching nucleotides are in red. Exon 1 is
shown as blue and black blocks, and 5’-UTR as a pink block. 5" and 3’ indicate the nucleotide sequence
orientation. Start codon is labelled as a green vertical line. TSS — transcription start site (predicted
based on the computational analysis, Section 3.2.5). UTR — untranslated region. ATG — start codon.
gRNA+N, where N is distance from the gRNA to its target transcription start site.

5.2.2.1.3 CRISPRI: blasticidin kill curve for naive and primed CRISPRi hPSCs

Before transfecting hPSCs with the pgRNA-CKB plasmids, | had to plan a selection method to
be able to detect cells carrying pgRNA-CKB. The study by Mandegar and colleagues used 10 pg/ml
blasticidin concentration for the plasmid selection in primed hPSCs, however the required
concentration for naive CRISPRi hPSCs was unknown. Therefore, | optimised the protocol to be used

in the naive cells for the first time. First, to identify the appropriate blasticidin concentration, a
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blasticidin kill curve was created for both naive and primed hPSCs (Figure 5.6). In each case, CRISPRi
hPSCs lacking the pgRNA-CKB were treated with blasticidin at five different concentrations for five

days, then imaged and counted using Countessa Cell Counter and trypan blue.
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Figure 5.6 Blasticidin kill curve in the naive and primed hPSCs: linear graph (top) and microscope
images (bottom). Mean SD is shown, n=2. ANOVA with Dunnett’'s multiple comparison test was
performed (ns — non-significant, p < 0.005 (**), p < 0.0005 (***), p < 0.00005 (****)); ‘0 ug/ml’ was
used as a control.
Scale, 100 um.

As a result, 5 pg/ml and 10 pg/ml blasticidin concentrations were determined to cause death
of >90% of both naive and primed hPSCs. Therefore, to ensure that the gRNA-transfected naive cell
lines were not overly stressed by the antibiotic selection and also to ensure that the antibiotic

resistance system could deal with the treatment, in the experiments described later in this chapter, |
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decided to use blasticidin at 7.5 pg/ml concentration for naive hPSCs in combination with Y-27632.
CRISPRi primed hPSCs were treated with 10 pg/ml blasticidin and Y-27632 as described in Mandegar
et al., 2016. The resulting selected cell lines were predicted to contain ~10% WT cells and potentially
some cells that might silence the plasmid; to eliminate those, | also planned to flow-sort the cells by

the expression of mKate2 reporter, encoded by the plasmid.

5.2.2.1.4 CRISPRI: hPSC transfection protocol optimisation

As a next step, | had to decide which WT cell line - naive or primed - was to be used for the
cell transfection. NANOGP1 was demonstrated to be highly expressed in the naive state and |
therefore aimed primarily to study its function in that context. Therefore, transfecting pgRNA-CKB
plasmids into naive cells would provide a more direct route, but the alternative option was to
reprogramme transfected primed cells into the naive state. Based on a series of transfection tests |
performed during the course of this project, naive hPSCs always exhibited a significantly lower
transfection efficiency than the primed lines. An example of such efficiency difference is shown in

Figure 5.7.
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Figure 5.7 Flow cytometry scatterplots showing efficiency of transfecting naive and primed hPSCs
with a constitutive GFP-encoding vector. X-axis shows GFP fluorescence. SSC — side scatter. Percent
of GFP-positive cells is indicated in the top/bottom right corner of each scatterplot. This experiment
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was performed >3 times, one representative example is shown here.

To test whether the same is observed in the naive and primed CRISPRi hPSC lines, they were
transfected with the gRNA-encoding plasmids (Figure 5.8). As before, the efficiency of the naive

CRISPRi hPSC transfection was significantly lower than that of the primed cells, <1% vs. >10%,

respectively.
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Figure 5.8 Flow cytometry contour plots showing efficiency of transfecting naive and primed CRISPRi
hPSCs with a pgRNA-CKB plasmid. X-axis shows mKate2 fluorescence. SSC — side scatter. Percentage
of mKate2-positive cells is indicated in the tables. This experiment was performed 2 times in the naive
hPSCs and 7 times in the primed hPSCs, two representative examples are shown for each cell state.
The gates were drawn based on mKate2 fluorescence of naive WT CRISPRi hPSC sample (left) and
primed WT CRISPRi (right). Naive WT CRISPRi hPSCs were observed to have a notably high level of
autofluorescence, the exact reason remained unknown.
5.2.2.1.5 CRISPRIi cell line generation in primed hPSCs

Based on the results of the assays described above, | performed the initial transfection of
gRNA-encoding plasmids into primed hPSCs. After transfecting the primed CRISPRi hPSCs with
individual gRNA-encoding plasmids, blasticidin selection and flow-sorting were performed as
described above. When the selected cell lines were expanded, they contained 92-98% mKate2* cells,

which was sufficient for further experiments. Examples of mKate2+ cell population profile before and

after cell line selection are shown in Figure 5.9.
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Figure 5.9 Flow cytometry histograms showing mKate2 reporter expression in the selected and non-
selected CRISPRi lines. gRNA +N, where N is distance from the gRNA to its target transcription start
site. This experiment was performed for each transfected cell line, three plots are shown as an
example. Bsd — blasticidin.

As a next step, | aimed to test the responsiveness of the transfected cells to doxycycline. First,
| tested which doxycycline concentration is optimal for primed CRISPRi hPSCs. Primed CRISPRi WT
hPSCs were treated with 0.25 uM, 0.5 uM and 1 puM doxycycline for 24 h, and mCherry reporter
expression was analysed by flow cytometry. All of the tested concentrations induced the reporter
expression in 99.9% of cells (Figure 5.10). Doxycycline at 1 uM was used in all of the subsequent assays

that involved primed CRISPRi hPSCs.
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Figure 5.10 Flow cytometry scatterplots showing efficiency of doxycycline (Dox) induction in primed
CRISPRi hPSCs. X-axis shows mCherry fluorescence. SSC-A — side scatter area. Percent of mCherry-
positive cells is indicated in the top right corner of each scatterplot. This experiment was performed 3
times, one representative example is shown here.

As a next step, selected and expanded CRISPRi cells that expressed the gRNA plasmid were
induced with 1 uM doxycycline for 24 h. It was not possible to completely distinguish the mKate2+
from the mKate2+/mCherry+ populations due to the two fluorophores being detected in the same
channel on the flow cytometer. Nevertheless, it was clear that the majority of cells in the selected

populations responded efficiency to doxycycline by inducing their mCherry expression (Figure 5.10).

178



CRISPRi primed WT
D CRISPRi primed WT + DOX

@ 1 ' 96.2% mCherry*
T : \
£
o |8
©
s
c | &
Q|
|k
= |s
B c
-
c
3
Q
()
.153 0 0 1n4‘ 1[75
CRISPRi primed WT
] CRISPRi primed g+116
[C] crisPRi primed g+116 + DOX
@ 97.4% ~ 83.8%mKate2"
< |28 1 mKate2 mCherry*
Z | € /
%2
o |2
&
5 |5
S | £
<2( c
€
<3
)

10 o 10 10t 10°

Ex. 561nm Em. 610/20

CRISPRi primed WT
[C] CRISPRi primed g+18
D CRISPRIi primed g+18 + DOX

100 mKate2"
mKate2?, Cher{y‘

0 =

&0 =

20

NANOG gRNA
Count normalised to mode

TR AR
10" v 0° 0 0

Ex. 561nm Em. 610/20

CRISPRi primed WT
[] CRISPRi primed g+148
[C] CRISPRi primed g+148 + DOX

10— 84.2
1 mKate2*

57.6%mKate2”
mCherry"

80—

20—

Shared gRNA
Count normalized to mode

Ex. 561nm Em. 610/20

CRISPRi primed WT
[C] CRISPRi primed g+119
] CRISPRi primed g+119 + DOX

CRISPRi primed WT
[C] CRISPRi primed g+57
] crisPRi primed g+57 + DOX

100 = 98.9%
mkKate2

75.8%mK§te2‘
mcCherry*
/

0o = 97.1%

" mKate2"

84.7%mKate2”
mCherry*

Count normalised to mode
Count normalised to mode

* s 10 0

Ex. 561nm Em. 610/20

10 ] 10 0t i0® 10

Ex. 561nm Em. 610/20

CRISPRi primed WT
[[] CcRisPRi primed g-51
] crisPRi primed g-51 + DOX

P 95.4% _ 87.9%mKate2”
_g mKate2 mCherry*
Q /
E wH
a
8
T e
R
©
E 40 =
o
=
‘E‘ 20 =
>
5]
O o
T T Ty T
.|lJj a 1EIJ m‘ |05
Ex. 561nm Em. 610/20
CRISPRi primed WT

[] CRISPRi primed g+120

[ CRISPRi primed g+120 + DOX
© Ton 4 98.6%  80.7%mKatez"
18 1 mKate2 mc“e;ry*
E w-
=]
2
T -
B
©
E 0=
o
o
“E 20—
=]
=
O

a 3

10 1wt 10°

o
Ex. 561nm Em. 610/20

-10

Figure 5.11 Flow cytometry histograms showing mKate2 and mCherry reporter expression in the
selected CRISPRi lines. g+N, where g is ‘gRNA’ and N is distance from the gRNA to its target
transcription start site. This experiment was performed once for each transfected cell line. Ex. 561nm
— excitation wavelength. Em. 610/20 — emission spectrum. DOX — doxycycline.
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One of the NANOGP1-specific lines, which contained the gRNA +57, did not expand at the
same rate as the other six lines, even after repeated transfection of the plasmid into the WT cell line,
suggesting a possible issue with the vector itself. Therefore, that line was disbanded and the remaining
six lines were tested further.

