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Abstract

Primordial germ cells (PGCs) are the founder cells of germline which follow a
specific programme of development characterized by a unique transcriptional
network and the resetting of epigenome. Studies in human PGCs (hPGCs) are
limited to late migratory and gonadal stages as earlier embryos are almost not
accessible. Previous study showed that pig PGC (pPGC) share similar
developmental programme to human germ cells in vitro. Therefore, pig may
serve as an alternative model to provide insight on transcriptional network and
epigenetic reprogramming applicable to hPGC. Using single-cell RNA-seq and
whole-genome bisulfite-seq with post-bisulfite adaptor tagging (PBAT-seq),
here I show that extensive epigenetic reprogramming, including active DNA
demethylation, depletion of macroH2A1, global enrichment of H3K27me3 and
X chromosome reactivation (XCR), starts in pre- and early migratory pPGC.
Concomitantly, there is dampening of glycolytic gene expression and re-
expression of some pluripotency genes like those in pre-implantation embryos.
Evolutionarily young transposable elements (TEs) and gene coding regions
resistant to DNA demethylation, i.e. escapees, have also been identified in
extremely hypomethylated gonadal pPGCs. Some of those aforementioned
events show conservation with hPGCs but not mPGCs, suggesting that the pig
is a relevant model for studies on non-rodent PGC specification and

transgenerational epigenetic inheritance. Detailed insights into the pig germline



will likely contribute to advances in human germline biology, including in

vitro gametogenesis.
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Introduction

Chapter 1 Introduction

1.1 Ontogeny and Development of Primordial Germ Cell

1.1.1 Development of mammalian PGC

The germ line of an organism provides a continuing link between all
generations. After the oocyte is fertilized by the sperm, a totipotent zygote is
generated and has the ability to develop into a whole organism, including its
own germ cells. In mammals, primordial germ cells (PGCs) are the founder
cells of the germ line. PGCs are specified at peri-gastrulation in the posterior
end of an embryo, and then migrate to the genital ridges through the
developing hindgut endoderm. In the developing gonad, PGCs undergo
meiosis and differentiate into gametes (Tang et al., 2016, Saitou and Yamaji,
2012).

Studies of PGC development were mainly carried out in mice until recently.
Despite the overall similarity between mouse and human PGC development,
recent studies of human PGC (hPGC), both in vivo and in vitro, have reported
key differences compared to mouse PGC (mPGC) at signalling, transcriptional
and epigenetic levels (Tang et al., 2015, Irie et al., 2015, von Meyenn et al.,
2016). On the other hand, early PGC development in pigs shows striking
similarity with humans and monkeys in vitro induction systems (Kobayashi et
al.,, 2017, Sasaki et al., 2016). In this section, the regulatory network and
unique events during mammalian PGC development will be discussed, with a

focus on key difference between species.
1.1.1.1 PGC specification and development in the mouse

A small cluster of six mPGC precursors marked by Blimpl were identified
around E6-E6.5 mouse embryos (Saitou et al., 2002). These Blimpl-positive
cells repress Hox genes and express Sox2, Stella, and Nanog from E6.75
onward (Yamaguchi et al., 2005, Kurimoto et al., 2008). The number of mPGC
in the cluster increases to around 40 at E7.25. From around E7.5 onwards,
newly specified PGCs initiate migration towards developing genital ridges

through definitive hindgut endoderm, during which PGC enter G2 cell cycle
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Introduction

arrest at around E7.75 (Seki et al., 2007). After leaving the back of allantois,
mPGCs in the hindgut first move ventrally into the dorsal midline between
E9.0-9.5, before moving laterally to the genital ridges during the E10-10.5
period (Molyneaux et al., 2001).

To successfully migrate to the genital ridge, PGCs need to survive the process
and be highly motile in the hindgut (Molyneaux et al., 2001). Steel factor (SF)
was shown to play a critical role in both survival and migration (Runyan et al.,
2006). Very few PGCs that are in the gut at E10.5 are able to reach the genital
ridge (Molyneaux et al., 2001), as downregulation of SF in the dorsal midline
between E9.5 and E10.5 leads to apoptosis of PGCs that have failed to move
laterally toward the genital ridges (Runyan et al., 2006). SDF-1/CXCR4
signalling and Wnt5a signalling is also crucial for the survival of germ cell and
the directionality of migration (Molyneaux et al., 2003, Chawengsaksophak et
al., 2012).

Around the time of reaching genital ridges (E10.5), mPGCs start proliferation
again and initiate expression of several germline-specific markers such as Mvh
(VASA)(Tanaka et al., 2000), Dazl (Lin and Page, 2005) and Sycp3 (Di Carlo
et al., 2002). Those germline-specific genes are suggested to be methylation-
sensitive (Maatouk et al., 2006), as their expressions is robustly silenced by
methylation at CpG-dense promoters during post-implantation development
but are activated during the global DNA erasure (Guibert et al., 2012).
Deficiency of key germline-specific genes such as DAZL leads to defects at
later developmental stages, such as meiosis, and overall failure in
gametogenesis, especially spermatogenesis (Lin and Page, 2005, Saunders et
al., 2003). After colonizing the developing gonad, female PGCs respond to
retinoic acid (RA) signalling and initiate meiosis whereas male PGCs are
responsive to FGF9 from newly specified Sertoli cells and are maintained by
Nodal/Cripto signalling and Nanos2. In the absence of RA and presence of

Activin/Nodal signalling, male PGCs enter mitotic arrest instead of meiosis

(Sakashita et al., 2015, Spiller and Bowles, 2015) (Figure 1-1).
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Figure 1-I1 Development of mPGC (Saitou et al., 2012). (A) Illustration

showing the overall development of mPGCs. A small number of mPGC
precursors were detected at E6.25, expressing Blimpl followed by Prdmli4.
The PGC population are determined and expands into ~40 cells expressing
Stella at E7.25. PGCs start migration through hindgut from E7.5-E8 and
settled in gonad at E12.5. (B) Multiple signals contribute to the specification
and restriction of germ line lineage. NODAL and WNT signalling from VE are
essential for the germline competence. BMP4 signal from ExE induce the PGC
specification. (C) PGCs migrate towards the developing genital ridges through
definitive hindgut endoderm. In hindgut, PGC move ventrally into the dorsal
midline and then laterally to the genital ridges.

1.1.1.2 Key specifier and Signalling pathway for PGC specification

In mice, germ cell fate in the post-implantation epiblast is directly induced by
Bmp4 originating primarily from the extraembryonic ectoderm (EXE) from
E5.5, and by BMP2 from the visceral endoderm (VE)(de Sousa Lopes et al.,
2007). WNT signalling is essential for the competency of germline lineage but
cannot induce PGC specification without BMP signalling. Wnt3 expressed

from around ES5.75 at the posterior visceral endoderm (VE) and epiblasts
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ensure the responsiveness of epiblast to Bmp4 (Ohinata et al., 2009). Through
beta—-CATENIN, WNT3 induces many mesoderm-associated transcription
factors which may be activated before BMP4 in those epiblast-like cells, such
as T (BRACHYURY) (Nikolic et al., Irie et al., 2015). This process is
antagonized at the anterior side by several factors from anterior visceral
endoderm (AVE), and Bmp8b from the EXE contributes to Bmp signalling by
restricting AVE development. It has been shown that T (Brachyury) binds
distinct regulatory elements of both Blimpl and Prdml4 and directly
upregulates these genes. However, without high-dose of BMP4, T will be
prevented from activating Blimpl and Prdm14, potentially by some WNT-
induced inhibitors (Aramaki et al., 2013). BMPs induce SMADI and SMADS
phosphorylation, dimerization with SMAD4 and translocation to the nucleus,
which in turn induce the key transcriptional regulators of mPGCs, such as
Blimpl and Prdm14 (Saitou and Yamaji, 2012, De Felici, 2013, Sugawa et al.,
2015). WNT signalling may also contribute to PGC specification by acting
post-transcriptionally on those BMP signalling components. For example, by
inhibiting GSK3-mediated phosphorylation of its linker region, WNT
signalling can prevent Smadl from degradation (Saitou and Yamaji, 2012). A
recent study further suggests another important function of BMP signalling,
which is to suppress Otx2, a roadblock for germline lineage (Zhang et al.,
2018a). Nodal pathway is also critical for PGC specification, which is
suggested to contribute to the optimal levels of Nanog during pre-PGC
development and also to spatially confine the PGC niche (Senft et al., 2019).
Neither Nodal null ES cells (Mulas et al., 2017) nor Smad2/3 double mutant
ES cells (Senft et al., 2018) give rise to mouse PGC-like cells (mPGCLCs) in
vitro. Eomes, which acts downstream of Nodal within the epiblast, is essential
for mPGC development in vivo. mPGCLCs can be induced from Eomes null
ES cells, albeit at lower efficiency. However, deletion of Eomes in the epiblast
disrupts mPGC development. Although Blimpl1 is still activated in pre-PGCs,
those pre-PGCs fail to activate Ap2y, Nanog, Sox2 and Stella, suggesting that
Eomes may not be required intrinsically for mPGC specification, instead,
functions downstream of Nodal signalling to create a proper signalling

environment for PGC niche formation (Senft et al., 2019).
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Blimpl, induced by BMP4 at around E6.25, is generally a transcriptional
repressor which is suggested to repress the somatic mesodermal differentiation
program in approximately six cells in pre-streak epiblast cells (Ohinata et al.,
2005). Blimpl-positive cells are considered lineage-restricted, i.e. PGC
precursors. However, those six cells are unlikely to be the ancestors of the
entire germ-cell lineage, as the increase of Blimpl-positive cells (i.e ~6 at
E6.25 to ~40 Stella-positive cells at the base of the allantois at E7.25 (Lawson
and Hage, 1994)) does not appear to be exponential. Therefore, the increase in
PGC founder population is unlikely to be solely due to successive cell division
(McLaren and Lawson, 2005). Additionally, lineage tracing experiments have
shown that proximal epiblast cells, when exposed to BMP signals at E6.5, can
also derive PGCs (Lawson and Hage, 1994, Tam and Zhou, 1996), suggesting
the possibility of proximal epiblast cells contribute to the PGC population after
E6.25 (McLaren and Lawson, 2005). On the other hand, Otx2 restricts mPGC
population and safeguards somatic lineages. In Otx2-knockout embryos,
mPGC exhibit increased number, and initial induction of mPGCLCs from
Otx2-knockout pluripotent cells does not require cytokines such as BMP4 or
Blimpl activation (Zhang et al., 2018a). Shortly after Blimpl, Prdml4 is
expressed, and Tcfap2c (which encodes AP2y) can be directly induced by
BLIMP1(Murakami et al., 2016). Re-expression of multiple pluripotency
genes, such as Nanog, Oct4 (PouSf1) and Sox2, and epigenetic reprogramming
are also induced in those putative germ cells.

It has been proposed that Blimpl, Prdm14 and AP2y form a tripartite genetic
network for PGC specification. Co-bindings or individuals of those factors
may mediate upregulation of pluripotency and germ cell genes, repression of
somatic programme and epigenetic reprogramming, contributing to PGC
specification (Nakaki et al., 2013, Shirane et al., 2016, Yamaji et al., 2008).
Also shown in an in vitro model, co-expression of BLIMPI, AP2y and
PRDMI14 can sufficiently induce a PGC-like fate without cytokines,
supporting the proposed tripartite genetic network (Magnusdottir et al., 2013,
Nakaki et al., 2013). Shown by genome-wide DNA binding map, those key
specifiers have in general different binding activities: BLIMP1 predominantly
binds to promoters, whereas PRDM 14 is enriched in distal regulatory elements

(Magnusdottir et al., 2013). Targets of both BLIMP1 and PRDMI14 can be
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bound by AP2y for either activation or repression (Tang et al., 2016). BLIMP1
and PRDM14 also show interaction with epigenetic modifiers such as SUZ12,
histone deacetylases (HDACs), EHMTI and protein arginine N-
methyltransferase 5 (PRMTS), suggesting their potential role in initiating
epigenetic reprogramming. The recruitment of epigenetic modifiers may also
be required for modulating transcriptional activities (Saitou and Yamayji, 2012).
For example, the transcriptional repression of somatic genes by BLIMP1 is at
least partially dependent on recruitment of epigenetic modifiers such as Hdac3
and Setdbl, which removes active histone markers and catalyses repressive
histone markers, respectively (Mochizuki et al., 2018b, Mochizuki et al.,
2018a). The tripartite network is also suggested to have inhibitory effect on
proliferation as early as E7.0 (Seki et al., 2007).

Expression of pluripotent genes in PGCs is also suggested to be essential for
PGC specification and development. A recent study indicates that Nanog alone
can induce mPGCLCs in vitro and might act cooperatively with BMP
signalling in vivo, whereas Sox2 can inhibit PGCLC induction by Nanog
(Murakami et al., 2016). It has been reported that deficiency of Nanog
(Yamaguchi et al., 2009) or Oct4 (Kehler et al., 2004) in migrating PGCs leads
to apoptosis. It has also been proposed that LIN28 which blocks the maturation
of functional micro-RNA (miRNA) let-7 contribute to the activation of Blimpl
(West et al., 2009).

1.1.1.3 Resetting of epigenome during PGC development

Epigenetic reprogramming is a key event in PGC development, during which
DNA methylation is erased and histone modifications are extensively
remodelled. This resetting of the germline epigenome might play an essential
role in PGC development as well as in reprogramming the developmental
potential of PGCs to a totipotent state (Hackett et al., 2012a, Strome and
Updike, 2015, Hill et al., 2018). Abnormal epigenetic states have also been
linked to the formation of germ cell tumours (Killian et al., 2016, Sellers et al.,
2018) and disruption in development (Hargan-Calvopina et al., 2016, Hill et al.,
2018). Epigenetic reprogramming in the mammalian germline leaves little

chance for any potential deleterious parental epigenetic information to be
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transmitted, which partially explains the lack of evidence for transgenerational
epigenetic inheritance in mammals (Heard and Martienssen, 2014). However,
multiple studies in mammals reported inherited phenotypic variations, which
are induced by environmental factors and cannot be explained by genetic
variation (Carone et al., 2010, Braunschweig et al., 2012, Feeney et al., 2014,
Chen et al., 2016c, Huypens et al., 2016, Bohacek et al., 2016). A recent study
in hPGC further identified unique and repetitive regions that are resistant to
global DNA demethylation, some of which are associated with metabolic and
neurological disorders. Those ‘escapee’ regions are suggested to be potential
carriers of parental epigenetic information and thus contribute to epigenetic
inheritance (Tang et al., 2015). In view of this latest evidence, understanding
PGCs biology can be an informative for understanding the basis of epigenetic
inheritance in mammals (Daxinger and Whitelaw, 2012, Strome and Updike,

2015).
1.1.1.4 Distinct requirement of metabolism in PGC

Interplay between metabolism and epigenome has been discussed in stem cells
(Harvey et al., 2019) and cancer (Miranda-Gongalves et al., 2018). Various
metabolites, such as acetyl-CoA, S-adenosylmethionine (SAM), NAD+ and a-
ketoglutarate (aKGQG), are important donors for epigenetic modifications and
cofactors for epigenetic regulators, and therefore cellular levels of metabolites
may directly affect activities of key epigenetic regulators. In turn, epigenetic
changes occurring on metabolism-related genes may affect their expression
and consequently the metabolome.

It is not surprising that aside from the extensive reprogramming of epigenome,
major changes in mitochondrial activity and metabolism have also been
observed during PGC development. A recent paper investigated the
metabolism in E13.5 mPGCs with both metabolomic information and
transcriptional information, revealing high oxidative phosphorylation (OxPhos)
activity and low glycolytic activity in gonadal mPGCs (Hayashi et al., 2017).
Similarly, this metabolic shift from glycolysis to OxPhos was also observed in
gonadal hPGCs, which was suggested to provide selective effects for new

mutation of mitochondrial DNA (mtDNA) during PGC development (Floros et
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al., 2018). On the other hand, oxidative to glycolytic switch occurs during the
transition from naive to primed pluripotency and therefore acquisition of
competence for mPGC fate in vitro. Addition of aKG, a central metabolite of
TCA cycle, is found sustaining PGC specification competence, potentially via
preserving a specific epigenetic state (Tischler et al., 2019).

Apart from energy metabolism, vitamin C is also found to affect epigenetic
reprogramming (Lee Chong et al., 2019). During the development of foetal
germ cells, vitamin C is suggested to promote active DNA demethylation via
enhancing TET activity. Deficiency of vitamin C in a mouse model leads to
incomplete demethylation of meiosis regulators and transposable elements
(TEs), which in turn results in reduced numbers of germ cells and delayed
meiosis, resembling the phenotypes of Tet/-mutant embryos (DiTroia et al.,
2019). Vitamin C can also enhance activity of other epigenetic regulators,
including Jumonji-C domain-containing histone demethylases (JHDMs).
Addition of L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (AA2P)
was found to reprogram histone and also RNA methylation during oocyte
maturation in pig (Yu et al, 2018b). A recent study further showed that
addition of vitamin C enhanced efficiency of hPGCLC induction, along with
increased expression of key PGC genes including SOX77 and BLIMPI and
increased levels of TET and 5-hydroxymethylcytosine (ShmC), the oxidized
product of TET-mediated active demethylation (Li et al., 2019). This indicates
that vitamin C, like energy metabolism, may affect PGC development from the
very beginning.

Overall, the synchrony between metabolism and epigenome appear to be
critical for proper development of PGC. A particular metabolome may be
required for creating permissive epigenetic states for PGC specification and for
promoting epigenetic reprogramming. The interplay between metabolism and
epigenome may also provide explanations for intergenerational environmental

effects on fecundity (DiTroia et al., 2019).
1.1.1.5 DNA repair mechanism and survival of PGC

Various genes are essential to PGC survival (Hamer and de Rooij, 2018). Here

I focus on DNA repair components that have been investigated during PGC
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development. DNA repair in germline is critical to ensuring that the fidelity of
genome is maintained across generations. Failure in DNA repair, i.e.
counteracting mutations, can lead to reduced number or even elimination of
germ cells in offspring. Furthermore, when DNA damages in cell is beyond
repair, failure in inducing apoptosis can also lead to devastating consequences
such as neoplastic transformation of germ cells (Bloom et al., 2019).

Fanconi anaemia (FA) pathway, which is known for its role in repairing DNA
interstrand cross-links (ICLs) lesions but also has other functions (Ceccaldi et
al., 2016, Tsui and Crismani, 2019), is probably the most studied DNA repair
mechanism in germline, as genetic mutations in several members of this
pathway have been reported to lead to germline defects, including germline
depletion (Kato et al., 2015). However, FA mutants, apart from Fancb and
Fancl (Pog) mutants which show reduced mPGC numbers at E9.5, only show
defects in gonadal mPGCs. The reduced PGC number in FA mutants involves
ATM/TP53/p21 signalling as part of the DNA damage response and is
considered to be due to proliferation defects rather than apoptosis (Nadler and
Braun, 2000, Agoulnik et al., 2002, Luo et al., 2014). Interestingly, a more
recent study shows that defects in FA pathway, i.e. Fanca and Erccl mutants,
leads to accumulation of double-strand breaks (DSBs) and increased frequency
of apoptosis in mPGCs from E10.5 (Hill and Crossan, 2019). Beyond FA
mutants, mutations in a few more genes (Pinl (Atchison et al., 2003), Mcm9
(Yunhai and C., 2015), Rev7 (Watanabe et al., 2013), Helq (Adelman et al.,
2013)) have been correlated with PGC depletion. Most of them are also linked
to FA pathway and/or repair of DNA ICLs. None of the mutants mentioned
above affect mPGC specification. Also, most of them show no effect on the
epigenome of mPGC, except Rev7(Mad212) and Fancb. It is suggested that
Rev7 contributes to the switch from di-methylation of lysine 9 on histone H3
(H3K9me2) to tri-methylation of lysine 27 on histone H3 (H3K27me3), as
Rev7-deficient mPGCs failed to downregulate H3K9me2 or upregulate
H3K27me3 from E9.0 onwards (Pirouz et al., 2013). On the other hand, Fancb
regulates accumulation of H3K9me2 positively but H3K9me3 negatively on
sex chromosomes during meiosis (Kato et al., 2015).

Another DNA repair mechanism, base excision repair (BER) pathway, is also

studied in germline as part of active DNA demethylation. A few components
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of BER pathway show high expression in mPGC, cooccurring with active
demethylation and BER pathway is suggested as one of the possible
mechanisms to erasure Tet-oxidized products, i.e. ShmC, 5-formylcytosine
(5fC) and 5-carboxylcytosine (5caC), in PGC (Hajkova et al., 2010, Wu and
Zhang, 2017). DNA glycosylases that recognize and remove specific types of

DNA bases, often damaged or mismatched, are considered the first step in

standard BER pathway (Wood et al., 2005)(Figure 1-2). Among the 12 known

mammalian DNA glycosylases, TDG was suggested as the most promising one
for targeting Tet-mediated oxidative products (He et al., 2011). Many of those
DNA glycosylases have shown binding activities towards 5-methylcytosine on
DNA (5mC) and TET-oxidized products, including Mbd4, Ung, Neill and
Neil3 (Spruijt et al.,, 2013). However, only TDG shows direct catalytic
activities against 5fC and 5caC in vitro (Maiti and Drohat, 2011, Weber et al.,

2016) (Figure 1-8). The function of TDG in active DNA demethylation has

also been link to other DNA repair components including AID (Cortellino et
al., 2011) and Gadd5a (Li et al., 2015). However, the function of TDG in DNA
demethylation in vivo is hard to determine, as removal of 5fC in mouse pre-
implantation embryos (Guo et al., 2014a, Shen et al., 2014) or PGCs (Hajkova
et al., 2010, Yamaguchi et al., 2013a, Tang et al., 2015) appear to be
independent with TDG. Other aspects of BER pathways that functions
downstream of TET, such as whether a single or more nucleotides are replaced
(i.e. short or long patch BER), remain unexplored.

Overall, the nature of DNA lesions and how they are responded with in PGCs
remain largely unknown. PGCs appear to be very sensitive to DNA lesions,
given that mutation in single component of FA pathway often leads to PGC
depletion. It is tempting to speculate that DNA repair mechanisms, such as FA
pathway and BER pathway, cooperate with epigenetic mechanisms to ensure
proper epigenetic reprogramming and maintenance of genome stability during

PGC development (Bokhari and Sharma, 2019, Kafer et al., 2016).
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Figure 1-2 BER pathway mechanisms (Kanehisa and Goto, 2000, Kanehisa et

al., 2018) showing the first step as glycosylase-mediated excision of DNA
bases and differences between short and long patch BER.

1.1.2 Key difference between rodent and non-rodent PGC

development

1.1.2.1 Specification of human and other non-rodent PGC requires

different regulatory network compared to mPGC

Human embryo is not accessible around the timing of PGC specification
(Week 2-3). Therefore, the origin, exact timing and mechanism of hPGC early

development remain largely unknown. mPGCs are suggested to originate from
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pre-gastrulation epiblast based on in vivo data (Saitou et al., 2002) and
recapitulated by in vitro reconstitution (Hayashi et al., 2011). However, human
PGC-like cells (hPGCLCs) are more efficiently induced from cells with early
mesodermal character, suggesting it is possible that hPGC originate from the
mesodermal precursors at the onset of gastrulation (Sasaki et al., 2015, Irie et
al., 2015, Sugawa et al., 2015). Studies of PGCs of Cynomolgus Monkey
(cyPGCs) in vivo and in 3D cultured embryos also provide another scenario
that primate PGCs are derived from nascent amnion before gastrulation (Sasaki
et al.,, 2016), as potential cyPGCs (SOX17*/TFAP2C" or SOX177/CDX2")
were detected within amniotic epithelium cells beneath the gastrulating
epiblast 11-13 days post-fertilization (d.p.f) (Ma et al., 2019, Niu et al., 2019).
This is further supported in hPGCLCs as the progenitors of hPGCLCs (i.e. D1
cells on the trajectory towards PGC lineage) express highly level of TFAP2A4
and show amniotic features). However, noting that those progenitors also show
more consistent and evident gastrulating features (Chen et al., 2019b). Also,
trajectory analysis revealed that cyPGCs from 3D cultured embryos show more
similarity at transcriptional level towards gastrulating cells (Ma et al., 2019).
Similarly, clustering analysis of scRNA-seq data revealed that early hPGCs
from a rare gastrulating Carnegie Stage 7 human embryo (CS7 hPGCs) may
emerge from the primitive streak (Tyser et al., 2020). Therefore, further
investigations, with in vitro culture systems and in vivo embryos of pig and
non-human primates, are warranted to characterise the SOX17" cells and the
surrounding nascent amnion at molecular level, followed by lineage tracing of
the fate of those cells.

Unlike the cylinder-shape mouse embryo, human embryonic disc does not
have EXE, which is the main source of BMP4 signal for PGC specification in
mice. Still, BMP signalling and WNT signalling are suggested to be the
conserved signals for PGC specification in non-rodent mammals, based on
studies in rabbit (Hopf et al., 2011), pig (Valdez Magana et al., 2014,
Kobayashi et al., 2017), Cynomolgus Monkey (Cy monkey) and human in vitro
PGC systems (Sasaki et al., 2015, Irie et al., 2015, Kobayashi et al., 2017).
Study in Cy monkey embryo suggests for primate PGC specification, WNT
signalling (WNT3A) derives from the cytotrophoblasts and BMP signalling
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derives from the amnion (BMP4) or extra-embryonic mesenchyme (BMP2)
(Sasaki et al., 2016)

Robust in vitro inductions of hPGCLCs were first reported in 2015 (Sasaki et
al., 2015, Irie et al., 2015, Sugawa et al., 2015), which are extremely useful for
studying mechanisms of early hPGC development. Despite an overall
similarity, induction of hPGCLCs has revealed several key differences
between human and mPGC development. First of all, the core germline
specification circuitry is different between rodent and non-rodent species.
SOX17, a critical transcription factor for endoderm lineages which plays no
role in mPGC specification, is distinctly expressed in those putative PGCs and
was shown to be the key specifier of hPGC (hPGC)-like fate (Irie et al., 2015).
SOX17 is also evidently detected in early cyPGC (Sasaki et al., 2016) and
pPGC (Kobayashi et al., 2017). PRDM14 was demonstrated to have a different
expression profile between mice and human. Although it is highly expressed in
mPGCs and PGCLCs, in hPGCLCs it was reported to be strongly
downregulated and maintain low (Sugawa et al.,, 2015). However, a more
recent study detects clear PRDM14 signal in hPGCLCs and gonadal hPGCs
and suggests an essential role of PRDM14 during hPGC specification. The role
of PRDM14 in hPGC development is still divergent compared to in mPGC, as
ChIP-seq analysis suggests PRDM14-targeted genes in hPGCLCs are largely
different compared to mPGCLCs, and PRDM14 expression alone cannot
induce germline lineage in human (Sybirna et al., 2020). pPGC also shows a
different profile of PRDM14, as PRDM14 signal is weak and cytoplasmic in
pre-migratory pPGC but clearly detected as nuclear signal in some early
gonadal pPGC (Kobayashi et al., 2017). Another major difference is the
absence of SOX2, the pluripotent gene critical for mPGC specification
(Campolo et al., 2013), is absent in hPGCs and hPGCLC (Sasaki et al., 2015,
Irie et al., 2015). An interesting study investigated the SOX2 and SOX17
genome occupancy in the SOX17-, SOX2+ embryonal carcinomas (ECs) and
SOX17+, SOX2- seminomas, respectively. Both seminomas and ECs are
suggested to arise from lesions of arrested PGCs (Berney et al., 2016). At
transcriptional level, seminomas resemble PGCs, while ECs show similarity to
ESCs. In general, SOX17-bound genes in seminoma cells and SOX2-bound

genes in EC cells show large overlap, which includes germ cell and
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pluripotency genes such as PRDM14, NANOG and LIN28A (Jostes et al.,
2019). These results support the possibility that SOX17 in hPGC may replace
some functions of SOX2 during mPGC development. The function of Nanog
may also be different between mouse and hPGC specification, as unlike in
mouse PGCLC induction, NANOG alone cannot induce hPGC fate in
competent cells (Kobayashi et al., 2017). Both of NANOG and SOX2 are
PRDM14-related genes, which also support a differential regulation system of
PRDM114-related genes. Core regulatory factor BLIMP1 and TFAP2C are
strongly expressed in both mPGC and hPGC, however in mPGC, it is
suggested BLIMP1 acts upstream of TFAP2C, while in hPGC induction
system, the initiation of TFAP2C is independent and upstream of BLIMP1
(Kojima et al., 2017).