As a next step, | aimed to test the efficiency of each individual gRNA. The CRISPRi hPSC lines
were treated with doxycycline for four days, after which the expression levels of NANOG and

NANOGP1 were assayed by RT-qPCR using the gene-specific primers that | previously optimised.
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Figure 5.12 Bar charts showing the efficiency of expression downregulation in NANOG, NANOGP1
and NANOGP1/NANOG primed CRISPRi hPSCs in mTeSR Plus culture medium. RT-qPCR values are
relative to HMBS expression. Individual replicates (n=2/n=3) and mean + SD are shown. T-test for each
+/- DOX pair was performed (p < 0.05 (*), p < 0.005 (**), p < 0.0005 (***), p < 0.00005 (****)). gRNA
+N, where and N is distance from the gRNA to its target transcription start site.

Both of the NANOG-targeting lines were very efficient, and the NANOG transcription level was
downregulated by >90% compared to the non-induced control. Interestingly, in both cases, the levels
of NANOGP1 changed in the opposite direction, and its expression levels were ~2-fold higher than the
non-induced controls. CRISPRi gRNA +18 resulted in stronger NANOG expression knockdown
compared to gRNA -51; the former was therefore chosen to be used in the subsequent assays. The
efficiency of the NANOG expression downregulation at the protein level was also assessed and
confirmed by Western blotting (Figure 5.13). Moreover, downregulating NANOG in primed hPSCs led
to a change in cell morphology and subsequent cell differentiation (Figure 5.13), in line with previously

published data (Vallier et al., 2009).
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Figure 5.13 Western blotting image (top) and microscope images (bottom) showing the efficiency of
the NANOG expression downregulation in primed gRNA+18 CRISPRi hPSCs. NANOG-specific band is
at 37kDa. bands. HSP90 — loading control. DOX — doxycycline. Scale, 100 um.

In the shared-target lines, the target expression was downregulated, however, none of the
gRNAs had the same efficiency against both NANOG and NANOGP1 when compared to the NANOG-
specific CRISPRi hPSCs. It is likely to be challenging to establish a double knock-down line in the future,
since NANOGP1 appears to get upregulated during a good NANOG expression knock-down.

The two NANOGP1-specific cell lines produced the same result, but with two different
efficiencies. The efficiency of gene expression downregulation and consistency between the replicates
in CRISPRi gRNA +116 hPSCs was lower than those of CRISPRi gRNA +119. Indeed, the latter exhibited
a significant reduction in NANOGP1 expression level by Day 4, ~90%, and was comparable with the
efficiency of the NANOG-specific lines. Of note, CRISPRi gRNA +119 exhibited some downregulation of
NANOG levels as well, ~20% compared to the non-induced control. However, after inducing the cell
line for 6 days, no change of cell morphology/differentiation phenotype was observed (Figure 5.14),
suggesting that the NANOG downregulation was not sufficient to induce differentiation. At that stage,
it was not clear whether the reduction was a consequence of NANOGP1 downregulation or an off-
target effect, and whether the same would be observed in naive hPSCs. However, as the reduction
was significantly lower compared to that of NANOGP1 (~20% vs ~90%), this line was chosen to be
tested further in the naive context and, if successful, to study the consequences of NANOGP1

expression downregulation.
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Figure 5.14 Microscope images showing the cell morphology phenotype of the induced and non-
induced primed gRNA+119 CRISPRi hPSCs. DOX — doxycycline. Scale, 100 um.

In summary, two CRISPRi cell lines were taken forward, one targeting NANOG and one
targeting NANOGP1. No double NANOG/NANOGP1 knock-down cell lines were found suitable for

further experiments due to the inefficient expression downregulation.

5.2.2.1.6  CRISPRi: primed-to-naive cell reprogramming and system validation

Both primed cell lines were then reprogrammed into the naive state. Here, two different
protocols were used: chemical resetting (VPA) and 5i/L/A (Guo et al., 2017; Theunissen et al., 2016).
After more than 5 attempts to reprogramme the transfected and WT CRISPRi lines, the chemical
reprogramming method was found to be inefficient and did not produce viable dome-shaped colonies.
We think this is something specific to the CRISPRi line because the protocol works well for us when
reprogramming other hPSC lines. In contrast, the 5i/L/A method was significantly more efficient and
was used to generate NANOG- and NANOGPI1-specific CRISPRi lines (Figure 5.15). After this, the
reprogrammed lines were treated with 7.5 ug/ml blasticidin to eliminate any potential plasmid

silencing that occurred during the reprogramming.

CRISPRi chemical reprogramming CRISPRi 5i/L/A reprogramming

Figure 5.15 Microscope images illustrating the efficiency of the two primed-to-naive hPSC
reprogramming methods in CRISPRi hPSCs. Pluripotent colonies are indicated by white arrowheads.
Scale, 100 um.
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To verify that the naive cell lines did not undergo AAVS1 locus silencing and remain responsive
to doxycycline treatment, the cells were induced by 1 nM, 10 nM, 100 nM, 500 nM and 1 pM
Doxycycline for 24 h. In this experiment, it was important to ensure that as many cells as possible are
capable to express dCas9-KRAB, this way ensuring a stable and consistent gene expression knock-
down. Interestingly, even though the latter three concentrations were significantly more efficient than
1 nM and 10 nM, none were able to induce mCherry reporter expression in 99.9% of cells, as was

observed earlier when the same assay performed in primed hPSCs (Figure 5.16, Figure 5.10).
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Figure 5.16 Flow cytometry scatterplots showing efficiency of doxycycline (Dox) induction in naive
CRISPRi hPSCs. X-axis shows mCherry fluorescence. SSC-A — side scatter area. Percent of mCherry-
positive cells is indicated in the top right corner of each graph. This experiment was performed 1 time
for all concentrations (shown here) and >3 times for the 1 uM Dox.

In order to overcome this, mCherry positive cells were separated from the mCherry negative
population by flow sorting after brief treatment with doxycycline, expanded and analysed by flow
cytometry again (this was performed twice). However, this did not fully eliminate the problem, and a
subpopulation of naive CRISPRi hPSCs re-appeared that did not respond to the induction. Comparison

of naive and primed CRISPRi hPSC reporter induction is shown in Figure 5.17.
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Figure 5.17 Flow cytometry histograms showing the difference between the mCherry reporter
expression in naive (right) and primed (left) isogenic CRISPRi hPSCs. Dox — doxycycline.

Another approach to eliminate this non-responsiveness was to treat the naive cells with G418,
in case the AAVS1 locus did undergo silencing. The naive CRISPRi hPSCs were treated with the G418
at 3 different concentrations: 150 ng/ul, 200 ng/ul and 300 ng/ul in two different experiments. In one
experiment, the cells were grown on feeders and were treated with the antibiotic for 12 days, followed
by a two-day doxycycline induction. The second experiment had a longer timeline (20 days of G418
treatment and four days of doxycycline induction), as well as feeder-free naive cell culture conditions.
Using the prolonged antibiotic treatment and a feeder-free culture allowed me to obtain a cell line
where >75% expressed mCherry after the Doxycycline treatment, which was consistent with the

amount of mCherry+ colonies observed under a fluorescent microscope. (Figure 5.18, Figure 5.19).
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Figure 5.18 Flow cytometry histograms showing the G418 treatment of naive CRISPRi hPSC in naive
culture medium t2iLGo. DOX — doxycycline. CRISPRi WT (no gRNA) hPSCs were used for optimising
the approach.
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Figure 5.19 Fluorescence and bright filed (BF) microscope images illustrating mCherry reporter
expression in the primed and naive CRISPRi hPSCs. Scale, 100 pum.

After establishing cell lines with the sufficient number of doxycycline-responsive cells, | aimed
to test the efficiency of gene expression knock-down in the reprogrammed lines, i.e., to check whether
the plasmids did not get silenced during the reprogramming. To test this, NANOG- and NANOGP1-
specific lines were induced with doxycycline for four days in t2iLGo naive medium. This caused
efficient and specific gene expression knockdown, whereby NANOG transcripts were reduced by ~80%

and NANOGP1 levels by ~90% (Figure 5.20). Moreover, the levels of NANOG protein were also strongly
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reduced after two days of doxycycline treatment (Figure 5.21). Importantly, no significant NANOG
expression downregulation was observed in the NANOGP1 CRISPRi (Figure 5.12). Similarly, NANOG
CRISPRi did not significantly alter NANOGP1 RNA levels.
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Figure 5.20 Bar charts showing the efficiency of expression downregulation in NANOG and
NANOGP1 naive CRISPRi hPSCs in naive culture medium t2iLGo. RT-gPCR values are relative to HMBS
expression and normalised to Day 4 sample. Individual replicates (n=3) and mean + SD are shown. T-
test for each +/- DOX pair was performed (ns — nonsignificant, p < 0.00005 (****)). DOX — doxycycline.
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Figure 5.21 Western blotting image showing the efficiency of NANOG protein expression
downregulation in NANOG naive CRISPRi hPSCs in naive culture medium t2iLGo. NANOG-specific
band is at 37kDa. DOX — doxycycline. HSP90 — loading control.

5.2.2.1.7 CRISPRi NANOG and NANOGP1 expression downregulation analysed by RNA-seq
After validating the CRISPRi cell lines, | set up a nine-day time course experiment, during which

the NANOG- and NANOGPI1-specific CRIPSRi cell lines were induced and harvested at defined
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timepoints throughout the assay. By day 9 of doxycycline treatment, NANOG CRISPRi cell cultures
were completely differentiated, with abundant flat, trophectoderm-like colonies, while, in contrast,

NANOGP1 CRISPRi colony morphology remained undifferentiated and domed-shaped (Figure 5.22).

NANOG KD NANOG KD
Day 0 Day 9 + DOX

NANOGP1 KD NANOGP1 KD
Day 0 Day 9 + DOX

Figure 5.22 Microscope images showing cell morphology of NANOG and NANOGP1 naive CRISPRi
hPSCs on Day 0 and Day 9 + DOX in naive culture medium t2iLGo. DOX — doxycycline. KD — expression
knockdown. Scale, 100 um.

Defined time points were harvested in each experiment (Day 0, Day 2, Day 4, Day 6 and Day 9
in CRISPRi NANOG hPSCs, and Day 0, Day 2, Day 4, Day 9 CRISPRi NANOGP1 hPSCs; n=3). The samples
were analysed by RNA sequencing, obtaining 14-35 million reads per sample. Correlation scores were
all >0.95 for each pairwise replicate of the same sample.