Furthermore, germline competency is also differently regulated in human and
mouse. Unlike in mice, knockout of T does not affect hPGCLC specification
(Kojima et al., 2017). One the other hand, although Eomes is dispensable for
mPGCLC induction, it is transiently expressed upstream of SOXI17and is
essential for hPGCLC induction and functions (Yokobayashi et al., 2017, Chen
et al.,, 2017b, Kojima et al., 2017). SOX17-KO human induced pluripotent
stem cells (hiPSCs) and incipient mesoderm-like cell (iMeLC) show similar
level of EOMES with wild-type controls, while EOMES-KO iMeLC show
reduced SOX17. Upon hPGCLC induction, EOMES-KO iMeLCs fail to
upregulate SOX17 as well as BLIMP1. TFAP2C expression is initiated in
EOMES-KO iMeLCs but fail to be maintained (Kojima et al., 2017),
suggesting the initiation of TFAP2C depends on a distinct pathway. EOMES is
detected in primitive streak and gastrulating cells of E12 Cy Monkey embryo,
but not in TFAP2C-positve cyPGC, suggesting EOMES may be required for
germline competency in primates but also downregulates after primate PGC
speciation (Sasaki et al., 2016). As TFAP2C is a retinoic acid (RA)-responsive
gene (Hoei-Hansen et al., 2004), and EOMES is suggested to upregulate
retinoic acid receptor (RAR) signalling pathway during hPGCLC induction
(Kojima et al., 2017), an interesting hypothesis is proposed that after induced
by BMPs, TFAP2C expression is first maintained by EOMES-mediated RA
signalling pathway and later by feedback loops formed within core regulatory
circuitry of hPGC development (Jostes and Schorle, 2018).
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First described as a gatekeeper of PGC specification in mice, the role of OTX2
has not been investigated during hPGC specification (Zhang et al., 2018a).
Expression of OTX2 is downregulated in WT hPGCLCs compared to human
pluripotent stem cells, but not in Blimp1-mutant hPGCLCs (Tang et al., 2015,
Kojima et al., 2017). However, OTX2 shows slightly higher expression level
in gonadal hPGC compared somatic cells (Tang et al., 2015), and a higher
expression of OTX2 is detected in testicular germ cell tumours (TGCT) tissues,
which resemble PGCs and pluripotency cells, compared to normal testis tissue.
OTX2 is also identified as a direct target of SOX17 in seminoma cells.
Therefore, it remains largely unclear if and when the downregulation of OTX2
is essential for hPGC specification and development.

It is worth noting that PGCs of plains vizcachas (Lagostomus maximus)
(ImPGC), which are basal rodents, express SOX17 before migration, together
with OCT4 and germline markers such as STELLA and FRAGILIS. However,
BLIMP1 was not detected in ImPGC at any examined stage, suggesting a
largely divergent regulatory network of PGC specification compared to mouse.
Early embryo of /maximus also shows a flat, disc shape instead of an egg
cylinder, and no contact between epiblast and the EXE is observed before or
after gastrulation. It is possible that the specification of PGC in mouse and rats,
which depends on signalling from EXE and lacks Sox17, is a newly evolved
trait, for the superfamily Muridae, the most recently evolved group of rodents

(Leopardo et al., 2018, Leopardo and Vitullo, 2017).

1.1.2.2 Different tempo and mechanisms of epigenetic reprogramming
in hPGC

Despite the general similarity of epigenetic reprogramming in mouse and
hPGC development, several evident differences have been reported. Global
DNA demethylation is one featured event of epigenetic reprogramming, which
is suggested to occur in two phase in mPGCs, with global loss of DNA
methylation via replication-dependent passive way before the gonadal stage,
and locus-specific loss of DNA methylation via Tetl/2-mediated active
demethylation (Seisenberger et al., 2012). For example, parent-of-origin

imprints in mPGCs are mainly erased via the active mechanism after mPGC
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reach the gonads (Hackett et al., 2013, Kawasaki et al., 2014). However, recent
studies in hPGCs in vitro and in vivo indicates SmC level on imprints is largely
reduced with enrichment of ShmC before genital ridge colonization, suggesting
a different ‘tempo’, and potential mechanism of DNA demethylation in human
and mPGCs. Profiles of histone modifications during hPGC development
(Tang et al., 2015), such as H3K27me3 and H3K9me?2, also show difference
compared to histone remodelling in mPGCs (Seki et al., 2007, Kagiwada et al.,
2013, Seki et al., 2005). With different profiles of DNA methylation and
histone modification, it is not surprising that the timing of X chromosome
reactivation (Chuva de Sousa Lopes et al., 2008, Sugimoto and Abe, 2007,

Guo et al., 2015) and chromatin accessibility also show difference between

human and mouse germ cell development (Guo et al., 2016) (Figure 1-3).
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Figure 1-3 Epigenetic reprogramming in hPGC (von Meyenn and Reik, 2015).

(A) Two waves of global demethylation also occur in human lifecycle. One
wave starts after fertilization where the epigenome from paternal (blue) and
maternal (red) gametes are reset by the blastocyst stage and the other in
hPGCs following the de novo methylation in the epiblast. In Wk7-9 hPGCs,
DNA methylation reaches the basal level and significant loss of methylation
has occurred genome wide. However, a small number of demethylation
resistant loci, including some evolutionarily young TEs and single copy genes,
retain partial methylation and are potential carriers of transgenerational
epigenetic information. (B) Similarities and differences (marked by red) have
been observed between human and mouse PGC development. hPGCs show
high expression of naive pluripotency genes KLF4 and TFCP2L and require
SOX17 for specification. Imprint methylation and X reactivation in hPGCs are
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evident at Wk4, which is suggested to be earlier compared to in mPGCs. Also,
unlike in mPGCs, H3K27me3 later becomes absent in hPGC after the

envichment in migratory and early gonadal stages.

1.1.2.3 Pig PGC development shows similarity to hPGC

Unlike the cylinder-shaped embryo in mice, pig develops an embryonic disc.

Development of post-hatching porcine embryo (E8-15) was summarized in
Table 1-1 (Contreras Caro del Castillo, 2011). A spherical porcine embryo

which is newly hatched from zona pellucida (E8-9) contains well-defined inner
cell mass (ICM), extending hypoblast and the trophectoderm (TE). The ICM is
covered by the polar TE (i.e., Rauber’s layer). During the pre-streak stage I
(E10-11) the hypoblast is fully formed (i.e., The hypoblast covers the inside of
both ICM and trophectoderm) and the Rauber’s layer degenerates. The
remaining cells of the former ICM are now referred to as the epiblast and are
exposed to the uterine cavity (Vejlsted et al., 2006a). At the following pre-
streak stage II or early primitive streak (EPS) stage (E11-12), the conceptus
initiates elongation and the spherical embryo becomes ovoid. A crescent-
shaped thickening is observed within the caudal 1/3 of the porcine embryonic
disk at this stage, which is due to the delamination of extraembryonic
mesoderm (Fléchon et al., 2004). The primitive streak (PS) stage (~E12) is
characterised by the occurrence of primitive streak with an anterior node. Cells
around the former crescent-shaped thickening appear to gather in the midline
to start their epithelial-mesenchymal transition (EMT). At this stage, amniotic
folds are visible at the borders of the embryo proper. Neurulation also takes
place from PS stage and leads to the formation of neural plate. The folding of
neural plate via differential growth forms the neural groove, which is the
feature of neural groove stage (E13-14). At the neural groove stage, the
embryo proper is partly enclosed by the amniotic folds. The neural groove
extends from the anterior towards the posterior pole of the embryo proper.

When the neural groove almost reaches the posterior pole in porcine embryo,

30



Introduction

the paraxial mesoderm thickens to form somites which defines the somite
stages (Vejlsted et al., 2006a, Vejlsted et al., 2006b, Oestrup et al., 2009).

A recent study indicates that the posterior pre-streak epiblast, which shows
expression of mesodermal factors T, is most competent for pig PGC (pPGC)
induction. In response to WNT and BMP signalling, pPGC is induced and
shows sequential upregulation of SOX17 and BLIMPI. Specified pPGCs (i.e.,
SOX17" and BLIMP1") were observed at the posterior end as early as the EPS
stage (E11.5-12). The stage of competence and signalling requirement in
pPGC specification is mostly recapitulated in human and monkey in vitro

systems. At E14-14.5, a distinct pPGC cluster is observed at the posterior end

(Figure 1-4). Interesting, it is suggested that the expansion of pPGC population

is due to recruitment of competent cells, but not proliferation, based on the
absence of de novo DNA in newly specified pPGCs and their precursors
(Kobayashi et al., 2017). The cease of proliferation also progressively occurs
in mPGCs but mostly after specification and become evident at early migration
stage, and they are reported rapidly proliferating until E7.25 (Seki et al., 2007,
Ohno et al., 2013). The way of expansion in hPGC is largely unknown. During
the induction of hPGCLCs, downregulated genes are enriched in GO term
‘positive regulation of cell proliferation’ while upregulated genes enriched
in ’negative regulation of cell proliferation’ (Sasaki et al., 2015), yet a large
proportion of hPGCLCs are positive for proliferating marker Ki-67 (Irie et al.,
2015).

Migratory pPGCs can be observed as early as around E12.5-13.5 (Kobayashi
et al., 2017). The migration pattern is largely shared between mouse and pig. A

large number of migratory pPGCs appear in hindgut from 8-somite stage
(Figure 1-5). However, the precise timing is complicated to compare. pPGCs

appear less synchronous and more randomly distributed during the migration
compared to in mice. The mechanism underlying the migration event in the pig
embryo remains largely unknown (Hyldig et al., 2011b). At E22, pPGCs have

reached the genital ridges which will further develop into primitive gonads

(Figure 1-6) (Hyldig et al., 2011a).
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The transcriptional profile of pPGC is largely similar to hPGCLC, with SOX17
as the key specifier and downregulation of SOX2. There is a difference in the
re-expression of NANOG in the mouse, whereas it is constantly present in the
posterior regions that give rise to pPGCs from E9.5 (Kobayashi et al., 2017).

Epigenetic profiles of nascent pPGC are largely different to the ones in mPGCs,
specifically the significant reduction of 5mC accompanied with early
enrichment of ShmC during the cease of proliferation at pre-migratory stage,

suggesting a major role of active demethylation in early pPGC development
(Figure 1-7). The erasure of imprints in pPGCs also appears to be earlier

compared to mPGC (Hyldig et al., 2011a). Active demethylation observed in
nascent pPGC could be an explanation for the active erasure of imprints prior
to genital ridge colonization in hPGCs. Similar to hPGC in vitro and in vivo,
H3K9me2 and its contributor G9a are downregulated in pig pre-migratory and
early migratory PGCs. The other histone modification, H3K27me3, show
enrichment in migratory and early gonadal pig PGC, followed by large
downregulation in the following stages. A similar profile is also observed in
hPGC in vivo. In contrast, high level of H3K27me3 is maintained in mouse

gonadal PGCs (Hyldig et al., 2011a).
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Table 1-1 This table is modified from Contreras Caro del Castillo, 2011. The images are modified from Vejlsted et al., 2006a and Contreras

Caro del Castillo, 2011. The illustrations are modified from Patten, 1931 and Kobayashi et al., 2017. This table shows day of collection after
fertilization, and morphological characteristics of embryonic and extra-embryonic tissues. Inner cell mass (ICM); Early primitive streak (EPS),
Primitive streak (PS); Late primitive streak (LPS), Early neural groove (ENG), Neural groove (NG), Somite Stage (STS).
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Figure 14 Bright field image (left) and illustration (right) of a 3-somite

porcine embryo (~E14). An evident PGC cluster is present at the posterior end
of the embryo.
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Figure 1-5 Whole-mount images and transversal sections of an 8-somite (A4)

and a EI17 porcine embryo (B). pPGCs were stained with OCT4 antibody.
Migratory pPGCs can be observed in the hindgut. Red circle in (A) indicates
the pPGC cluster. Black arrow in (B) points at a single PGC in the hindgut. (h)
hindgut, (al) allantois, (V) ventral, (D) dorsal. (NT) neural tube, (STS) somites.
Modified from Contreras Caro del Castillo, 2011.
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Figure 1-6 The top panel shows transversal sections of porcine embryos (E17-
42). pPGC are found in hindgut of E17 embryo (A) and genital ridges or
primitive gonads of E22-42 embryo (B-E). Arrows indicate the PGC
containing tissue. Arrowhead depicts the mesonephric connection. The bottom
panel shows double IF staining of the OCT4 and SSEA-1 in transversal
sections of porcine embryos of the above stages (Hyldig et al., 2011a).
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Figure 1-7 In vivo pPGC specification shows similarity to hPGC and cyPGC

in vitro induction (Kobayashi et al., 2017). The epiblasts of three species
develop in flat disc embryos, where SOX17 likely regulates both PGCs and DE.
In response to BMP and WNT signalling, SOX17 and BLIMPI are upregulated
which are necessary and sufficient for inducing PGCs, and for initiating the

germline-specific epigenetic program such as global DNA demethylation.

1.2 Epigenetic reprogramming in mammalian development

Currently, global DNA demethylation appears to be the most-studied process
during epigenetic reprogramming in mammalian development. However,
epigenetic modifications are highly cooperative, and systems which regulate
DNA methylation, histone modification and ncRNAs are very likely to work in
parallel to guarantee the robustness and high fidelity of epigenetic

reprogramming while maintaining the cell identity and functionality of

39



Introduction

individual cells. Understanding regulatory mechanisms underlying different
epigenetic modifications and their cooperation during epigenetic
reprogramming will lead to a more comprehensive picture of epigenetic
reprogramming (Hackett et al., 2012b). Therefore, the potential functions of

several key histone modifications in PGC development will also be discussed.
1.2.1 DNA modification during mammalian development

1.2.1.1 5mC and Demethylation

The presence of SmC was first reported in mammals in the late 1940s and its
role as an epigenetic marker has been widely studied and documented
(Plongthongkum et al., 2014, Jones, 2012, Breiling and Lyko, 2015). Cytosine
methylation mostly occurs in a CpG dinucleotide context, yet CpG islands
(CGls), which are characterized by a very high CpG density, are typically
hypomethylated. CGIs are found in approximately 70% of mammalian gene
promoters (Saxonov et al., 2006). Other gene regulatory elements such as
enhancers may also contain CGI.

SmC on DNA can be catalysed by three conserved DNA methyltransferases
(DNMT), DNMT1, DNMT3A and DNMT3B as well as one newly discovered
and mouse specific Dnmt3c¢ which specifically targets evolutionary young TEs
in male germline (Barau et al., 2016). As Dnmt3c is currently only annotated
in a few rodent species, it is difficult to predict whether it exist in non-rodent
species and therefore this gene is not further discussed here. De novo
methylation via Dnmt3a/b at appropriate genomic regions, such as imprinted
genes, will be faithfully maintained by Dnmtl/Uhrfl complex during DNA
replication and cell division. Dnmt3a/b are also required for robust
maintenance of methylation (Chen et al., 2003, Arand et al., 2012). De novo
methylation by Dnmt3a/b most profoundly occurs in two phases in early
development, following two waves of global demethylation in pre-
implantation embryo and developing PGCs, respectively. The specificity of
Dnmt3a/b to methylate the appropriate regions of the genome is a critical
mechanism in establishing epigenome in both developing individual and their

germline which contribute to next generation.
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Although DNMT3A and DNMT3B (full-length isoform) are highly
homologous de novo methyltransferases, they have been reported targeting
distinct genomic regions. Still, mechanisms underlying the specific targeting of
de novo methylation are largely unclear. It is unlikely that specificity of de
novo methylation is solely dependent on recognition of specific genomic
sequence by DNMT3A/B. Other factors, such as DNA binding proteins,
interference of transcriptional machinery, the effects of histone modifications
and nucleosome positioning, may also help shape the de novo established
epigenome (Rose and Klose, 2014). Dnmt3L, which lacks a catalytic domain
compared to Dnmt3a/b, is considered a cofactor for de novo methylation
(Guenatri et al., 2013). Dnmt3L has been reported with positive (Ooi et al.,
2007, Jurkowska et al., 2011a, Jurkowska et al., 2011b) and negative effect
(Neri et al., 2013b) on DNA methylation under different context. Although
Dnmt3L is suggested to be important for mPGCLC induction (Neri et al.,
2013b) and involved in the de novo methylation in mouse germ cells
(Smallwood et al., 2011, Bourc'his and Bestor, 2004) and early embryo
(Guenatri et al., 2013), its expression is controversial in hPGCLCs (Sasaki et
al., 2015, Irie et al., 2015, Sugawa et al., 2015) and barely detected in gonadal
hPGCs (Tang et al., 2015, Gkountela et al., 2015, Guo et al., 2015) or early pig
PGCs. It is not detected in the human oocytes (Okae et al., 2014) or the oocyte
and early embryo of pig and cow (Ivanova et al., 2020). However, it’s

upregulated in early and gonadal cyPGCs (see section Chapter 22.32.3.22.3.2.1
Figure 2-35), of which the function warrants further investigation.

Dnmtl is considered the ‘maintenance’ methyltransferase because of its higher
affinity for hemi-methylated DNA (Jeltsch and Jurkowska, 2014). Uhrfl, a
recruitment factor, is required for the specific targeting of DNMT1 to hemi-
methylated DNA. The DNMT1/Uhrfl complex recognises hemi-methylated
CpG sites and modifies the unmethylated daughter strand with the same
methylation patterns that originated in the parental strands.

During epigenetic reprogramming, the removal of SmC can be achieved by
inhibition of DNMTs and their partners, which allow dilution of SmC through

DNA replication (also known as passive demethylation), or by oxidation by

TET proteins (TET1/2/3) into ShmC, 5fC and 5caC (Figure 1-8). In early
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embryos, classic models suggest the male pronucleus undergoes active
demethylation mediated by TET3. S5hmc and other oxidative products
generated by TET could be removed via base excision repair (BER) pathway
as well as replication-dependent dilution (Gu et al., 2011, Inoue and Zhang,
2011). Slower demethylation kinetics is observed in maternal genome, as
maternal genome is tightly bound by STELLA and therefore protected from
TET3-mediated active demethylation (Nakamura et al., 2007, Messerschmidt,
2012, Nakamura et al., 2012), but still undergoes replication-dependent passive
demethylation caused by nuclear exclusion of majority of DNMT1 (Hirasawa
et al., 2008, Inoue and Zhang, 2011). After zygotic stage, TET3 expression is
rapidly reduced at 2-cell stage (maternal-zygotic transition) and replaced by
TET1/2 around morula stage (Gu et al., 2011, Cao et al., 2014, Lee et al.,
2014a, Gao et al., 2017), while the genome continues to undergo
demethylation until the blastocyst stage. DNA re-methylation is restored
during embryonic lineage establishment (Inoue and Zhang, 2011). New single-
base-resolution techniques for DNA methylation profile provide more detailed
information in both mouse and human which partially disagrees with the
classic model and indicates that Tet-mediated demethylation is also evident in
the maternal genome (Wang et al., 2014, Shen et al., 2014, Tsukada et al.,
2015, Guo et al., 2014a). A recent study further suggested that in the mouse
paternal genome TET3 may function as an antagonist to de novo methylation
activity in later zygotic stages, but not necessarily required for demethylation
before PN3, as TET3-independent SmC erasure occurs before evident ShmC
generation, and maternally inherited DNMT3A and DNMT1 can newly deposit
SmC on paternal genome around PN3 (Amouroux et al., 2016). Also, deletion
of maternal Tet3 did not seem to affect the pre-implantation development(Gu
et al., 2011), but do reduce rate of full-term development and neonatal
development (Tsukada et al., 2015), which may relate to defects in paternal
gene activation and activity of pluripotency genes NANOG (Gu et al., 2011,
Costa et al., 2013, Ito et al., 2010). In mice, it is also suggested that partial
impairment in the maintenance of symmetric DNA methylation at CpG dyads,
rather than active demethylation, is the main driver of DNA demethylation in
PGCs and in both paternal and maternal genome of the zygote (Arand et al.,

2015). The link between increased cell numbers (i.e. enhanced cell replication)
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and decreased DNA methylation has been reported in studies of assisted
reproductive technologies. IVF and SCNT embryos have been often observed
with higher global DNA methylation level, while treatments, such as addition
of Xenopus laevis egg extract (Gillespie et al., 2012) or reproductive fluids
(Canovas et al., 2017) in the media, that improve the blastocyst rate are often
found to decrease DNA methylation and increase cell number per blastocyst.
Although the profiles in human and mice are generally similar, distinct features
were observed between 2-cell to morula stage (Guo et al., 2014c, Smith et al.,
2014). The profiling in zygotic stages of human embryos is obtained via
immunocytochemistry, which suggest co-existence of SmC and ShmC in both
pronuclei in a non-reciprocal pattern (Petrussa et al., 2016). This non-
reciprocal pattern is also reported in human oocytes (Petrussa et al., 2016) and
mouse zygotes (Salvaing et al., 2012), which is partially consistent with the
finding of de novo methylation at PN3 (Amouroux et al., 2016). DNA
methylation dynamics has also been studied in mammalian species other than
mice and human. In rhesus monkey, an unexpected methylation peak at 8-cell
stage and reduced represented bisulfite sequencing (RRBS) indicates, unlike
the unidirectional demethylation observed in mice and human, de novo
methylation is concurrent with demethylation during monkey early
embryogenesis (Gao et al., 2017). DNA methylation and hydroxymethylation
profiling of early embryos in other species, including bovine (Wossidlo et al.,
2011), porcine (Cao et al., 2014, Lee et al., 2014a), ovine (Jafarpour et al.,
2017, Masala et al., 2017) and equine(Heras et al., 2017), are mainly obtained
via immunochemistry, which can separate SmC and Shmc but do not have
single-base resolution. Profiles of SmC, ShmC and their modifiers seem to be
species-specific and considerably affected by IVF and SCNT, which warrant
further investigation into global demethylation of early embryos in multiple
mammalian species (Cao et al., 2014, Zhang et al., 2016b, Canovas et al.,
2017).

During the global demethylation in pre-implantation embryo, methylation at
imprints, retrotransposons as well as a portion of differentially methylated
CGIs in oocyte-specific and sperm-specific methylated regions are at least
partially maintained (Kobayashi et al., 2012, Smith et al., 2012, Smith et al.,

2014). Those maintained methylated regions could be potential carriers of
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parental epigenetic information and contribute to epigenetic inheritance.
Several factors have been shown to contribute to methylation maintenance at
specific loci, including DNMT1 and DNMTlo (the oocyte-specific form of
DNMTT1), STELLA/PGC7 (Wossidlo et al., 2011), TRIM28/ZFP57 as well as
other KRAB family members with similar properties with ZFP57 (Strogantsev
etal., 2015, Quenneville et al., 2011, Kumar et al., 2017).

The maintenance or erasure of methylation at imprints is one of the key
differences between global demethylation in embryos and in PGCs. Based on
DNA methylation and expression profiles obtained from mPGCs, global
demethylation in pre-gonadal PGCs is mediated by passive DNA
demethylation caused by repression of DNMT3A/B and UHRF1, whereas after
reaching genital ridge, TET1/2 erase methylation at specific regions such as
imprinted regions. The function of TET1/2 on imprint erasure has been shown
in several studies (Dawlaty et al., 2013, Yamaguchi et al., 2013a, Yamaguchi
et al., 2013b, Hackett et al., 2013). TET1 may also be involved in regulation of
meiosis, as although genome-wide demethylation in primordial germ cells is
not largely affected, Tetl deficiency leads to defective DNA demethylation
and decreased expression of a subset of meiotic genes (Yamaguchi et al., 2012).
However, fertility of TET1/2 single KO and double male KO mice are overtly
normal, which lead to questions about the functional redundancy and
specificity of TETs as well as the necessity of TET1/2 during PGC
demethylation and development. Alternatively, TET1/2 and 5mC oxidation
may be required to “kick-start” the demethylation process (Hahn et al., 2014).
It is worth noting that a new type of stem cell, named expanded potential stem
cells (EPSC), has been cultured from individual mouse eight-cell blastomeres,
with inhibitors targeting MAPKSs, Src, Wnt/Hippo and Tnks1/2. EPSCs can
also be converted from mESCs and iPSCs. Distinct from naive mESCs, EPSCs
can contribute to the embryo in chimeras, and differentiate towards
trophectoderm and extraembryonic endoderm lineages. DNA modification
5mC, and 5hmC, as well as histone modification H3K4me3, H3K27me3 and
H3K27ac, has been characterized for EPSCs. Although scRNA-seq indicates
the transcriptome of EPSCs may be closer to the ones of other in vitro culture
pluripotent stem cell rather than of in vivo eight-cell blastomere, EPSCs may

provide novel material for studying epigenome, especially histone
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modification and transcriptional factor binding, in pre-implantation embryos
(Yang et al., 2017a).

The overall DNA demethylation dynamics are similar between mouse and
human foetal germline. DNA methylation is recognized as a principal
contributor to the stability and regulation of gene expression for differentiation
and maintenance of cellular identity. The methylome of gonadal PGCs reaches
its lowest level at E13.5 in mouse and Wk9 in human, with most promoters
and retrotransposons demethylated, yet gene expression is under control and
genome integrity is protected, indicating the global uncoupling of DNA
methylation and transcription during epigenetic reprogramming in PGCs.
However, in hPGCs, demethylated promoters of some genes related to meiosis,
KRAB-ZFP and PIWI pathway, show correlation with increased expression.
Similar correlation is also observed in early gonadal mPGCs (Hargan-
Calvopina et al., 2016, Seisenberger et al., 2012). Those genes are therefore
named “methylation-sensitive genes”. Active demethylation at promoter
regions may be required for expression of those germline-specific genes and
may also affect other epigenetic modifications (Tang et al., 2015).