Transcriptional changes reflecting cell differentiation were clearly observed in the NANOG
expression downregulation experiment, as shown in the PCA plot below (Figure 5.23). At the same
time, all NANOGP1 samples, both induced and non-induced, clustered in approximately the same area

(Figure 5.23).

187



PC2 (15%) PC2 (16%)
|:| .NANOGPT Day 4 + DOX

" L NANOGP1 Day 4

<+ DOX ‘“ ‘NANOGPf Day 2 + DOX

S N \ 3 9
. . l .NANOG Day 9 NANOG Day 9 + DOX
D - . NANOGR1 Day 2 :
NANOGP1 Day|0
“.. NANOG Day 6 + DOX

NANOG Da K
0G Day 0 . o[NANOGPT Day 9

K [l /OGP Day 8 + DOX
i =
- .

.NANOG Day 6
- NANOG Dal 4 NANOG Day 6 + DOX

NANOG Day 2

-«0{ NANOG Day 0

“. W newodpaye ° [
-40 .
NANOG Day 9 + DOX

no DOX .. .| +DOX
50 e NANGG Day 2 + DOX NANOG Day 4 + DOX
Bl | VanoGDay9

75 100 125 150 50 25 [ 25 50 75 100 125 150

-5 -50 -25 o 25 50
PC2 (60%) PC2 (48%)

Figure 5.23 PCA plots showing transcriptional differences between NANOG and NANOGP1 CRISPRi
hPSCs analysed by RNA-seq. PC1 (x-axis) vs. PC2 (y-axis) are shown. Each data point is an average of
n=3.

Over the nine-day time course, NANOG downregulation caused the naive cells to differentiate,
as evidenced by the reduction in the expression of naive and core pluripotency factors including KLF17,
SOX2 and POUS5F1 (Figure 5.24). The changes in gene expression were apparent after two days of
CRISPRi induction. Genes associated with the trophectoderm lineage, such as GATA2, GATA3, CDX2,
ESRRB and TACSTDZ2, were upregulated in the knockdown samples starting from day 2 and continued
to increase in their expression up to the day 9 endpoint. In contrast to CRISPRi NANOG hPSCs, induced
CRISPRi NANOGP1 hPSCs did not exhibit the same transcriptional changes, maintaining similar profiles
throughout the time course. Interestingly, the uninduced CRISPRi NANOG hPSCs samples showed a
slight increase in GATA2, GATA3, and CDX2 expression during later stages of the time course. This had
likely occurred due a prolonged cell culture during the time course, which was suboptimal in terms of
the cell culture method, but necessary to assess the effect of NANOG downregulation within one

passage.
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Figure 5.24 Bar charts showing RNA-seq expression values for pluripotency genes and
trophectoderm lineage markers in NANOG and NANOGP1 naive CRISPRi hPSCs. Gene expression is

in Log2 RPM (reads per million) and is normalised to Day 0. Mean £SD (n

3) is shown. One-way ANOVA

with Tukey’s multiple comparisons test was performed (ns — nonsignificant, p < 0.05 (*), p < 0.005

(**), p < 0.0005 (***), p < 0.00005

**%%)). Within each graph, Day 2 was compared to Day 2 + DOX,

(

doxycycline. KD — expression knockdown.

and so on. DOX

Day 4 —to Day 4 + DOX,

Nevertheless, both NANOG KD and NANOGP1 KD had a substantial number of differentially expressed

genes: a total of 8474 genes when comparing NANOG control versus knockdown samples at Day 9,

and 1599 genes when comparing NANOGP1 control versus knockdown samples at Day 9 (Figure 5.25).
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Figure 5.25 Scatterplots showing differentially expressed (DE) genes in NANOG and NANOGP1 naive
CRISPRi hPSCs. DE genes were filtered by statistical test (DeSeqg2 in SeqMonk), p<0.05. DE genes are
in blue, other genes are in grey. DE genes were identified in the RNA-seq analysis. DOX — doxycycline.
KD — expression knockdown.

To further characterise the differentiation phenotype, the RNA-seq dataset was compared to
single cell transcriptomes from cultured human embryos (Xiang et al., 2020). The analysis was
performed with the help of Maria Rostovskaya (Babraham Institute). The results show that cells
undergoing NANOG downregulation, starting from Day 4 of the induction, cluster very closely to the
developing trophectoderm and cytotrophoblast, In contrast, the non-induced samples and earlier
time points (Day 0 and Day 2 + DOX) cluster closer to the pre- and early post-implantation epiblast
(Figure 5.26). This validates the identity of the differentiated cells that are induced following NANOG
expression knockdown. In addition, the induced CRISPRi NANOGP1 samples are similar to the non-
induced samples, and cluster with the epiblast, demonstrating that the reduction in NANOGP1
expression is not sufficient to disrupt the transcriptome of naive pluripotent cells or cause
trophectoderm differentiation. The results of the assay are shown in the PCA plot below (Figure 5.26).
Interestingly, NANOGP1 KD (+/- DOX) and NANOG KD (- DOX) did not plot in the same location when
analysed separately. This is likely to some internal transcriptional changes between the two cell lines
that were not characterised in the thesis. This would require future investigation. However, when
these samples are plotted together they completely overlap, which led to a conclusion that these

samples do not undergo differentiation towards the trophectoderm lineage.
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Figure 5.26 PCA plots, comparing NANOG and NANOGP1 naive CRISPRi hPSCs to human embryo
transcriptome data. DOX — doxycycline. KD — expression knockdown. All datasets — Xiang et al.,
NANOG KD, NANOGP1 KD. ICM —inner cell mass. TE —trophectoderm. CTB — cellular trophoblast. EVT
— extravillous trophoblast. STB — syncytiotrophoblast. PreEPI — preimplantation epiblast. PostEPI —
post-implantation epiblast. PostEPI-Gast — gastrulating stage. PostEPI-AME — post-implantation
amniotic sac. AME — amniotic sac. Hs — human dataset. PC3 (x-axis) and PC4 (y-axis) are shown.

Lastly, | investigated whether NANOGP1 might regulate the expression of the predicted
NANOGP1 target genes that were identified in the earlier ChIP-seq experiments (Section 4.2.2). | found
that the vast majority of NANOGP1-only gene targets were not differentially expressed following
NANOGP1 knockdown. Only three genes out of 72 were significantly altered: PNPLA6 was
upregulated, and GABRD and DLGAP3 were downregulated (Figure 5.27). Thus, in these cell culture
conditions, NANOGP1 is not required to maintain appropriate expression levels of the identified target

genes.
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Figure 5.27 Scatterplot showing differentially expressed (DE) genes in naive NANOGP1 CRISPRi
hPSCs (left). Expression of three, differentially expressed, predicted NANOGP1 targets in the
NANOGP1 CRISPRi RNA-seq dataset is shown in the heatmap (right). DE genes were filtered by
statistical test (DeSeq2 in SeqMonk), p<0.05. DE genes, identified in the RNA-seq analysis, are in blue,
other genes are in grey. DOX — doxycycline. Predicted NANOGP1-only targets found among the DE
genes are in red. Higher gene expression is in red, lower is in blue. Data is row-normalised. Rep1, rep2,
rep3 —individual RNA-seq replicates.

Interestingly, out of 366 predicted shared targets, 43 were classified as differentially
expressed genes in the NANOGP1 KD dataset, and 91 genes in the NANOG KD dataset Figure 5.28.
Seventeen of the differentially expressed predicted target genes were shared between the NANOG
and NANOGP1 expression knockdown datasets (Figure 5.28). No common gene expression pattern
was found among these shared predicted targets: some targets were upregulated both in NANOG and

NANOGP1 KD, some were downregulated, and some exhibited opposite expression patterns.
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Figure 5.28 Scatterplots showing differentially expressed (DE) genes in NANOGP1 and NANOG naive
CRISPRi hPSCs (left). Heatmap showing gene expression patterns of the DE NANOG/NANOGP1
targets found in both datasets (right). Scatterplots: All DE genes identified in the RNA-seq analysis are
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in blue, other genes are in grey. DE genes were filtered by statistical test (DeSeq2 in SeqMonk), p<0.05.
DE NANOG/NANOGP1 target genes are in red. DOX — doxycycline. KD — expression knockdown.
Heatmap: blue — downregulated in + DOX, red — upregulated in + DOX (generated in Excel; only shows
whether the gene was upregulated or downregulated)

In summary, in this section | developed and validated functional NANOG and NANOGP1
CRISPRi naive hPSCs. For the first time, this thesis captures the transcriptional dynamics that are
induced following the silencing of NANOG expression in naive hPSCs. The findings also demonstrate
that NANOG-depleted naive cells exit the pluripotent state and differentiate towards trophectoderm,
and that the resulting cells have transcriptomes that cluster with developing trophectoderm cells in
the embryo. Unlike for NANOG, the downregulation of NANOGP1 expression in naive hPSCs did not
lead to cell differentiation, thereby, unlike NANOG, NANOGP1 is not required for maintenance of naive
pluripotency. Over the time course following NANOGP1 knockdown, the number differentially
expressed genes increased, including several of the predicted unique and shared NANOGP1 target
genes, although the expression changes were typically fairly small.

Overall, in this section | demonstrated that while downregulating expressions of NANOG in

naive hPSCs causes loss of pluripotency, this function is not conserved for NANOGP1.

5.2.2.2 Development, validation and application of NANOGP1 overexpression methods in naive

hPSCs

Nanog has an autorepressive function in mouse (Navarro et al., 2012). In this section, by
overexpressing NANOG and NANOGP1 in the naive medium t2iLGo | aimed to test whether they have
the same autorepressive properties in human. Additionally, by overexpressing NANOGP1 during
formative capacitation (Rostovskaya et al., 2019), | aimed to check whether its downregulation in
primed hPSCs is required and whether the overexpression would interfere with the cell fate transition.
Finally, | tested whether NANOGP1 could promote primed-to-naive reprogramming when it is
overexpressed together with KLF2 in t2iL, similar to NANOG (Takashima et al., 2014).