Other key features, at both transcriptional and epigenetic level, are reported to
be different between mouse and hPGC development. In mPGCs, DNMT]1, in
the absence of Uhrfl, is suggested to maintain methylation on imprint control
regions, X-linked genes and intracisternal A particles (IAPs) during the
replication-dependent passive demethylation (i.e. Stage I demethylation),
which might be similar to the function of DNMTI1 and DNMTlo in DNA
methylation maintenance in preimplantation embryo and oocyte. Those
specific loci, except IAP, are demethylated via TET-active demethylation (i.e.
Stage II demethylation) after reaching gonadal ridge. Conditional deletion of
DNMTI1 in PGC lead to abrogation of the two-stage DNA demethylation,
precocious germline differentiation and fewer E13.5 PGCs (Hargan-Calvopina
et al., 2016). This temporal and mechanistic separation of two stages of DNA
demethylation in mPGC may not be conserved in hPGCs. The timing of
imprint erasure are relatively earlier in hPGCs of which could start in
migratory stage (before Wk4), compared to mPGCs in which the phenomena
are observed in early gonadal PGCs (after E8.5) (von Meyenn and Reik, 2015,
Guo et al., 2015, Tang et al., 2015, Chuva de Sousa Lopes et al., 2008). This
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observation is further supported by the upregulation of TET1 and detection of
5hmC in Wk4 hPGCs (Guo et al., 2015, Tang et al., 2015). Partial erasure of
5mC coupled with increased level of ShmC at H19 and GNAS ICRs are also
reported in D4 hPGCLCs. Although another study reported that observant
demethylation at H19 promoter region is only detected after Wk9 hPGCs, the
bisulfite-PCR used in that study only detected methylation status within a
200bp region (Eguizabal et al., 2016). Still, inaccessibility of human embryos
at earlier stages prohibit investigation of in vivo demethylation during hPGC
specification and early migration, which emphasizes the necessity of a reliable
model animal and robust in vitro induce system for studying 5mC and
potentially ShmC dynamics in early PGC development.

Epigenetic reprogramming in PGCs of other species has been recently reported.
Global reduction of 5SmC and H3K9me2, as well as repression of their
epigenetic modifiers such as Uhrfl and EHMT2/G9a, is evident in newly
specified (E14) and early migratory (E16) pig PGCs compared to surrounding
somatic cells, which indicates an earlier initiation of epigenetic reprogramming
compared to in mouse but consistent with the timing in human. Interestingly,
along with the reduction of 5SmC, TET1 and 5hmC level are significantly
enriched in pre- and early migratory pig PGCs, which is consistent with the
observation in Wk4 hPGCs and further indicates temporal and mechanistic
difference of epigenetic reprogramming between rodents and non-rodent
mammalian PGCs (Kobayashi et al., 2017). Similarly, 5SmC and H3K9me?2 is
significantly lower in cyPGCs from as early as around E17 and E20,
respectively (Sasaki et al.,, 2016). Given the similarity observed between
human and porcine embryo at morphological, transcriptional and epigenetic
level as well as the high accessibility of porcine embryos, pig could be a
surrogate model for investigating epigenetic reprogramming in human early
PGCs, when combined with in vitro mimics for human embryonic
development (Kobayashi et al., 2017).

Although no conclusive proof that DNA methylation can be inherited across
generations, there is evidence suggesting that DNA methylation at some
genetic regions can escape epigenetic reprogramming in both preimplantation
embryos and PGCs (Tang et al., 2015, Guo et al., 2015, Hackett et al., 2013,

Seisenberger et al., 2012). These regions are termed ‘escapees’, of which most
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are repeat-rich TEs. However, a group of these escapees is repeat-poor, single
copy genes which are associated with metabolic and neurological disorders.
Interestingly, those repeat-poor ‘escapees’ are enriched in gene bodies. In
contrast to the strong link between repressed gene expression and promoter
methylation, methylation at gene bodies seems to be correlated with active
gene expression (Chen et al., 2016b, Jones, 2012, Schroeder et al., 2015).

Overall, redundant mechanisms have evolved to act in parallel for the profound
erasure of epigenetic marks in early embryos and PGCs, yet several
mechanisms also exist to protect methylation at specific genomic regions.
Those demethylation and methylation-protection mechanisms differ in details
among mammalian species, suggesting a recent and presumably ongoing
evolutionary selection. Future research looking into details of these
mechanisms in different mammalian species would present a comprehensive
network for regulation of epigenetic states in development and inheritance
which could have promising biomedical applications and demonstrate how the

cycle of life and developmental pattern might have evolved in mammals.
1.2.1.2 Functions and regulation of TET proteins and 5hmC

The non-reciprocal pattern between 5mC and 5hmC, and the dynamics
observed during late oogenesis and early embryo development suggest
additional roles of ShmC other than just being a transient status during
demethylation (Masala et al., 2017). ShmC is a relatively stable and abundant
DNA modification (Zhao et al., 2014), and have different binding properties
compared to SmC. Various ShmC ‘readers’ have been identified with multiple
high-throughput approaches, and many of them have been determined as
transcriptional factors and DNA repair components (Mellen et al., 2012,

Yildirim et al., 2011, Spruijt et al., 2013, Zhu et al., 2016, Mohni et al., 2019)
(Figure 1-8).

Extensive research in mESCs and several other cell lines have reported
potential activities and roles of TET proteins and ShmC (Wu and Zhang, 2011,
Xu et al, 2011, Cimmino and Aifantis, 2017). TET enzymes bind

preferentially to promoters and gene bodies but also enhancers with affinity

that positively correlates with CpG density (Williams et al., 2011, Stroud et al.,
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2011). TET1, 2 and 3 share an evolutionally conserved Cysteine-rich and
typical double-stranded beta helix fold of 20G-Fe(Il) oxygenases, but TET1

and 3 contain a DNA binding CxxC domain, which TET2 lacks. Evidences for
the functional redundancy and specificity of TET enzymes are also

controversial, suggesting TET activities are likely to be highly context-

dependent (Huang et al., 2014, Hon et al., 2014). Interactions of TET protein

with pluripotent genes, such as Nanog (Costa et al., 2013, Pantier et al., 2020),

Oct4 (Piccolo et al., 2013), and Lin28A (Tan and Yeo, 2016, Zeng et al., 2016,

Jiang and Baltimore, 2016) have also been reported in different systems. It is

tempting to propose that those interactions also occur in early pig PGCs and
play a role during pig PGC development.

Unlike the strong association of SmC with gene silencing, the correlation
between ShmC and gene expression appears to be much more diverse. Also,

genomic ShmC pattern is shown to be highly dynamic, which is suggested to

be related to tissue-specific biological processes (Hendrich et al., 2001,

Ponnaluri et al., 2017, Lin et al., 2017, Nestor et al., 2012). Although 5ShmC

enrichment on gene bodies has been mostly suggested to link with active gene

expression in various contexts (Guo et al., 2016, Lin et al., 2017, Wu and Zhang,

2011, Ponnaluri et al., 2017), ShmC on promoters and enhancers are reported to

be correlated to active (Deplus et al., 2013, Ficz et al., 2011, Stroud et al., 2011)
or repressed genes (Choi et al., 2014, Williams et al., 2011, Wu and Zhang,

2011, Zhang et al., 2016e, Kim et al., 2014) by different studies.

TET activities and the genomic content of ShmC could also contribute to the
regulation of expression of specific genes during development and differentiation
by modulating the open or closed state of the chromatin (Ruzov et al., 2011). In
foetal germ cells, genes with intermediate ShmC levels at promoter regions are
more likely to have higher chromatin accessibility and also have higher expression
levels (Guo et al.,, 2016). TET activity on insulators may also regulate gene
expression by altering chromosomal architecture. For example, TET1/2 are
suggested global regulators of CTCF-dependent splicing, as the oxidation of
S5mC to ShmC abolish the inhibitory role of SmC on CTCF binding (Marina

and Oberdoerffer, 2016).

5hmC and TET activities also correlate with other epigenetic modifiers and

therefore could contribute to a tissue-specific epigenetic profile. For example,
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the correlation between 5hmC and bivalency, a poised epigenetic state
characteristic of pluripotent cells, has been reported by multiple studies (Pastor
etal., 2011, Neri et al., 2013a, Gao et al., 2013, Kong et al., 2016, Verma et al.,
2018). The role of TETs, especially around TSSs, can be independent of its
catalytic function (i.e. the exact level of SmC or ShmC) (Williams et al., 2011),
and more related to its binding at CpG-rich region and interaction/recruitment
with other proteins such as OGT (Deplus et al., 2013, Vella et al., 2013, Chen
et al., 2013) and PRC2 complex (Xu et al., 2011, Vella et al., 2013, Wu et al.,
2011, Neri et al., 2013a). This may partially explain the finding of both active
and repressive role of ShmC. It was unclear until recent whether TETs-
mediated active demethylation and S5hmC have site-specific roles on
transcriptional regulation during PGC development. Recent studies in gonadal
mPGCs and gonocytes suggest TETI targets germline reprogramming-
responsive (GRR) genes (Hill et al., 2018), imprinting control regions (ICRs)
and meiotic genes (Hargan-Calvopina et al., 2016). TET1-mediated DNA
demethylation at those sites provides protection from de novo DNA
methylation and maintain the demethylated states, which facilitates timely
expression of these germline and meiotic genes. However, ShmC itself was
suggested not essential for activating those genes (Hargan-Calvopina et al.,
2016) and instead. Given the different tempo of DNA demethylation observed
between mouse and non-rodent PGCs, it is possible TET and ShmC have

different functions in non-rodent PGCs at earlier stages.
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Figure 1-8 TET activity and removal of TET-oxidative products (Kohli and

Zhang, 2013). TET proteins oxidize 5mC into ShmC (i.e. Active modification),
which can be removed during DNA replication (i.e. passive dilution), or
further oxidized by TET into 5fC and 5caC, which is removed by DNA repair
mechanisms (i.e. Active restoration). ShmC may be a functional DNA

modification instead of a by-product during DNA demethylation.

1.2.2 Histone variants and modification during mammalian

development
1.2.2.1 H3K9me2/3

H3K9me2/3, like other epigenetic markers, form in a cell type-specific manner,
and are required for securing cell fate and maintaining cell identity (Becker et
al., 2016). In general, methylation of H3K9 is considered a repressive mark.
H3K9me2/3 is associated with heterochromatin, as H3K9me2/3 provides a
docking site for heterochromatin protein 1 (HP1) which are required for
formation of heterochromatin (Canzio et al., 2011). SETDB1 (Liu et al., 2014),
SUV39H1 and SUV39H2 contribute to both H3K9me2 and H3K9me3,
although the binding of SUV391 to H3K9me?2 is weaker (Wang et al., 2012).
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H3K9me2 can also be catalysed by GLP (EHMT1) and G9a (EHMT2), which
also contribute to H3K9mel (Tachibana et al., 2002, Tachibana et al., 2005).
The functional difference among H3K9mel, H3K9me2, and H3K9me3 remain
largely unclear, although the dynamics and distribution of H3K9me2 and
H3K9me3 are shown different in C.elegans (Bessler et al., 2010, Zeller et al.,
2016, McMurchy et al., 2017) and in mESCs (Walter et al., 2016). A recent
study in fission yeast has reported major functional differences between
H3K9me2 and H3K9me3. Although both histone marks are associated with
formation of heterochromatin, H3K9me?2 is found preceding the occurrence of
H3K9me3, co-existing with transcriptional active marks and related with
expression of siRNA and co-transcriptional gene silencing (CTGS), whereas
H3K9me3 is essential for recruitment of downstream factors and complexes
that are required for transcriptional gene silencing (TGS). Also, H3K9me3 is
required for inheritance of RNAi-independent H3K9 methylation and gene
silencing at pericentromeric repeats, which could due to a higher affinity of
H3K9 methylation ‘writer’ for H3K9me3 compared to H3K9me?2 that allows
stable binding to parentally inherited histone (Jih et al., 2017).

H3K9me3 at heterochromatin regions, retrotransposons and ‘escapees’ is
suggested to be essential for genome stability and resistance of DNA
demethylation, respectively, during global erasure of DNA methylation. In
early mammalian embryos, H3K9me2/3 protects DNA from TET-mediate
active demethylation via recruitment of STELLA/PGC7 (Wossidlo et al., 2011,
Nakamura et al., 2012, Nakamura et al., 2007). Methylation on H3K9 may also
be critical for the profound de novo DNA methylation after epigenetic
reprogramming, as interactions of H3K9-methylated heterochromatin and
contributors of H3K9-methylation with DNMT3a/b and Uhrfl have been
reported on several occasions (Liu et al., 2013, Rose and Klose, 2014, Rothbart
et al., 2013, Zhao et al., 2016). Remodelling of H3K9 methylation are also
essential for cell fate transition in early mouse embryo (Dodge et al., 2004,
Tachibana et al., 2005, Tachibana et al., 2002, Wang et al., 2010, Zylicz et al.,
2015) and in pig (Park et al., 2011). Most interestingly, in contrast to the re-
establishment of constitutive heterochromatin by PRCI1/2 in mouse
preimplantation embryo, it is indicated that H3K9 methylation in constitutive

heterochromatin is retained in human sperm, which is recognized by maternal
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chromatin modifiers in H3K9/HP1 pathway and propagated over the
embryonic cleavage divisions. This observation indicates H3K9 methylation in
sperm contribute to the formation of constitutive heterochromatin early human
embryo, and therefore is potential ‘carriers’ for paternal epigenetic information
(van de Werken et al., 2014).

The distribution and remodelling of H3K9me2 and H3K9me3 are also shown
to be slightly different in mammalian PGC development (Tang et al., 2015,
Seki et al., 2007, Hajkova et al., 2008). Both H3K9me2/3 undergo global
reduction in mouse and hPGCs. However, H3K9me?2 is still detectable in the
hPGCs whereas it is extensively depleted in mPGCs (Tang et al., 2015).
H3K9me3 is maintained in DAPI-dense peri-centric heterochromatin foci and
‘escapee’ regions, which is observed as a ‘punctate pattern’ by
immunofluorescence. The exact function of H3K9me2/3 in PGCs remains to

be explored.
1.2.2.2 H3K27me3

H3K27me3 is a repressive mark for gene expression and a hallmark of
facultative heterochromatin in various tissues and cell lines. It is tightly linked
to inactive gene promoters and suggested to maintain transcriptional repression.
H3K27me3 is catalysed by Polycomb Repressive Complex 2 (PRC2), of which
the main components are Ezh1/2, Eed, and Suzl2. Those PRC2 components
are ubiquitously expressed. As the core components of PRC2 complex does
not contain any DNA-binding domains itself, the mechanisms of its
recruitment to genomic loci is poorly understood. Still, several recruitment
factors, such as Jarid2 and PCL, have been suggested to involve in the
targeting of PRC2 (Holoch and Margueron, 2017). The recruitment of PRC2 to
genomic loci is likely to be affected by local chromatin environment, which
includes GC content (Mendenhall et al., 2010), DNA methylation and protein
binding profiles. For example, disruption of normal DNA methylation leads to
abnormal PRC2 binding and H3K27me3 profiles in mammalian adult cells
(Lynch et al., 2012, Reddington et al., 2013). However, evidence about the
relationship between 5mC and H3K27me3 seem to be controversial.