Summary of the experiments performed in this section can be found in Figure 5.29.

TetON-NANOGP1-GFP TetON-NANOGP1-GFP
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»
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Figure 5.29 Diagram showing the summary of NANOGP1 overexpression assays in the naive and
primed hPSCs. See details below.

5.2.2.2.1 TetON-rtTa induction system: cell line generation
Gene overexpression constructs used in this section were doxycycline-inducible, and used a
TetOn-rtTa induction system (Figure 5.30), similar to the one utilised by the CRISPRi lines described in

the previous sections.

TetON MRNA TetON

X

Figure 5.30 Diagram illustrating the mechanism of TetON induced gene overexpression rtTa —
transactivator. CAG, TRE/TetON — promoters. dox — doxycycline. FR — fluorescent reporter.

To create a NANOGP1 overexpressing cell line, primed H9 hPSCs were transfected with three
plasmids: i) TetOn-NANOGP1-GFP, ii) pCAG-rtTA-puro® and iii) a transposase-encoding pCMV-pBase.
Here, | created overexpression lines for all three NANOGP1 isoforms, labelled as 1-1, 1-2 and 1-3. After
transfection and puromycin-resistance selection, the NANOGP1-1, NANOGP1-2 and NANOGP1-3
inducible overexpression cell lines were treated briefly with 1 pM doxycycline and flow sorted for GFP
expression. The resultant cells were expanded in the absence doxycycline, then treated with 1 uM
doxycycline for 24 h and analysed by flow cytometry to examine transgene induction. More than 96%

of the cells in the population were GFP+, demonstrating robust and stable transgene overexpression

194



(Figure 5.31). After analysing these cell lines by Western Blotting, | concluded that all cell lines were

able to generate a stable protein, with all three isoforms (Figure 5.32).
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Figure 5.31 Flow cytometry histograms showing GFP reporter expression in the selected and sorted
TetON-NANOGP1-GFP primed hPSCs. This experiment was performed twice for each line, one
representative example is shown. Percent of GFP-positive cells is indicated. ‘Non-induced’ peak is in
black, ‘induced’ peak is in green.
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Figure 5.32 Western blotting image showing the efficiency of NANOGP1 protein overexpression in
TetON primed hPSCs in primed culture medium mTeSR. NANOGP1-specific bands are at 28kDa. DOX
—doxycycline. Actin — loading control.

Similar to CRISPRi, the overexpression system was to be used in the context of naive hPSCs
and therefore | needed to reprogramme the primed cells. As a control, a NANOG-overexpressing cell
line was also generated and reprogrammed, using the same method as described above.

To simplify the experiment, only one NANOGP1 overexpressing line was reprogrammed
(isoform 1). The other cell lines were frozen and stored for future experiments (Section 5.2.2.5). This
cell line, as well as TetOn-NANOG-GFP were successfully reprogrammed using chemical

reprogramming (Guo et al., 2017)(Figure 5.33).
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Figure 5.33 Microscope images showing naive inducible overexpression NANOG and NANOGP1-1
hPSCs in t2iLGo. Scale, 100 um.

To establish suitable and uniform protein overexpression levels, both lines were treated with
1 uM doxycycline for 48 h and flow sorted into three populations each, based on the level of GFP
expression as a proxy for transgene levels: GFP low, GFP medium and GFP high (Figure 5.34). GFP low
and GFP high cell populations were frozen and stored, while GFP medium cells were used in further

experiments.

10 10'

10’ GFP low GFPmed GFP high

Autofluorescence 640nm
8,
Autofluorescence 640nm

10° 10* 10? 10° 10*

GFP 488nm GFP 488nm

Figure 5.34 Flow cytometry scatterplots showing the cell sorting experiment of TetON-NANOG-GFP
(left) and TetON-NANOGP1-1-GFP (right) naive hPSC lines.

After expanding the GFP-medium NANOG overexpression (OE) and NANOGP1 OE cells lines in
the absence of doxycycline, the cells were induced for 72 h and the protein expression levels were
assayed by Western Blotting (Figure 5.35). The overexpressed protein level was deemed suitable,

therefore, these cells were used in the further experiments
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Figure 5.35 Western blotting images showing the efficiency of NANOG and NANOGP1 protein
overexpression by the naive GFP™ TetON hPSCs in t2iLGo medium. NANOG-specific band is at
37kDa. NANOGP1-specific band is at 28kDa. DOX — doxycycline. HSP90 — loading control.

5.2.2.3 Does NANOGP1 have an autorepressive and/or dominant negative function in the naive

hPSCs?

To test whether NANOG and NANOGP1 have a conserved autorepressive function in human
naive pluripotency, doxycycline-inducible TetON-NANOG-GFP and TetON-NANOGP1-GFP hPSCs were
used (see above). An additional aim of this experiment was to test whether NANOGP1 has any
dominant negative control over NANOG. | hypothesised that the dominant negative effect would be
plausible if overexpressing NANOGP1 in the naive culture conditions leads to a similar effect as
downregulating NANOG in the naive culture conditions (see CRISPRi in Section 5.2.2).

Naive chemically-reset H9 hPSCs, overexpressing NANOG or NANOGP1 (two separate cell
lines), were induced for 18 h and 72 h in t2iLGo naive media condition. The efficiency of
overexpression was confirmed by highly elevated GFP levels in the induced samples at both time

points.
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Figure 5.36 Bar charts showing GFP expression in NANOG and NANOGP1 naive TetOn hPSCs in naive
culture medium t2iLGo. RT-gPCR values are relative to HMBS expression and normalised to 72 h +
DOX sample. Individual replicates (n=3) and mean % SD are shown. One-way ANOVA with Tukey’s
multiple comparisons test was performed (p < 0.05 (*), p < 0.005 (**), 0.0005 (***), p < 0.00005
(****)); DOX — doxycycline.
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Overexpressing NANOG and NANOGP1-1 led to the downregulation of both endogenous
NANOG and NANOGP1 genes already by 18 h, and this effect was maintained at the 72 h time point
(Figure 5.37). These results establish that NANOGP1 has an autorepressive effect on its own
expression, as well as on NANOG. It is interesting to highlight that NANOG also represses NANOGP1,

showing that the repressive effect if mutual.
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Figure 5.37 Bar charts showing NANOG and NANOGP1 endogenous expression in NANOG and
NANOGP1 naive TetOn hPSCs in naive culture medium t2iLGo. RT-qPCR primers were designed to
bind endogenous RNA only. RT-gPCR values are relative to HMBS expression and normalised to 18 h
sample. Individual replicates (n=3) and mean % SD are shown. One-way ANOVA with Tukey’s multiple
comparisons test was performed (p < 0.005 (**), p < 0.00005 (****)). DOX — doxycycline.
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Other transcriptional changes were observed among pluripotency genes: the naive factor
KLF4 and the core pluripotency factor OCT4 were downregulated following the overexpression of
NANOGP1 and NANOG. In contrast, the expression levels of two other naive pluripotency factors,
DPPA3 and KLF17, instead increased in the induced samples. The cause of these transcriptional

changes would require further investigation.
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Figure 5.38 Bar charts showing pluripotency gene expression in NANOG and NANOGP1 naive TetOn
hPSCs in naive culture medium t2iLGo. RT-gPCR values are relative to HMBS expression and
normalised to 18 h sample. Individual replicates (n=3) and mean + SD are shown. One-way ANOVA
with Tukey’s multiple comparisons test was performed (ns — nonsignificant, p < 0.05 (*), p < 0.005
(**), 0.0005 (***), p < 0.00005 (****)); DOX — doxycycline.

Plausible dominant negative effect of NANOGP1 was addressed in this section, but some
aspects remained not fully understood. If NANOGP1 had a complete dominant negative control over
NANOG, | would have expected the NANOGP1 OE cells to undergo the same changes as those that
happen during the knockdown of NANOG. My earlier experiments using CRISPRi NANOG KD hPSCs
showed that one of the hallmarks of loss of NANOG function in naive hPSCs is the downregulation of
KLF17, which occurs within 2-4 days following NANOG knockdown (Figure 5.24). In NANOGP1 OE,
KLF17 is instead, upregulated after 72 h of overexpression, which is the opposite to what would have

been expected. Also, during NANOG downregulation, the expression of OCT4 does not exhibit any

significant change, whereas in NANOGP1 OE the expression is noticeably lower compared to the non-
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induced control after 18 h of overexpression. Therefore, since these results do not match what was
predicted to happen, | concluded that the dominant negative effect is likely not present. However,
this experiment had certain limitations that do not allow a definite conclusion. The OE of NANOGP1
was shorter than the NANOG KD time course (3 d vs 9 d), and it is possible that other changes would
have been visible if OE was more prolonged. Additionally, while on Day 4 NANOG KD did not have a
significant effect on the expression level of NANOGP1, in NANOG OE and NANOGP1 OE the two
duplicates show a very strong suppression of each other’s and their own transcription. Therefore, it
might be challenging to explore one specific function during such a prominent NANOG/NANOGP1
downregulation phenotype. Based on the data available, | conclude that the dominant negative effect
over the NANOG function likely does not exist, however, further experiments would be required to
confirm this.

In summary, this section demonstrated that both NANOG and NANOGP1 have an
autorepressive function in naive hPSCs, previously shown in mouse ESCs. This is the first evidence
proving that NANOGP1 has a conserved NANOG-like property in naive hPSCs, supporting my
hypothesis of their overlapping roles. Moreover, the data demonstrated that NANOG and NANOGP1
regulate each other, which additionally emphasised their similarity. Other transcriptional changes

observed in the overexpression experiments would require further investigation.