H3K27me3 and DNA methylation co-exist at CpG-poor promoter regions
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(Statham et al., 2012, Brinkman et al., 2012). A direct interaction between
EZH2, the catalytic component of PRC2, and DNMT3A/B has also been
demonstrated in mammalian cell lines (Vire et al., 2006, Rush et al., 2009).
However, DNA methylated chromatin inhibit binding of PRC2 in vitro (Bartke
et al., 2010, Wu et al., 2010). Negative correlation of H3K27me3 with DNA
methylation has also been widely observed CpG-rich regions (Lister et al.,
2009, Meissner et al., 2008, Hawkins et al., 2010, Lindroth et al., 2008). TET-
mediated demethylation may also be correlated with PRC2 activity, as the
interaction of TET1 and PRC2 has been reported in mESCs (Neri et al., 2013a).
The reprogramming of H3K27me3 in mPGC occurs from E8.25 to E13.5
(Kagiwada et al., 2013, Hajkova et al., 2008, Seki et al., 2005, Seki et al.,
2007), when mPGCs start to show enrichment of H3K27me3 compared to
surrounding somatic cells. It was shown that the core component of PRC2, Eed,
is only transiently (E11.5-12.5) enriched in mPGCs, while the other two
components Ezh2 and Suzl2 are present between EI11.5-15.5. E11.5-13.5
mPGCs also show peripheral nuclear enrichment of H3K27me3, which is
dependent on EZH1/2 and coincides with the final phase of DNA
demethylation and the lowest levels of DNA methylation in germ cells. By
E15.5, H3K27me3 was again evenly distributed in mPGCs. However,
enrichment of H3K27me3 is not necessary for mPGC development (Prokopuk
et al., 2017). Instead, ChIP-seq in E13.5 mPGC suggest that H3K27me3 may
be important to keep retrotransposons repressed and to protect genomic
integrity, as H3K27me3-deposit regions in mPGCs are enriched for
retrotransposon repeats (Ng et al.,, 2013). There are also contradictory
evidences suggesting that H3k27me3 is lost in PGCs at E11.5 and re-gained
between E12.5 and E13.5 (Hajkova et al., 2008), and the demethylase KDM6A
is reported to be responsible for the transient loss and is important for
development of mPGCs (Mansour et al., 2012). Dynamics of H3K27me3 in
hPGC is slightly different compared to in mPGCs (von Meyenn and Reik,
2015). Unlike the persistent enrichment of H3K27me3 in mPGCs, H3K27me3
is enriched in migratory hPGCs but depleted from Wk7 onward (Tang et al.,
2015). It is worth noting that the reprogramming of H3K27me3 might also be
important for germline competency, as knockout of PRC2 components leads to

de-repression of BMP signalling and spontaneous differentiation toward a
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meso-endoderm fate (Shan et al., 2017). H3K27me3 is also viewed as a marker
for X-chromosome inactivation (Plath et al., 2003, Mak et al., 2002).
Difference of H3K27me3 remodelling in human and mouse PGCs may also
affect other chromatin remodelling events, such as X chromosome reactivation
(XCR, see section 1.2.3) is regulated in those two species (von Meyenn and
Reik, 2015). However, details of the difference are unknown due to lack of
locus-specific data in human or pre-gonadal mPGCs.

In preimplantation mouse embryo, a massive loss of H3K27me3 is observed in
zygote and the two-cell-stage, which is coincident with the zygotic genome
activation (Lee et al, 2014b, Zheng et al., 2016). A highly dynamic
remodelling of H3K27me3 also occurs during the transition from the morula to
the ICM/TE. Function annotation of the H3K27me3-marked promoters in
preimplantation embryos reveals enrichment for further development, such as
“neuron differentiation” (Liu et al., 2016). Interestingly, a recent study
indicated H3K27me3, but not H3K9me3, function as an imprinting mechanism
independent of DNA methylation, which is observed on maternal allele and
maintain paternal allele-specific chromatin accessibility and gene expression in
early preimplantation embryo. However, this imprinting mechanism start to
diminish in ICM and completely lost in epiblast. Only a small portion of this
imprinting is maintained in extra-embryonic tissue (Inoue et al., 2017). It is
possible that H3K27me3-dependent imprinting function as alternative to DNA
methylation-dependent imprinting, especially during global erasure of DNA
methylation. Therefore, it would be interesting to see if this imprinting
mechanism also occur during DNA demethylation at imprinted regions in

PGCs.

1.2.2.3 H3K4meZ2/3

Unlike the repressive H3K9me2/3 and H3K27me3, H3K4me2/3 is considered
an active mark for gene expression (Schuettengruber et al., 2007). H3K4me2/3
is established by SET1A/B complex and MIl complex. ChIP-seq often reveals
H3K4me2/3 as narrow peaks (~100bp) around transcriptional start site (TSS),
which are mutually exclusive with DNA methylation (Weber et al., 2007). The
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observation that Dnmt3L is able to bind to non-methylated H3K4 but cannot
bind to H3K4me3 suggests that H3K4 methylation may also play a role in
blocking de novo DNA methylation at some genomic loci. Consistent with the
requirement of Dnmt3L in de novo DNA methylation and establishing
genomic imprinting in oocyte (Henckel et al., 2009), an H3K4me2
demethylase, KDMIB, is also shown to be required to establish maternal
genomic imprinting (Ciccone et al., 2009). However, recent studies report two
types of broad H3K4me3 in oocytes and early mouse embryo (Zhang et al.,
2016a, Dahl et al., 2016). One type is found around TSSs and positively
correlated with transcriptional level, whereas the other type is found at regions
distal to TSSs. Those broad H3K4me3 regions overlap almost exclusively with
partially methylated DNA domains in oocyte and are inherited in
preimplantation embryo, but soon erased in the late two-cell stage and replaced
by canonical narrow H3K4me3 (Zhang et al., 2016a). Interestingly, defects in
genome silencing are observed in full-grown oocytes with overexpressed
KDMS5B, an H3K4me3 demethylase, indicating a potential role of broad
H3K4me3 regions in gene silencing (Zhang et al., 2016a). KDM5A and
KDMS5B is also essential for mammalian preimplantation embryo (Dahl et al.,
2016). Knockdown of KDM5B is embryonic-lethal in pig, which also lead to
upregulation of other epigenetic modifiers such as KDM6A and TET proteins
(Huang et al., 2015). Another demethylase for H3K4me3, KDM2B, has been
reported to spermatogenesis in mice (Ozawa et al., 2016).

H3K4me3 may also be related to ShmC and TET-mediated demethylation, as it
is shown that Tetl is positively correlated with H3K4me3 at CpG-rich
promoters in mESCs (Xu et al., 2011). The interaction between TET proteins
and OGT (O-GlIcNac transferase) which glycosylates HCF1, a component of
the Setla/b and MLL1/2 complexes, suggesting that this may function as
another means to recruit H3K4 methylation to CpG-rich regions(Vella et al.,
2013, Deplus et al., 2013, Clouaire et al., 2012).

Despite of the profiles and potential functions of H3K4me3 reported in
mammalian embryo and mature germline, little is known about H3K4me3 in
PGCs IF shows that H3K4 methylation enriches in mPGCs from ES8.5
(Hajkova et al., 2008), whereas the level in hPGCs are largely similar to
surrounding somatic cells (Eguizabal et al., 2016). . Specific H3K4me3 peaks
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are found around Dnmt3b promoter in mouse EpiLCs, promoter of T in d2
mPGCLCs and Blimp1 promoter in d2 and d6 mPGCLCs, which are consistent

with their activation.
1.2.2.4 Bivalency at promoters

Bivalency, or bivalent chromatin domains, has been defined as individual
nucleosome physically co-occupied by both activate histone modification
H3K4me2/3 and repressive histone modification H3K27me3 (Bernstein et al.,
2006). The concept of bivalency is biochemically unusual as the mechanisms
for establishing H3K4me3 and H3K27me3 were considered mutually
exclusive (Young et al., 2009, Schmitges et al., 2011) (Kim et al., 2013a,
Kinkley et al., 2016). However, unique arrangements at a small set of genomic
regions cannot be ruled out (Voigt et al., 2012, Schmitges et al., 2011). Also,
the co-existence of H3K4me3 and H3K27me3 at same genomic regions has
been proved with reChIP-seq (aka Sequential ChIP-seq) technique (Bramswig
etal., 2013)

Bivalent regions were first identified in mouse ESCs (Bernstein et al., 20006),
and are often revealed by ChIP-Seq as narrow H3K4me3 peaks with broad
H3K27me3 signal at promoter regions. Notice that bivalency also occurs on
enhancer regions but is defined as co-existence of H3K27ac and extensive
DNA methylation (Charlet et al., 2016), however, enhancer regions are in
general not annotated in pig genome, and therefore will not be discussed here.
Bivalency at promoter regions is suggested to function as a specific mark
which keeps genes poised in an “activable” state, allowing silenced genes to
respond rapidly to environmental signals, such as developmental cues. The
early analyses between ES cells and differentiated cell types indicate that
bivalent domains are characteristic of pluripotent cells and they mark the
poised developmental genes which are silenced but could be rapidly activated
(Mikkelsen et al., 2007). Although later studies reveal the existence of bivalent
promoters in a wide range of cells (Mohn et al., 2008, Bhandare et al., 2010,
Lee et al., 2014c, Kinkley et al., 2016, Triantaphyllopoulos et al., 2016),
bivalency in majority of studies, regardless of the cell or tissue examined,

shows enrichment in core development-related genes.
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Bivalent domains have been identified in mouse gonadal PGC (Lesch et al.,
2013, Sachs et al., 2013), PGCLCs (Kurimoto et al., 2015), adult testes of a
few mammalian species (Hammoud et al., 2014) and human spermatozoa
(Brykczynska et al., 2010, Lesch et al., 2016). Sachs et al. showed that bivalent
domains largely occur at transcriptional start sites (TSSs) in both mESCs and
E11.5 mPGCs but not in the surrounding somatic cells. Bivalent genes in
mESCs and E11.5 mPGC show a significant overlap and are largely enriched
in developmental regulators. Lesch et al. indicate a cluster of 147 germline-
poised genes, which are bivalent genes highly conserved in E12.5 and E14.5
mPGCs and pachytene spermatocytes and post-meiotic round spermatids.
Those 147 genes are conserved between sex, and function as developmental
regulator in early embryos. Bivalency identification in male germ cells across
five mammalian species, reported by Lesch’s group, further indicates a deep
conservation of poised gene in mammalian male germ cells, which implies a
functional role for the poised state in germline, presumably related to somatic
development after fertilization. Those core poised genes are suggested to be
‘epigenetically privileged’(Lesch et al., 2016), and are interesting targets for
epigenetic inheritance study.

Due to limited number of in vivo PGCs at early stages, locus-specific
information of histone modification is currently only available for mouse
gonadal PGCs and mouse PGCLCs. During the induction of mPGCLCs in
vitro, the profile of bivalency is highly dynamic and correspond to the identity
of the cells. EpiLCs contain the largest number of bivalent genes and are
characterized by low H3K27me3, indicating a state primed for differentiation.
In d2 PGCLCs, a considerable proportion of bivalent genes in EpiLCs become
H3K27me3 only and presumably repressed. Those newly repressed genes are
highly enriched in ‘neuron differentiation’, indicating loss of potential in
somatic programming such as ‘neuron differentiation’ and restriction to
germline lineage. Interestingly, a re-acquisition of bivalency due to regain of
H3K4me3 is observed in d6 PGCLCs, which shows 58% of overlap with
E11.5 mPGCs (Kurimoto et al., 2015). Given the large overlap of bivalent
domain in mESCs and E11.5 mPGCs, it is tempting to speculate that the re-
acquisition of bivalency in early germline is linked to its ability to reacquire

totipotency after fertilization. Therefore, dynamics of bivalent promoters and
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underlying mechanisms in PGCs and preimplantation embryo may help us

understand the continuation of mammalian life cycle
1.2.2.5 macroHZ2A

Similar to histone post-translational modification (PTM), histone variants,
which are non-allelic counterparts of canonical histones, also regulate
chromatin functions and participate in various biological processes, such as
transcriptional regulation and DNA damage repair (Santoro and Dulac, 2015,
Buschbeck and Hake, 2017, Banaszynski et al., 2010). Replacement of
canonical histones with histone variants endows chromatin with unique
biochemical and structural features, and therefore leads to unique chromatin
landscapes and transcriptional program. Unlike canonical histones which are
generally produced and deposited uniformly on DNA during replication (i.e.
replication-coupled), histone variants can be incorporated in a locus-specific
manner throughout cell cycle. This replication-independent deposition relies
on specific machineries and chaperones (Burgess and Zhang, 2013), which
enables histone variants to have spatiotemporal-specific distribution and
cellular functions.

Numerous histone variants have been discovered in eukaryotes. Here I focus
on macroH2A, a highly conserved histone variant in vertebrates (Rivera-Casas
et al., 2016). MacroH2A contains an H2A-resembling domain, followed by a
large non-histone macro domain on the C-terminus. Three isoforms,
macroH2A1.1, macroH2A1.2 (Fried, 1992, Pehrson et al., 1997) and
macroH2A2 (Chadwick and Willard, 2001, Costanzi and Pehrson, 2001) are
identified in mammals. MacroH2A1.1 and macroH2A1.2 are splice variants
encoded by H2AFY, and macroH2A2 is encoded by a different gene H2AFY?2.
The three isoforms show redundant yet also specific functions in different
contexts (Gonzalez-Munoz et al., 2019, Creppe et al., 2012, Buschbeck et al.,
2009). The regulation of macroH2A expression and deposition is still largely
unknown. The chromatin remodeller ATRX is suggested as a negative
regulator of macroH2A on telomeres, and a few chromatin chaperons possibly
promote macroH2A deposition during DNA damage repair (Kim et al., 2018b,
Mehrotra et al., 2011).
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The large macro domain in MacroH2A is about twice the size of canonical
H2A, which can largely change nucleosome properties and affect local
transcription when MacroH2A is incorporated. Conventionally, macroH2A has
been suggested as a repressive mark, due to its enrichment on the inactive X
chromosome (Costanzi and Pehrson, 1998) and constitutive heterochromatin
(Douet et al., 2017), as well as co-occupation with other repressive marks,
especially H3K27me3 (Gaspar-Maia et al., 2013, Buschbeck et al., 2009).
MacroH2A has also shown interaction with histone deacetylase and PRC2
complex, which contribute to the inactive state of specific genes (Chakravarthy
et al., 2005, Buschbeck et al., 2009, Kim et al., 2013b, Kim et al., 2018a, Wan
et al., 2017a). Deposition of macroH2A also associate with DNA methylation,
as macroH2A is detected at the methylated CGI of several imprinted genes,
including the imprinting control regions (ICRs) of Xist, Peg3, H19/Igf2,
Gtl2/DIk1 and Gnas (Choo et al., 2006, Changolkar et al., 2007). The ability of
macroH2A to promote chromatin condensation also enables its role in DNA
repair (Kozlowski et al., 2018, Kim et al., 2018b, Xu et al., 2012). However, a
few studies have demonstrated macroH2A can play a positive role in a context-
and isoform-dependent way (Gamble et al., 2010, Pehrson et al., 2014,
Dell’Orso et al., 2016, Ruiz and Gamble, 2018). Different isoforms of
macroH2A, namely macroH2A1.1 and macroH2A1.2, are found preferentially
associated with repressive or active marks, respectively (Podrini et al., 2015,
Wan et al.,, 2017a). Overexpression of either isoform leads to change in
bivalent promoters, suggesting that different isoforms of macroH2A may
regulate gene expression through directing the bivalent promoters to either
open or close status (Podrini et al., 2015, Barrero et al., 2013b).

Not only affecting gene expression in a locus-specific way, one specific
macroH2A isoform, macroH2Al1.1, also has a more global role through
interaction with PARP1 (Hurtado-Bages et al., 2018, Posavec Marjanovic et al.,
2017, Hodge et al., 2018). The binding activity of MacroH2A1.1 towards
ADP-ribose impedes basal PARP1 activity (Ladurner, 2003, Kustatscher et al.,
2005), which is major consumer of NAD+. Thus, gain of macroH2A1.1 can
limit nuclear NAD+ consumption and regulates mitochondrial respiration. It is
also shown that macroH2A1.1 is rapidly recruited to PARP1 activation sites

during DNA damage response, leading to a transient compaction of chromatin
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and mediating recruitment of other repair components for non-homologous end
joining (NHEJ) (Timinszky et al., 2009, Xu et al., 2012).

Expression and deposition of macroH2A is dynamically regulated during
embryonic development and cell reprogramming (Figure 1-9). During mouse

embryonic development, macroH2A is detected in mature oocytes, but
undetectable from pronuclei to eight-cell stage. From the morula stage,
macroH2A reappears and persists to the blastocyst stage (Chang et al., 2005).
Most interestingly, macroH2A has been suggested as the barrier for
reprogramming to or exit from pluripotency. Differentiated cells show higher
level of macroH2A compared to pluripotency cells, and knockdown of
macroH2A in mESC has shown limited capacity of differentiation (Creppe et
al., 2012). MacroH2A may also obstruct reactivation of pluripotency genes,
which reduces the efficiency of induced pluripotent stem cells (iPSCs) (Pasque
et al., 2012, Gaspar-Maia et al., 2013, Pasque et al., 2011, Barrero et al.,
2013a). Nevertheless, mice lacking all three isoforms of macroH2A are viable
and fertile despite showing metabolic defects and reduced reproductive
efficiency (Gaspar-Maia et al., 2013, Pehrson et al., 2014, Sheedfar et al., 2015,
Boulard et al., 2010), suggesting that macroH2A may function as an additional
layer to secure cell identity but is not required for the initiation of cell fate
transition during embryonic development. Apart from in mature oocytes,
macroH2A is also detected in gonadal mPGC (Nesterova et al., 2002, Hajkova
et al., 2008), as well as on sex chromosome during male and female meiosis
(Turner et al., 2001, Richler et al., 2000, Hoyer-Fender et al., 2000). However,
macroH2A2 is largely reduced in Wk4-9 hPGC compared to surrounding
somatic cells (Tang et al., 2015). It remains largely unknown the regulation

and function of macroH2A during mammalian germ cell development.
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Figure 1-9 Dynamic changes of MacroH2A during development and

pluripotency reprogramming (Sun and Bernstein, 2019). MacroH2A4 is
enriched in determined cell lineages, including mature oocyte, but becomes

depleted in pluripotent cells in vivo and during reprogramming to pluripotency.

1.2.3 X chromosome status during mammalian development

Mammalian sex chromosomes (X and Y) contain highly divergent gene
content (Soh et al., 2014). As X chromosome dosage, especially of non sex-
specific genes, is suggested to be crucial for mammalian development and
fitness (Schulz and Heard, 2013, Deng et al., 2014), X chromosome
inactivation (XCI) has evolved to transcriptionally silence one out of two X
chromosome in females and to achieve dosage compensation between female
(XX) and male (XY) individuals (Lyon, 1961, Ohno, 2013). The reversal
process of XCI, X chromosome reactivation (XCR), occurs in female
preimplantation embryo and primordial germ cells (PGCs), is also critical for
mammalian development (Pasque and Plath, 2015, Cantone and Fisher, 2017).
The transition of X chromosome status involves complex regulation at multiple
epigenetic levels, which eventually lead to the structural and functional
alteration of one whole chromosome. This makes XCI and XCR paradigms for
reprogramming progression and good tools for studying mechanisms of

epigenetic reprogramming.
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1.2.3.1 X chromosome status during the mouse life cycle

Mammalian XCI is most extensively investigated in mice, and two waves of
XClI initiate during early development (Figure 1-10). An imprinted XCI of the

paternal X chromosome (Xp) initiates between 2-4 cell stages (Okamoto et al.,
2005, Okamoto et al., 2004, Borensztein et al., 2017b). Reactivation of Xp is
detected in the inner cell mass (ICM), followed by a random (that is, without
parental-of-origin bias) and heritable XCI in epiblast (Monk and Harper, 1979),
while the Xp is maintained inactive in extra-embryonic tissue (Mak et al.,
2004). Both imprinted and random XCI begin with the expression and
accumulation of the long non-coding RNA (IncRNA) Xist (X-inactive specific
transcript) on the chromosome that will be silenced (Brown et al., 1991). The
inactive state after random XCI is further reinforced by removal of RNA
polymerase II (RNA Pol II) and active histone marks, deposition of repressive
histone marks (H3K27me3, H3K9me3(Okamoto et al., 2004, Heard et al.,
2001), H2AK119ub (Escamilla-Del-Arenal et al., 2011), macroH2A (Costanzi
et al., 2000) and DNA methylation, as well as by changes in chromosomal
conformation (Deng et al., 2015, Chaumeil et al., 2006).

XCR is considered the reversal of XCI. However, the underlying mechanism
of XCR is not necessarily a direct reversal of XCI mechanisms, and it is much
less known compared to XCI mechanisms. In mice, XCR occurs in female
preimplantation embryo and primordial germ cells (PGCs). The reactivation of
Xp in female mouse ICM leads to a short presence of two active X
chromosomes, which is considered as a hallmark of naive pluripotency and a
striking example of chromatin remodelling during cell fate reprogramming. In
vitro reprogramming of somatic cells to pluripotent stem cells is also coupled
with XCR (Tada et al., 2001). In contrast to the rapid XCR of imprinted XCI in
blastocyst, XCR in PGCs proceeds in an asynchronous way that spans days
and multiple cell divisions. Initiation of XCR, shown by the absence of Xist
cloud, is observed in very few mPGCs at E7.0 (pre-migratory), and becomes
more evident (16.5% of mPGCs) at migratory stage (ES8.5). Majority of
mPGCs are Xist-negative and H3k27me3-negative after colonizing the genital

ridge. However, E14.5 mPGCs still contain mono-allelically expressed X-
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linked genes, suggesting XCR is not entirely complete even by this stage
(Sugimoto and Abe, 2007, Chuva de Sousa Lopes et al., 2008, de Napoles et
al., 2007). The active state of both X chromosome persists in matured oocytes

(Epstein, 1969, Fukuda et al., 2015).
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Figure 1-10 X chromosome status in mouse life cycle (Augui et al., 2011). In

mice, preferential inactivation of the paternal X chromosome (Xp), i.e.
imprinted paternal XCI, occurs at 4-cell stage. However, note that the imprint
is actually on maternal X chromosomes (Xm), suggested by experiments with
parthenogenetic and gynogenetic embryos. This imprinted paternal XCI is not
observed in other non-rodent species such as human and rabbit (Okamoto et
al., 2011). Established imprinted XCI is maintained in extra-embryonic
lineages but reversed in the inner cell mass (ICM) of the blastocyst, leading to
a transient period of two active X chromosome (i.e. Xi reactivation). In ICM,
random inactivation occurs and the inactive X chromosome (Xi) is maintained
during cell division in somatic lineages. However, this Xi is reactivated in
female mPGCs. Xist is essential for XCI in mice, and several Xist-interacting

factors, such as RNF12, have been identified.
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1.2.3.2 Key difference of XCI/XCR between rodent and other

mammalian species

Studies in other mammals, including human, rabbits, and marsupials, reveal
diverse strategies for the initiation and regulation of XCI, compared to rodents
(Sado and Sakaguchi, 2013, Escamilla-Del-Arenal et al., 2011, Graves, 2015).
For example, in human and preimplantation embryo, upregulation of XIST is
detected on both X chromosomes in females (i.e. bi-allelic XIST expression)
and the X chromosome in males, which persists for several days (Tachibana et
al., 2012). A transient bi-allelic expression of Xist is also observed in a
significant portion of cells from morula stage in rabbit and at a much less
frequency in mouse (Patel et al., 2017, Okamoto et al., 2011, Mutzel et al.,
2019). Despite the expression of XIST, chromosome-wide XCI in human is
suggested not to be initiated by the blastocyst stage, and monoallelic
expression of X-linked genes is detected by the late blastocyst stage of female
embryo (Moreira de Mello et al., 2017, Patel et al., 2017). As species-specific
differences have been reported for XCI, it is likely that the kinetic and
regulation of XCR may also be diverse between species (Cantone, 2017, Tang
et al., 2016, Pasque and Plath, 2015). For example, XACT, a weakly conserved,
X-linked IncRNA, is suggested to antagonize X/ST and prevent XCI on both
active X chromosomes in pre-implantation human embryo (Vallot et al., 2017).
Still, compared to XCI, mechanisms of XCR are much less well understood
and largely restricted to mice. Therefore, non-rodent mammalian models are
desirable for further understanding species-specific X chromosome dynamics.
A human-resembling model is specifically important for studying XCR in
hPGCs. Recent studies present controversial evidences about the kinetic of
XCR in hPGCs (Tang et al., 2015, Guo et al., 2015, Vértesy et al., 2018). Due
to inaccessibility of early hPGCs (pre-/early migratory) in vivo, conclusive
evidences of XCR kinetic and mechanism in hPGCs are not available. Given
that key differences between human and mPGC have been observed at
epigenetic levels (von Meyenn et al., 2016, Tang et al., 2015, Irie et al., 2015),
XCR in hPGCs may also be regulated differently compared to in mPGCs.