5.2.2.4 Is the downregulation of NANOGP1 required for hPSC capacitation?

NANOGP1 expression levels are elevated in naive compared to primed hPSCs, as shown in
Section 3.2. In keeping with this, | found that NANOGP1 expression significantly decreases during
naive-to-primed state transition (termed capacitation) (Rostovskaya et al., 2019), while the opposite
is observed during primed-to-naive reprogramming (Collier et al., 2017) (Figure 5.39). This expression
pattern is reminiscent of a naive pluripotency transcription factor, such as KLF17, whereas NANOG
expression is more constant and does not change to the same extent between primed and naive hPSCs

during these cell fate transition experiments (Figure 5.39).
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Figure 5.39 Bar charts showing RNA-seq expression values for NANOG, NANOGP1 and KLF17 in
primed-to-naive reprogramming (a; Collier et al., 2017) and capacitation (b; Rostovskaya et al.,
2020) experiments. Gene expression is in Log2 RPM (reads per million) and is normalised to Day 0.
Mean £SD (n=3) is shown. One-way ANOVA with Dunnett’s multiple comparisons test was performed
(ns — nonsignificant, p < 0.05 (*), p < 0.005 (**), p < 0.0005 (***), p < 0.00005 (****)). ‘Primed’ and
‘Day 0" were used as controls. H9 and HNES1 — naive hPSC lines.

Here | tested whether preventing the normal downregulation of NANOGP1 during naive-to-
primed capacitation could impede the transition in cell state. To achieve this, | maintained NANOGP1
OE naive hPSCs in the presence of doxycycline to sustain high levels of NANOGP1 during the
established capacitation protocol. This protocol uses N2B27 base medium supplemented with XAV939
which normally promotes formative transition by supressing Wnt signalling in the course of 14 days

(Rostovskaya et al., 2019). During the 14-day capacitation time course, NANOGP1 overexpression was
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stable and was also maintained in all cells, as demonstrated by the GFP RT-qPCR and flow cytometry

analysis (Figure 5.40)-
no DOX
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Figure 5.40 Line graphs (left) and flow cytometry histogram (right) showing GFP expression during

Relative to HMBS and
normalised to Day 14 + DOX
Normalised to mode

Day0 Day 1l Day 2 Day 3 Day4 Day> Day & Dayld

the capacitation time course. DOX — doxycycline. Line graph: RT-gPCR values are relative to HMBS
expression and normalised to Day 14. Individual replicates (n=3) and mean + SD are shown. One-way
ANOVA with Sidak’s multiple comparisons test was performed (ns — nonsignificant, p < 0.05 (*), p <

0.005 (**), 0.0005 (***), p < 0.00005 (****)). Histogram: GFP expression was measured on Day 6, n=1.

Efficiency of the capacitation was analysed by flow cytometry. Four cell surface markers were
used to assess presence of the naive (CD77+SUSD2+) and primed (CD24+SSEA4+) hPSC populations.
Here | show flow cytometry analysis of the capacitation experiment on Day 1, Day 2 and Day 6 (Figure
5.42). By Day 6, presence of the primed CD24+SSEA4+ double-positive hPSC population was obvious
in both NANOGP1 OE and the non-induced control, indicating that the capacitation was successful in
both cases and was not blocked by the elevated levels of NANOGP1. However, the process was not
the same between the NANOGP1 OE and the control sample. A rapid decrease in the proportion of
CD77+SUSD2+ double-positive naive cells was observed in the induced overexpression sample already
by Day 2; this was in contrast to the non-induced control. Also, by Day 6, in addition to the primed
CD24+SSEA4+ double-positive population, NANOGP1 OE hPSCs also had a separate subpopulation,
SSEA4-CD24- and SSEA4+CD24-, presumably representing differentiating cells (Figure 5.41).
Morphological signs of differentiation in the induced hPSCs were already observed by Day 2:
NANOGP1 OE hPSCs became flat, and the shape of the colonies was irregular (Figure 5.42). In contrast,
the non-induced control preserved the naive-like morphology. Collectively these data show that the
increase of NANOGP1 transcription led to a rapid exit from naive pluripotency already by Day 2 and
even thought NANOGP1 OE hPSCs were able to progress in the capacitation, some cells were

differentiating instead.
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Figure 5.41 Flow cytometry contour plots showing the primed and naive cell surface marker expression in the capacitation experiment on Day 1, Day 2and
Day 6 (bottom), compared to the naive and primed controls (top). Naive markers: CD77, SUSD2; primed markers: CD24, SSEA4. Successful capacitation is
indicated by loss of the naive markers, coupled with expression of the primed markers. N=1.
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GFP

Figure 5.42 Fluorescence and bright filed (BF) microscope images illustrating GFP reporter
expression and the cell morphology phenotype in the capacitation experiment. DOX — doxycycline.
Scale, 100 um. Arrowheads indicate the difference in morphology between the induced and non-
induced ell lines, pluripotent-looking in Day 2 and flat and differentiation in Day 2 + DOX.

In addition to the presence of differentiating cells, between Day 2 and Day 6, the induced hPSC
line exhibited an increased percentage of dying cells, reaching ~25% of the overall population on Day
4 (quantified using Countessa Cell Counter and trypan blue dye). This was in contrast with the control

hPSCs, in which the percentage of dying cells was ~6% during the experiment (Figure 5.43).
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Figure 5.43 Line graph showing percentage of dead cells per sample in the capacitation experiment.
Individual replicates (n=3) and mean = SD are shown. One-way ANOVA with Sidak’s multiple
comparisons test was performed (ns — nonsignificant, 0.0005 (***), p < 0.00005 (****)) DOX —
doxycycline.
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Supporting the flow cytometry data, RT-qPCR analysis showed that both the induced and non-
induced cell lines downregulated naive marker (TFCP2L1, KLF4) expression, indicating exit from the
naive pluripotency. Interestingly, TFCP2L1 had a higher overall expression level in the induced cell line,
in contrast to the non-induced one. Also, by the end of the time course, naive marker DPPA3 was

downregulated by the non-induced line but not in the induced hPSCs (Figure 5.44).
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Figure 5.44 Line graphs showing expression of naive markers in the capacitation experiment. RT-
gPCR values are relative to HMBS expression and normalised to Day 0. Individual replicates (n=3) and
mean * SD are shown. One-way ANOVA with Sidak’s multiple comparisons test was performed (ns —
nonsignificant, p < 0.05 (*), p < 0.005 (**), 0.0005 (***), p < 0.00005 (****)); DOX — doxycycline.

Less efficient transition towards the primed state in the induced hPSCs was reflected in the
expression of the two primed markers, DUSP6 and OTX2. By the end of the experiment, on Day 14,
cells in both conditions successfully upregulated the expression of DUSP6. However, the increase in
transcript levels was more prominent and occurred earlier in the non-induced control. Interestingly,
OTX2 expression was not upregulated in the induced cell line at all, in contrast to the non-induced

control cells. (Figure 5.45).
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Figure 5.45 Line graphs showing expression of primed markers in the capacitation experiment. RT-
gPCR values are relative to HMBS expression and normalised to Day 0. Individual replicates (n=3) and
mean * SD are shown. One-way ANOVA with Sidak’s multiple comparisons test was performed (ns —
nonsignificant, p < 0.05 (*), p < 0.005 (**), 0.0005 (***), p < 0.00005 (****)); DOX — doxycycline.

| hypothesised that the phenotype observed in NANOGP1 OE hPSCs was linked to the rapid
downregulation of NANOG caused by the autorepressive activity of NANOGP1, similar to what has
been described previously in the chapter (Section 5.2.2.1). A rapid decrease in the NANOG levels

(Figure 5.46) likely explains why NANOGP1 OE cells started differentiating already by Day 2.
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Additionally, it indicated that NANOGP1 is capable to supress OTX2, a known target of NANOG
repression (Su et al., 2018), showing that this property is also conserved by NANOGPI1. It is also
interesting that it was possible to generate primed hPSCs without upregulation of OTX2, indicating

that this primed pluripotency factor is not required for the transition into the primed state.
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Figure 5.46 Line graphs showing expression of endogenous NANOG and NANOGP1 in the
capacitation experiment. RT-qPCR values are relative to HMBS expression and normalised to Day 0.
Individual replicates (n=3) and mean = SD are shown. One-way ANOVA with Sidak’s multiple
comparisons test was performed (ns — nonsignificant, p < 0.05 (*), p < 0.005 (**), 0.0005 (***), p <
0.00005 (****)); DOX — doxycycline.

To explore which possible differentiation routes NANOGP1 OE were following, | analysed
expression of three non-pluripotency lineage associated markers: T-BRA (mesoderm), OLIG3 (neural
lineage) and GATAG6 (endoderm). Based on the RT-gPCR analysis, NANOGP1 overexpression led to the
transient induction of GATA6 between Day 1 and Day 4, whereas the mesodermal markers T-BRA and
OLIG3, were not upregulated Figure 5.47. Whether the observed phenotype was related to the

differentiation towards endoderm would need to be investigated more in depth in the future.
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Figure 5.47 Line graphs showing expression of differentiation markers in the capacitation
experiment. RT-gPCR values are relative to HMBS expression and normalised to Day 0. Individual
replicates (n=3) and mean % SD are shown. One-way ANOVA with Sidak’s multiple comparisons test

was performed (ns — nonsignificant, p < 0.05 (*), p < 0.005 (**), 0.0005 (***), p < 0.00005 (****)); DOX
— doxycycline.

By the end of the capacitation experiment, CD77+SUSD2+ naive cells could not be detected in
either of the induced or non-induced hPSCs (Figure 5.48). Additionally, by Day 14, both conditions also
had a substantial SSEA4+CD24+ population of primed cells. AlImost all cells in the non-induced sample
were primed-like (98.2% SSEA4+CD24+), compared to 88.6% in the induced hPSC line Figure 5.48.
Notably, the NANOGP1 OE population was not as homogenous as the non-induced control, likely
demonstrating residual differentiation effects. However, morphologically, both lines appeared similar

and primed-like (Figure 5.48).
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Figure 5.48 Flow cytometry contour plots showing the primed and naive cell surface marker
expression in the capacitation experiment on Day 14 (top) and microscope images showing cell
morphology of the capacitation experiment Day 14 (bottom). Scale, 100 um. The flow cytometry
experiment was performed once.

Overall, maintaining high levels of NANOGP1 disrupts the ability of hPSCs to undergo
appropriate capacitation. Nevertheless, NANOGP1 OE hPSCs still exited the naive state, meaning that
NANOGP1 is not operating to maintain naive pluripotency. Instead, NANOGP1 OE hPSCs less efficiently
transitioned to the primed state, and a large proportion of cells were lost to cell death or cell

differentiation, presumably, due to the autorepressive activity of NANOGP1 to downregulate NANOG.

5.2.2.5 Does NANOGP1 overexpression promote primed-to-naive reprogramming?

In primed hPSCs, NANOG is capable of inducing cell reprogramming when overexpressed with
KLF2 in 2iLIF culture medium (Takashima et al., 2014). To investigate, whether NANOGP1 is also
capable of promoting primed-to-naive reprogramming, it was overexpressed together with human
KLF2 in primed hPSCs using a tetracycline-inducible (TetON) system in 2iLIF medium for 12 days
(Takashima et al., 2014). Notably, on its own, 2iLIF is not sufficient to induce reprogramming, and the
overexpression of the two transgenes is necessary (Takashima et al., 2014).

Here, | tested all three NANOGP1 isoforms, each in combination with KLF2, and used

NANOG+KLF2 and KLF2-only TetOn systems as positive and negative controls, respectively. NANOG/P1
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constructs were linked to GFP and KLF2 — to RFP. TetOn cell lines were generated in the same way as
outlined in Section 5.2.2.2 and Section 2.1.7.

During the reprogramming, fluorescent reporters GFP and RFP were used as a proxy for
transgene levels, and therefore it was possible to ensure that they were all overexpressed at the same
level. To ensure that the starting cell populations had similar NANOG/NANOGP1 and/or KLF2
overexpression levels, prior to the reprogramming, all of the TetON primed hPSC lines were induced
with doxycycline for 48 h. After that, they were flow sorted by the expression of GFP and RFP (Figure
5.49). Non-induced controls were also validated on the flow cytometer to confirm the absence of
TetOn ‘leakage’. GFP+RFP+ double-positive cells in NANOG/NANOGPI1+KLF2 samples, and an
equivalent number of RFP+ cells in the KLF2-only cell sample, were seeded in mTeSR+ Y-27632 medium
and maintained for two days. The same number of non-induced cells was plated for a negative control

(importantly, these negative control cells have never been induced).
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Figure 5.49 Flow cytometry contour plots showing RFP and GFP expression prior to the
NANOGP1+KLF2 reprogramming experiment. Percentages of GFP+RFP+ and RFP+ populations are

indicated.
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After two days, the cell media was replaced with 2iLIF+/-DOX. Two more days later, all induced
cell colonies were GFP+RFP+ or RFP+, as expected, while no reporter expression was detected in the

non-induced lines (Figure 5.50).
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Figure 5.50 Bright field (BF) and fluorescence images showing reporter expression on Day 2 of the
NANOGP1+KLF2 reprogramming experiment. DOX — doxycycline. Scale, 100 um.

By Day 7, NANOG+KLF2 and NANOGP1+KLF2 overexpressing colonies were increasing in size
and were acquiring a naive-like domed morphology. In contrast, the KLF2-only cell line maintained

primed hPSC-like morphology. The non-induced cell lines had flat morphology that resembled primed
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hPSCs. All these morphological changes can be seen in Figure 5.51. After Day 7 all the non-induced
negative control lines were abandoned as they did not show signs of reprogramming, and only the
induced lines were propagated further. By Day 12 of reprogramming, numerous domed colonies with
naive hPSC morphology were observed in the NANOGP1+KLF2 cultures, while the KLF2 only cell line

contained only differentiated cells (Figure 5.52).

NANOG+KLF2 KLF2 NANOGP1-1-KLF2

+ DOX

NO DOX

Figure 5.51 Bright field (BF) images showing cell morphology on Day 7 of the NANOGP1+KLF2
reprogramming experiment. NANOGP1-1 isoform only is shown for simplicity. DOX — doxycycline.
Scale, 100 pum.
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Figure 5.52 Bright field (BF) images showing cell morphology on Day 12 of the NANOGP1+KLF2
reprogramming experiment. NANOGP1-1 isoform only is shown for simplicity. DOX — doxycycline.
Pluripotent colonies are indicated by white arrowheads. Scale, 100 um.
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The reprogrammed colonies were positive for alkaline phosphatase activity, and the number
of positive colonies was similar for cultures overexpressing either NANOGP1 or NANOG. KLF2 only

control did not have any pluripotent alkaline positive colonies (Figure 5.53).
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Figure 5.53 Alkaline phosphatase assay of the NANOGP1+KLF2 reprogramming experiment:
microscope images (top), bar chart (bottom). Individual replicates (n=3) and mean + SD are shown.
T-test was performed (p < 0.05 (*), p < 0.005 (**)).
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The NANOG+KLF2 and NANOGP1+KLF2 induced cells upregulated naive pluripotency markers,
including DPPA3 and TFCP2L1, and maintained high OCT4 expression. All three NANOGP1 isoforms
showed similar effects. These changes were comparable to the positive control cells overexpressing
NANOG+KLF2, thereby confirming naive cell identity of the NANOGP1 overexpressing cells (Figure

5.54).
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Figure 5.54 Bar charts showing pluripotency gene expression in NANOGP1+KLF2 reprogramming
experiment, Day 12 (right). Gene expression in established naive and primed cell lines shown as
controls (left). RT-qPCR values are relative to HMBS expression and normalised to NANOG+KLF2
sample (right) and Primed sample (left). Individual replicates (n=3) and mean + SD are shown. One-
way ANOVA with Dunnett’s multiple comparisons test was performed (p < 0.05 (*), p < 0.005 (**),
0.0005 (***), p < 0.00005 (****)); right) and t-test (ns — nonsignificant, p < 0.00005 (****); left).

Flow cytometry analysis using stringent markers of naive pluripotency (CD24 negative; CD75
positive; SUSD2 positive) validated successful cell state conversion in the NANOGP1-overexpressing
cells. The NANOGP1-1+KLF2 cell line had the largest proportion of reprogrammed naive cells out of all

tested samples (Figure 5.55, Figure 5.56).
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Figure 5.55 Flow cytometry contour plots showing the primed and naive cell surface marker
expression in the NANOGP1+KLF2 reprogramming experiment on Day 12, compared to the naive and
primed controls. CD24 — primed hPSC marker. CD75 and SUSD2 — naive hPSC markers. Contour plots
demonstrate percentage of CD75+SUSD2+ population within CD24- population. N=2

cp75% susp2?

16
14 123%
12 -
8
o 10 i
i
@
8
P 6.7%
o g
4
> 1.1%
2 L ¥ 0.8%
o || B &
0 ILIN‘ T 1
§ oz & &4
¥ o ¥ x x
+ + ¥+
g oo %3
S % 5§ ¥ &
< L & O
2 Q O ©O
s % S
= =2 =2

Figure 5.56 Bar chart showing the percentage of the naive population (by cell surface marker)
identified in the NANOGP1+KLF2 reprogramming experiment, Day 12. Mean 1SD (N=2) is shown. T-
test was performed (ns — nonsignificant, p <0.05 (*),0.0005 (***)); data were compared to ‘KLF2 only’.
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Importantly, in all of the assays described above, the overexpression of KLF2 alone did not
induce reprogramming, which confirms the critical contribution of NANOGP1 in establishing naive
pluripotency. Moreover, the change in pluripotent state was stable because the NANOGP1-1-induced
reprogrammed cells not only retained but improved their cell-surface marker phenotype when

cultured for seven passages without doxycycline in t2iLGo medium Figure 5.57.
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Figure 5.57 Fluorescence and bright field (BF) microscope images showing cell morphology during
the adjustment to t2iLGo naive culture medium (left). Flow cytometry contour plots showing the

naive cell surface marker expression in the NANOGP1-1+KLF2 reprogrammed line in t2iLGo (right).
Scale, 100 pum. N=1.

Overall, these results indicate that, like NANOG, NANOGP1 is capable of reprogramming hPSCs
into a naive state, thereby demonstrating functional conservation in igniting the naive pluripotency

network.

5.3 Discussion

In this chapter | discovered that NANOGP1 has functional properties in hPSCs, which was
investigated by means of gene expression downregulation and overexpression. As a result, some
functional properties were found to be conserved with NANOG, such as autorepression and the ability
to reprogramme primed hPSCs into the naive state. Interestingly NANOG KD caused a two-fold
upregulation of NANOGP1 expression in primed hPSCs, but not in naive hPSCs. This observation
suggests that NANOG/NANOGP1 autorepression, described in Section 5.2.2.3, is also active in the
primed state, but the mechanism is different from the naive state due to two different knockdown
phenotypes. Some functions of NANOG were found not to be shared with NANOGP1, such as the

requirement for the maintenance of the naive pluripotent state. Additionally, NANOGP1 expression
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alone could not provide functional redundancy for NANOG, and was therefore not sufficient to

maintain naive hPSCs in its absence.

For the first time, this study described generation of an inducible loss of function system in
naive hPSCs. Prior to this, similar experiments have been performed, however, they were mostly
aiming to generate gene knockout systems, such as (Chen et al.,, 2015a). Using inducible loss of
function system has a series of advantages, such as, for instance, the ability to transiently induce
reporter cell lines for FACS selection. Additionally, with an inducible knockdown it is possible to titrate
the system by adjusting the level of knockdown, as well as to choose length of the time course and
whether cells could be re-used/rescued afterwards. Possible drawbacks of using such systems in naive
hPSCs could be unpredicted silencing of a plasmid and/or AAVS1 locus.

Analysis of the NANOG knockdown dataset, described in this chapter, presents a careful and
detailed investigation of a loss of a naive pluripotency factor. In the future, it would be interesting to
integrate the RNA-seq data obtained here with the NANOG ChIP-seq and the chromatin interaction
maps (Chovanec et al., 2021) to build up a more complete picture of how loss of NANOG disrupts gene
regulatory networks.

This chapter also showed that loss of NANOG in the naive hPSCs leads to transitioning towards
the trophoblast fate, which was confirmed by comparison of the data to the embryo scRNA-seq data
set (Xiang et al., 2020). This raises an existing question: is downregulation of NANOG what defines
whether the cell in human embryo would become a TE cell - or not?

Unfortunately, | was unable to develop efficient shared CRISPRi gRNA hPSC lines, which
prevented me from testing whether the shared expression knockdown would have a stronger/altered
effect to that of NANOG KD. Downregulating both NANOG and NANOGP1 at the same time could open
new interesting research avenues and highlight shared functions, currently masked by the high
NANOG expression level. In the future, multi-gRNA constructs could be used instead of singular gRNAs,
as it could allow to increase the gRNA targeting efficiency.

To conclude this part, the most likely reason NANOGP1 is not required for naive pluripotency
maintenance is that its expression levels are significantly lower than those of NANOG, making it
redundant, even if it could have the same effect as NANOG. This ‘masking’ effect could potentially be
resolved by performing NANOGP1 KD in NANOG Het (heterozygous) hPSCs, where NANOG levels are
lower but still sufficient to maintain pluripotency.

In the NANOGP1 overexpression assays, | discovered that NANOGP1 autorepression function
is conserved and, additionally, so is the autorepression function of NANOG in the naive hPSCs.

Moreover, NANOG and NANOGP1 have the ability to transcriptionally repress each other. The
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similarity of NANOG and NANOGP1 overexpression phenotypes suggested that NANOGP1 was
contributing to the function of NANOG. Interestingly, OTX2 was strongly suppressed when NANOGP1
was upregulated, showing that this repressive function of NANOG (Acampora et al., 2017; Su et al.,
2018) is also likely shared by NANOGP1. A limitation of this experiment was that the overexpression
levels of NANOGP1 were rather high, and in the future, it might be beneficial to titrate the level of
overexpression down, to the endogenous level of NANOG expression, for instance. Also, the flow
cytometry analysis of the capacitation assay was only performed once and would need to be replicated
in the future.

Another NANOG-like function discovered here was that NANOGP1 could reprogramme
primed hPSCs to the naive state. This conserved role was likely mediated via its
conserved homeodomain (Theunissen et al., 2011b). Does this suggest then, if the homeodomain is
conserved, that in NANOGP1 OE, NANOGP1 can bind and activate the same gene targets as NANOG?
Has it developed an ability to bind other targets? In my opinion, this could be an interesting topic to
research in the future.

In summary, this chapter revealed several conserved NANOGP1 functions, as well as showed
that it is not required for the pluripotency maintenance. Collectively, the results allowed me to
conclude that NANOGP1 is a conserved functional duplicate, and it likely appears not to be required

for the pluripotency maintenance due to a lower expression level, compared to that of NANOG.
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6 Summary and conclusions
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6.1 NANOG/NANOGP1 duplication: summary of the main findings, study

limitations and potential functions

This thesis presents the characterisation and functional study of NANOGP1, a tandem
duplicate of the key pluripotency gene NANOG. The findings show that the NANOGP1 RNA expression
pattern is different from that of NANOG, both in hPSCs and human embryos. Putative regulatory
regions upstream of the NANOG and NANOGP1 TSSs were also found to be formed by duplication,
and differential SOX2 binding in those regions was identified as one putative reason for the distinct
expression patterns of the two genes; the mechanism behind the differential expression requires
further investigation. The work presented in thesis established for the first time that endogenous
NANOGP1 is translated into a stable protein, thereby challenging previous research that concluded
that NANOGP1 is unable to form a protein (Booth and Holland, 2004). Moreover, NANOGP1 was found
to share chromatin binding sites with NANOG, and, surprisingly, to have a small number of unique
binding regions, which overlap with the binding profile of REST, a repressor of neural fate in the non-
neuronal cell types. This finding raises the exciting possibility that NANOGP1 could have a NANOG-
independent role in preventing neural differentiation. In functional assays, NANOGP1 could
reprogramme primed hPSCs into the naive state, as well as reduce its own expression levels
presumably through an autorepressive feedback mechanism, which collectively demonstrated
functional conservation with NANOG. NANOGP1 overexpression could also lower the RNA levels of
NANOG and vice versa, suggesting that the autorepressive mechanism was affecting both genes, due
to the high similarity of their functional domains and putative regulatory regions. At the same time,
NANOGP1 expression was found to be redundant in the maintenance of naive pluripotency,
potentially due to it being ‘masked’ by the higher levels of NANOG. Interestingly, the overall
phenotype for NANOGP1 resembles that of KLF17, recently described by Lea and colleagues (Lea et
al., 2021): both factors are highly expressed in the naive hPSCs, are capable to induce primed-to-naive
reprogramming, but lack a knock-down phenotype, suggesting compensation by other factors. In
summary, this thesis provides evidence that NANOGP1 is a functional protein in human pluripotency,
and its properties are partially but not fully conserved with its ancestor.

The conservation of NANOG-associated functions in NANOGP1 could be explained relatively
easily, since the predicted homeodomain and transactivation domain sequences of the two proteins
are almost identical. Mutations confirmed in the N-terminal domain, however, remain to be explored
in the future and, in my opinion, open a new exciting research route. The reason for this is the
potential function of the N-terminus of human NANOG remains poorly understood. In mouse, both

the N-terminus and C-terminus have a transactivation ability, while human NANOG lost this function
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in the N-terminal (Chang et al., 2009; Do et al., 2009; Oh et al., 2005). It had been suggested (Chang
et al., 2009), that the NANOG N-terminus could act as a ‘transrepressor’, however this has not been
confirmed in hPSCs yet. Therefore, the large N-terminal deletion and an array of substitutions in the
remainder of the N-terminus of NANOGP1 is likely affecting the function that it is not even fully
understood in NANOG. This way, by investigating NANOGP1 further, more evidence could become
available on the human-specific properties of NANOG, and vice versa. In my opinion, this ability to
simultaneously investigate two evolutionarily-connected proteins is highly advantageous not only
from their individual perspective, but also could be useful in understanding how/if they could function
together and whether this cooperation would alter their individual properties. For instance, mutating
NANOGP1 N-terminus could have consequences for its ubiquitination and protein turnover (Section
3.3.2), and if NANOG and NANOGP1 are capable of dimerising in naive cells in the same way they do
it in insect cells (Section 4.2.3), this could affect the stability of the NANOG:NANOGP1 vs.
NANOG:NANOG dimers. A similar effect had been shown by Charrier et al., 2012 and Dennis & Eichler,
2016, which described that the truncated duplicate SRGAP2C can dimerise with its functional ancestor,
leading to debilitating the heterodimer and, hence, the ancestral function. If this also occurs with
NANOG and NANOGP1, this could be a potential mechanism enabling NANOGP1 to regulate NANOG
function. It is worth noting that it is unlikely that NANOGP1 would completely disrupt the ancestral
function of NANOG and instead affect it to a certain extent, as NANOGP1 does not appear to be
dominant negative over NANOG. This potential role, however, does not mean that NANOGP1 itself
could lack other functions, as it was capable of reprogramming primed hPSCs and contributing to the
NANOG function when overexpressed. A potential study to investigate the stability of NANOGP1
dimers and NANOG:NANOGP1 heterodimers could involve assessing proteins half-lives in a
cycloheximide chase assay, as described in Kao et al., 2015.

Another reason to investigate NANOGP1 and not only or primarily NANOG is that the
development of the human epiblast appears to be different from other species, and the presence of
human-specific mechanisms are currently fairly poorly understood. Indeed, inhibiting TGF-
B/ACTIVIN/NODAL signalling leads to the human blastocyst losing its epiblast completely, which does
not occur in other species (Blakeley et al., 2015; Boroviak et al., 2015). This emphasises that any
human-specific features require further attention as they could shed light onto human early
development. This current thesis, in my view, contributed to our understanding of human-specific
processes. Not only it described the presence of a partially conserved pluripotency factor that could
alter the function of its ancestor NANOG, but it also showed that other pluripotency factors, OCT4 and
DPPA3, have highly expressed pseudogenes. These novel components of naive pluripotency have the

potential to integrate into the regulatory network at the protein or RNA level, and in this way adding
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complexity and versatility to the developmental programme of the human embryo. Therefore,
investigating pseudogenes and other overlooked duplicates is highly beneficial for learning about
human embryo development, as it could help to separate the knowledge about its biological processes
from assumptions made while studying other model species, helping to fill the knowledge gap about

early human embryo development.

6.2 Pseudogenes and the need to re-define their functional potential in early

human development

This study demonstrated that a pseudogene, which had originally been classified as
unfunctional, has the potential to contribute to early human pluripotency. The main reason for it being
overlooked in the past was its predicted structure, significantly shortened in comparison with the
ancestral copy NANOG (Booth and Holland, 2004). However, as this thesis and other similar studies
show (Section 1.4.3), ‘truncation’ does equal ‘absence of function’. This means that, perhaps, too
frequently, truncated copies of duplicated genes are disregarded while they still bear the potential of
functional contribution. Based on the data presented in this study, it is possible that NANOGP1 is not,
in fact, a pseudogene (a defective copy of a functional ancestor), but may instead be a paralogue gene
copy of NANOG, similar to the highly diverged NANOGNB, discussed previously. This also made me
qguestion - what genomic structure could then be called a ‘true pseudogene’? Is it really possible to
conclude that a certain sequence had definitely lost all of its potential and will never gain any sort of
functionality? In my opinion, since scientists cannot fully predict evolution and mostly assess its
progress in retrospect, we cannot reject what has not occurred yet. In regard to pseudogenes and
other duplicated copies, it is especially correct, since there is evidence that pseudogenes are involved
in evolutionarily processes but how exactly is not fully understood. Section 6.2 briefly describes what
we do and do not know about functional pseudogenes, allowing assessment of the novel finding of
this thesis regarding potential NANOGP1 functionality in a larger perspective.

How do pseudogenes of pluripotency factors appear? A recent study showed that genes that
are highly expressed prior to duplication have higher chances to be preserved for a longer evolutionary
period and a wider phylogenetic range, as shown in yeast (Mattenberger et al., 2017). This could
explain why among the highest expressed pseudogenes in naive hPSCs and presumably early epiblast
cells | find copies of highly expressed pluripotency factors, as well as of ribosomal complex
components and genes, responsible for the mitochondrial function (Section 3.2.8).

The majority of duplications in the human genome are segmental duplications, which were
shown to drive evolution of Great Apes and humans in particular (Marques-Bonet et al., 20093;

Marques-Bonet et al., 2009b). NANOG, however, was formed by tandem duplication, an older

223



evolutionarily mechanism. Strikingly, in the case of human NANOG, a tandem duplication had
occurred and was conserved at least twice — once, forming NANOGP1, and once, at a substantially
earlier point, forming NANOGNB, which had diverged to such an extent that was only recognised as a
duplicate of NANOG in 2017 (Dunwell and Holland, 2017). Independent NANOG duplications were also
reported in birds (Cafidn et al., 2006), guinea pigs and some fish species (Scerbo et al., 2014). In all
these cases, NANOG duplicates bear high similarity to the original ancestral sequence. Does it mean
that the NANOG region is somehow predisposed to duplication? In mouse, it was shown that Nanog
retrotransposition occurs at a high frequency, which led to formation of several highly conserved
retrogenes that are expressed in ESCs cells (Robertson et al., 2006). Interestingly, in human, the
chromosomal area where NANOG is located, ch12p13, also contains DPPA3, OCT4P3 and another
pluripotency factor GDF3, and collectively is called a ‘hotspot for teratocarcinoma’ for the high rate of
chromosomal abnormalities that appear there, eventually leading to cancer (Clark et al., 2004; de Jong
et al., 1990; Murty et al., 1990; Pain et al., 2005). Moreover, chromosome 12p was also found to be
one of the most common amplification hotspots in hPSCs, which tend to accumulate large genomic
duplications during the hPSC culture (ISCI, 2011). Does that mean that amplification of the NANOG-
containing region, commonly linked to cancer and genomic aberrations, could also be
developmentally beneficial, based on the evolutionarily evidence?

If it is the case, then understanding what function pseudogenes normally have might help
understanding the duplication of pluripotency pseudogenes as well. Typically, pseudogenes are
expected to experience rapid evolution, gaining random mutations faster than their functional
ancestors (Blake et al., 1992; Ophir and Graur, 1997). However, recently it had been demonstrated
that if a genetic element is processed, it does not mean that it is non-functional. Processed
pseudogenes can continue to exist as RNA involved in siRNA regulation of their parental copies, which
was demonstrated in both mammals and Drosophila (Sasidharan and Gerstein, 2008). Some processed
pseudogenes even developed to become microRNA in primates (Devor, 2006)

An additional copy of a gene is thought to contribute to gene dosage by increasing the amount
of the parental copy. However, often, instead of a simple doubling of dosage, tandem duplicates
develop novel expression patterns if the duplication involves exon and regulatory element shuffling
and formation of chimeric structures, as shown in Drosophila (Rogers et al., 2017). Also, even if a new
tandem copy contributes to the parental gene dosage, often the amount of expression is
unpredictable. Instead of doubling, changes of up to 5-fold and higher expression differences have
been reported, linking it to the ‘position effect’ (Loehlin and Carroll, 2016). Finally, it is also argued
that in addition to regulating gene dosage, duplicated genes could contribute to cell robustness by

compensating for each other’s potential loss-of-function mutations (Brookfield, 1997; Diss et al., 2014;
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Pickett and Meeks-Wagner, 1995). However, again, in some cases higher number of duplicates is
associated with a higher chance of developing a disease and not the compensation of the
mutation(Chen et al., 2013; lhmels et al., 2007) making the relationship between the duplicates and
their potential functionality/redundancy less clear (Dandage and Landry, 2019; Lavi, 2015).

Pseudogenisation has always been following evolutionary complexity. For instance, aquatic
and semiaquatic species always had high rates of pseudogene formation due to evolving alternative
ways to sense surrounding environment. For instance, platypus can sense its surroundings using a
complex combination of electro- and mechanoreception (Niimura and Nei, 2007). Another highly
pseudogenised gene family is olfactory receptor genes (ORs), encoding detection of odorants, which
is crucial for the survival of most mammals (Niimura and Nei, 2007). Primates are particularly notable
as they have a very high percentage of pseudogenes among ORs, compared to other species (Niimura
and Nei, 2007). For instance, humans have ~400 functional and ~400 pseudogenised OR copies
(Glusman et al., 2001; Niimura and Nei, 2003; Zozulya et al., 2001), while out of 1,400 OR genes in
mice only a quarter are pseudogenes (Niimura and Nei, 2005; Young, 2002; Zhang and Firestein, 2002).
And while it was originally accepted that the number of functional ORs correlates with adaptation and
importance of the sense of smell (Niimura and Nei, 2005; Niimura and Nei, 2007) it is not always the
case. For example, dogs are supposed to have a great sense of smell, yet they do not possess the
largest number of ORs. Similarly, cows, not particularly known for their sense of smell, have around
1000 functional ORs and approximately another 1000 of OR pseudogenes. Finally, it was shown that
the removal of 80% of the rat olfactory bulb glomerular layer does not cause any significant effect of
the function (Shepherd, 2004). Therefore, whether its pseudogenes, functional ORs, or their
combination in various amounts is responsible for the quality of the function is not fully clear. Finally,
Mahmudi and colleagues had shown that both the OR family and the Zinc Finger family (the second
largest family in humans, which also formed via duplication (Nowick et al., 2010) have such old
pseudogenes that it is highly likely that they are functional (Mahmudi et al., 2015). Strikingly, the
oldest pseudogene identified in this study was ~182 million years old and was formed at the split of
the human and platypus branch (Mahmudi et al., 2015). Another expected pseudogene behaviour that
not always appears to be correct has already been discussed previously and is its truncation. Gene
duplicates SRGAP2C and ARHGAP11B (see Section 1.4.3) are both truncated, however, both evidently
contributed to evolution of human neocortex (Charrier et al., 2012; Dennis and Eichler, 2016; Florio
et al., 2015).

Collectively this shows that pseudogenes have yet to fully reveal their qualitative contribution
to species-specific crucial functions, and that the number of the copies, level of expression, final

pseudogene structure and level of truncation cannot be simply translated into one specific qualitative
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outcome, and likely have to be investigated separately in each individual case to understand their
contribution. Luckily, there are a few examples where a gene copy number affected various biological
properties of an organism that could be investigated, such as a reduction in susceptibility to HIV and
AIDS in humans and macaques (Degenhardt et al.,, 2009; Gonzalez et al., 2005), evolution of
mammalian milk and lactation (Lemay et al.,, 2009) and existence of venomous monotremes
(Whittington et al., 2008).

Based on the above, could we speculate that NANOG pseudogenes are collectively more
important than we anticipate? It is possible that the expression of processed NANOGP4 and NANOGP8
has functional contributions at the siRNA level? Could the same be the case for human OCT4, which
has several processed duplicates? Of note, not all naive pluripotency genes that were found to have
pseudogenes exhibit high expression in naive hPSCs, as identified in this study. For instance, genes
such as DPPA5, IL6ST, KLF4, KLF17 and KHDC1 are established naive markers (Messmer et al., 2019)
and they do have pseudogene copies, yet, the pseudogenes are expressed only at very low levels in
naive hPSCs. As OCT4 and NANOG are two of the most crucial human pluripotency genes, it is plausible
that they require the additional regulatory and dosage compensation ‘support’ their pseudogenes
could potentially offer. Thus, they have highly expressed pseudogenes, whereas other factors do not.

Finally, based on the evidence above, even small mutations could cause significant change to
the duplicate function. NANOGP1, that initially appeared as ‘highly similar and conserved’ remains
that, but it is clear now that all the mutations it has could have significant consequences not only to

its own function, but also to the function of NANOG, if they functionally interact.

From the early mouse Nanog studies, it is known that the amount of NANOG protein is tightly
related to whether the embryonic stem cell is likely to differentiate or to stay pluripotent (Chambers
et al., 2007). Additionally, the dynamic of Nanog fluctuation is different between individual colonies,
where some pluripotent cells, surprisingly, stay Nanog-negative for several generations, while some
are negative only for a short period of time and tend to fluctuate between negative/low/high states
more often (Hastreiter and Schroeder, 2016). These two types of Nanog-negative cells were also
predicted to respond to differentiation cues differently and to therefore have divergent differentiating
potential (Hastreiter and Schroeder, 2016), which adds another layer of complexity to the role of
Nanog in maintaining balance between pluripotency and differentiation. Therefore, | hypothesise that
in humans, where NANOG expression is present for longer and in more cell types, it might require
additional help to maintain its correct ‘pluripotent’ level. Potentially, NANOGP1, NANOGPS8 and/or
NANOGP4 are involved in this regulation. Possibly, this regulation is more crucial in the naive state,

and therefore, NANOGP1 gets mostly downregulated in the primed hPSCs and in Day 14 epiblast.
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Finally, it is also possible that the NANOG-like activity is not less important at later stages, but instead
must get downregulated at a later developmental point to remove strong repression on genes, such
as OTX2 (Su et al., 2018) that need to become activated. Based on the variety of qualitative changes
caused by pseudogenes and other duplicates, it is also entirely possible, that NANOGP1 has developed
another role we are not familiar with now and cannot predict yet. Collectively, | concluded that
NANOGP1 could in fact be a paralogue duplicate and not a pseudogene as previously suggested.
Overall, this thesis provides evidence to argue that pseudogenes should be studied in more
detail and should not be overlooked as ‘primarily dysfunctional’. In the case of NANOGP1, its ability to
form a protein was disregarded mainly due to a misassumption about the start codon, which turned
out to be incorrect, and NANOGP1 protein is formed in naive hPSCs. Other potentially functional
pseudogenes could have their functionality also concealed and less predictable. Therefore, what we
conclude and think about pseudogenes must be constantly reviewed, since software, quality of the
data and new ways of thinking will be constantly changing and improving, which will likely lead to

finding more pseudogene functions, ‘hidden’ from the eye today.
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