Therefore, early pPGC provides a desirable system to investigate XCR in non-
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rodent mammals, which may also shed light on the regulation of XCR in

human and other non-rodent species.
1.2.4 ncRNA during mammalian development

Given the large number of variable small non-coding RNA (sncRNAs), it is
not surprising that profiles and potential roles of most sncRNA in mammalian
PGCs and preimplantation embryo are largely unknown. Still, several studies
indicate extensive interplay between sncRNAs and other epigenetic markers,
which are crucial for embryonic and germline development. For example,
deletion of miRNA biogenesis enzyme DICER in mESCs leads to large loss of
PRC2 core components EZH2 and SUZ12 at the promoter regions of bivalent
genes, while total and chromatin associated EZH?2 protein remained unchanged.
3" UTRs of transcripts of the bivalent genes that lose EZH2 binding are highly
enriched in sequence motifs for binding sites of several ESC miRNAs
(Graham et al., 2016).

miRNA are crucial for PGC development. Poor PGC proliferation is observed
in mice with PGC-specific deficiency of Dicer (Hayashi et al., 2008).
Deficiency of mammal-specific miRNA cluster mir-290-295 lead to defects in
migrating primordial germ cells in both male and female mutant mice
(Medeiros et al., 2011). Expression of miRNAs may also regulate epigenetic
modifiers such as DNMT3a/b and contribute the epigenetic reprogramming in
PGCs (Takada et al., 2009). It has also been suggested that a miR-372/let-7
axis regulates hPGCLC induction, and therefore might play a role in human in
vivo PGC specification (Tran et al., 2016). More potential roles of miRNA in
PGC development are yet to be explored (Bhin et al., 2015). PIWI-interacting
RNAs (piRNAs) are germline-specific small non-coding RNAs and are
reported to involve repression of TEs under the global erasure of DNA
methylation in mPGCs via establishment of H3K9me3 (Pezic et al., 2014). A
recent study in C.elegans further indicates the collaboration between piRNA
and heterochromatin factors is crucial for silencing repetitive elements and
preventing genotoxic stress in the germ line. Mutation of those
heterochromatin factors causes sterility and show similar phenotype with

disruption in relevant piRNA pathways (McMurchy et al., 2017).
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sncRNAs and RNA modifications in mammals, but not DNA methylation or
histone modification, have shown convincingly the participation in epigenetic
inheritance (Rassoulzadegan et al., 2006, Chandler, 2007, Yuan et al., 2015,
Chen et al., 2016d, Larriba and del Mazo, 2016). Notice that recent study in
C.elegans has suggest a new mechanism of transgenerational epigenetic
inheritance (TEI) of RNAI. Lipid droplets organelles, i.e germ granules, which
contains small RNA and TEl-related factors, are found spatially and
temporally ordered into lipid droplets assemblages (termed PZM). This
spatially and temporally ordering of liquid droplet organelles is speculated to
help organize and coordinate the complex RNA processing steps that underlie

RNA-directed TEI (Wan et al., 2017b).
1.2.5 Epigenetic inheritance
1.2.5.1 Epigenetic response to environment in mammal

The concerning, rapid global rise in metabolic disorder is unlikely to be
explained solely by genetic drift (Fuchsberger et al., 2016). Therefore, non-
genetic environmental factors have been suggested to contribute to inheritance
of disease risk. One of the most documented case of nutrient-related
transgenerational effect is the Dutch Hunger Winter. Individuals exposed to
famine in utero during the last two trimesters of gestation and their offspring
show increased risk for metabolic disorders (Jimenez-Chillaron et al., 2015).
Several similar cases have been documented in different time and regions of
the world (Bock et al., 2010). A recent study further reports differential
methylated regions related to a few metabolism/mental pathways in 8
grandchildren whose grandfathers/grandmothers have been exposed to
famine/feast (Bygren et al., 2017). The epigenome of individuals is relatively
dynamic and susceptible to environmental influences throughout early life and
adulthood (Donkin et al., 2016, Hao et al., 2016, Jang and Serra, 2014,
Huypens et al., 2016), allowing for rapid adaption to fluctuating environments
and nutrition. Although most of those metastable epigenetic variations (i.e.
epialleles) would be either neutral or deleterious, various studies in plants and

invertebrates indicate transgenerational epigenetic inheritance has the potential
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as a response to environmental challenges (Heard and Martienssen, 2014,
Quarta et al., 2016).

However, evidence indicating that inheritable phenotypes, especially diet-
induced transgenerational inheritance, have an epigenetic basis is still
inadequate in mammals, and the mechanisms responsible remain largely
unclear (Daxinger and Whitelaw, 2012, Lim and Brunet, 2013, Heard and
Martienssen, 2014). In mammals, two efficient waves of global epigenetic
erasure in early embryo and primordial germ cells, respectively, ensure
removal of any potentially deleterious epigenetic marks. For example,
deleterious effects of endocrine disruptors have been shown to be corrected
through epigenetic reprogramming (Igbal et al., 2015, Whitelaw, 2015). Also,
the existence of physical barriers between somatic cells and germline cells
(such as the blood-testis barrier) makes it difficult to get an insight into
epigenetic inheritance. Therefore, a better understanding of how epigenetic
marks may successfully evade epigenetic reprogramming and be transmitted
across generations would be essential for understanding whether there is an
‘epigenetic predisposition’ to diseases (Vickers, 2014).

DNA methylation at the ‘escapee’ regions discovered in hPGCs represent
exciting targets for the study of epigenetic inheritance. A few studies have
reported alteration in DNA methylation in mammalian mature germ cells
related to heritable phenotypes, which are induced by environmental factors
including endocrine disruptors (Skinner, 2007, Skinner et al., 2013, Manikkam
et al., 2012, Briefio-Enriquez et al., 2016, Titus et al., 2019), cocaine (Le et al.,
2017, Vassoler et al., 2013), alcohol (Chastain and Sarkar, 2017, Legault et al.,
2017) and malnutrition (Wei et al., 2014). Although only subtle changes in
histone modifications in mammalian germline are currently observed related to
epigenetic inheritance (Carone et al., 2010), a small portion of histone
modifications are retained during the chromatin remodelling throughout
spermatogenesis (Campos et al., 2014), suggesting to have a direct effect on
gene expression in early stage embryos and therefore carriers of paternal
information (Siklenka et al., 2015, Lesch et al., 2016). Recent studies also
report that in mammalian male germline, diet-induced alteration of epigenetic
information, in the form of tRNA-derived small RNAs (tsRNAs) and RNA

modification, are directly linked to metabolic disorder, such as impaired
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glucose tolerance and insulin resistance, in the offspring (Chen et al., 2016c,
Zhang et al., 2016d). Interestingly, tsRNAs, or tRNA fragments (tRFs), as well
as some microRNAs are found to be originally synthesized in the somatic cells
of the epididymis, and later transferred by epididymosomes into sperm,
representing a potential mechanism overcoming the physical barrier between
somatic and germline cells (Sharma et al., 2017). This epididymosome-
mediated transfer of sncRNAs, combined with degradation or dilution of
piRNA after sperm entering epididymis, lead to another epigenetic
reprogramming during spermatogenesis. The mechanism initiating this
epigenetic reprogramming 1is largely unknown, but it is possible that
environmental signalling may play a role in the regulation.

Proving that inheritable phenotypes have an epigenetic basis is very
challenging (Blake and Watson, 2016). Given the fact that very few examples
of heritable epigenetic variation at individual genes are found in mammals
(Rakyan et al., 2002), it is more likely that subtle, but quantitative epigenetic
changes, in different forms, will work in concert to respond to environmental
cues experienced by former generations and lead to the altered metabolic or
neurological phenotypes in offspring (Heard and Martienssen, 2014, Feeney et
al., 2014, Murdoch et al., 2016, Triantaphyllopoulos et al., 2016). Also,
alteration in epigenome, especially at telomere and repetitive elements, may
lead to genomic instability which will cause inheritable phenotypic changes.
To detect the potential carriers of epigenetic information, i.e. inheritable
epigenetic changes in germline that links to environmental cues or observed
phenotypes, and rule out naturally-occurring epivariations (Shea et al., 2015)
and genetic causes , unbiased, comprehensive and costly studies are required to
correlate epigenome, genome and transcriptome data of several generations. It
is feasible but still difficult to obtain those data from limited amount of
material such as individual preimplantation embryos or PGCs of individual
embryos. Also, different epivariations may be established in each generation
due to the changed epigenome in previous generation. No current evidence in
mammals indicates a stable epivariation can be transmitted across generations,
although in plants ‘epialleles’ have been discovered for more than half a
century (Weigel and Colot, 2012) and a recent study also reports epialleles and
the generation of ‘epiline’ in Drosophila (Ciabrelli et al., 2017).
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In general, although epigenetic inheritance may play an important role in
mammalian life cycles, providing direct evidence for its existence and
uncovering the underlying mechanisms remains extremely difficult (Blake and

Watson, 2016).

1.2.56.2 Pig as a model for studying heritable epigenetic response to

malnutrition and obesity

Pig is a highly accessible and amendable large-animal model, which has
multiple advantages over mouse or other large animals as an energy
metabolism-related model, such as the proportional organ sizes, omnivorous
habits, similar lipoprotein metabolism, and propensity to sedentary behaviour
and obesity (Gonzalez-Bulnes et al., 2014). Indeed, paternal and maternal diet-
induced transgenerational inheritance have already been reported in pig
(Gonzalez-Bulnes et al., 2014, Braunschweig et al., 2012), although the
underlying mechanism is unknown. Epigenetic mechanism is likely to
contribute to the inheritable phenotypes, as pigs used in the studies have a
balanced genetic background. Alternation in DNA methylation has also been
observed in adult F2 in one study (Braunschweig et al., 2012). Epigenetic
profiles of pPGCs from differentially treated ancestor may provide more

information for understanding the transgenerational inheritance.

1.3 In Vitro systems for mammalian germline studies

The in vitro induction system of hPGCLCs circumvents the technical and
ethical barriers of studying hPGCs for their specification and early
development, and therefore provides valuable disease models and potential
treatments for infertility and germ cell tumour (Chen et al., 2017a). In this
section, methods of inducing PGCLCs from pluripotent stem cells (PSCs)
without genetic manipulation (i.e. overexpression of core germline factors) in
different mammalian species, as well as the applications of these systems will

be introduced.
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1.3.1 Generation and characterisation of PGCLCs in different

species

In vitro induction of PGCLC from PSCs has been demonstrated in multiple
mammalian species, including mouse, human, rhesus macaque (Macaca
mulatta), Cynomolgus monkeys (Macaca fascicularis) and pig. As mentioned
above, the signalling pathways inducing PGC specification are largely
conserved between species. Same four cytokines, BMP4, LIF, SCF and EGF,
are used in the most robust PGC differentiation media in mouse, which is
further applied in human, non-human primate and pig. Although BMP4 alone
can induce Blimp1-mVenus and Stella-ECFP positive (BVSC") PGC-like cells,
LIF enhances the maintenance and proliferation of BVSC" cells. The
combination of LIF, SCF and EGF further improve the robustness of PGCLC
induction protocol (Hayashi et al., 2011, Ohinata et al., 2009). BMPS8b is
initially included in the media, which is suggested to work synergistically with
BMP4. However, no significant difference is detected in PGC induction with
or without BMPS8b (Hayashi and Surani, 2009).

The main difference, and possibly the main effort endeavoured during inducing
PGCLC in different species is to induce and capture the germline competent
state, which is responsive to the BMP signalling, from different types of
pluripotent stem cells. As shown in mice, pre-priming the naive mESCs to
mouse epiblast-like cells (mEpiLCs) with bFGF and Activin A, which exhibit
the germline competent state, largely improve the mPGCLC from random
differentiation to an induction efficiency of ~50% (Hayashi et al., 2011).
Capture and characterisation of the germline-competent state is tricky. For
example, while mEpiLCs which resemble the pre-gastrulating epiblast are
germline-competent, mEpiSCs which show features of primed pluripotency
and later primitive streak, exhibit fairly low conversion efficiencies towards
mPGCLCs (Hayashi and Surani, 2009).

The situation in human was equally complicated, as different culture
conditions may have generated a spectrum of pluripotent states. The first three
protocols showing relatively high hPGCLC induction efficiency were
introduced in 2015. Irie et al. converted hPSCs cultured in 4i condition, which

was assumed naive pluripotent cells, through either EpiLCs or directly as
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aggregates in PGCLC media. They reported higher induction efficiency with
direct differentiation from 4i hPSCs (Irie et al., 2015). Sugawa et al. started
with hPSCs cultured in conventional MEF-conditioned media containing
bFGF/KSR on matrigel-coated plates (i.e. feeder-free), which are considered
primed/conventional pluripotent cells. These primed hPSCs were first induced
to a primitive streak/mesodermal intermediate stage by a combination of
Activin A, bFGF and also BMP4, and then form aggregates with BMP4 and
LIF to induce hPGCLCs (Sugawa et al., 2015). Sasaki et al. induced primed
hPSCs cultured in feeder-free and chemically-defined condition (StemFit
meida) to incipient mesoderm-like cells (iMeLCs) with Activin A and
glycogen synthase kinase3 (GSK-3) inhibitor (CHIR99021), and then to
hPGCLC with the combination of BMP4, LIF, SCF and EGF (Sasaki et al.,
2015). A similar protocol was also reported by Kobayashi et al., with primed
hPSCs maintained in Essential 8 (E8) media and a different basal media
(aRB27) used for the induction (Kobayashi et al., 2017a). The hPGCLC
induction efficiency ranges from 10% to 50%, which varies largely with
different hPSCs cell lines and induction protocols. Sasaki et al. further
compared the transcriptional profiles of PGCLCs induced by different
protocols and suggested that their BTAG (+) cells are similar to the
TNAP/NANOS3(+) cells by Irie et al.,, while PGCLCs by Sugawa et al.
exhibited a different expression pattern (Sasaki et al., 2015). They also argue
that 41 hPSCs are in a similar state as iMeLCs, which is a peri-gastrulating
epiblast-like state, instead of the assumed naive state, as 41 hPSCs show
upregulation of mesodermal markers but not consistent upregulation of naive
pluripotency genes. Notice that 41 media contains similar amount of WNT
activator CHIR99021 with iMeLCs-inducing media. Treatment of hPSCs
cultured in other conditions with CHIR99021 has also been demonstrated to
efficiently induce mesendoderm differentiation marked by expression of
primitive streak genes such as 7, MIXL1 and EOMES (Lam et al., 2014).

The Sasaki protocol was further modified to induce PGCLC from rhesus
macaque iPSCs (riPSCs) (Sosa et al., 2018), with highest efficiency of 20%
observed in D2 aggregates, while the Kobayashi protocol was modified to
induce PGCLC in Cynomolgus monkeys (cyPGCLCs) (Kobayashi et al., 2017).

The induction medium based on aRB27 was also used by Sakai et al. to
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directly induce cyPGCLC:s (i.e. without iMeLC induction) from PSCs, with the
highest efficiency of 70% in D2 aggregates (Sakai et al., 2019). Surprisingly, it
is shown that inhibition of WNT signalling by IWRI in cyPSCs, which
stabilizes their undifferentiated states, does not compromise the germline
competence of these cells. This may reflect a distinct state of the cyPSCs used
in the experiment (Sakai et al., 2019), as activation of WNT pathway is
required for generating hPGCLC- and cyPGCLC-competent cells in previous
study (Kobayashi et al., 2017). The two-step protocol in mice was modified to
induce PGCLC from pig iPSCs (piPSCs) (Wang et al., 2016). The pig
PGCLCs (pPGCLCs) exhibited germline features at both transcriptional and
epigenetic level and was capable to further proliferate and differentiate in vitro
and after xenotransplantation. However, pPGCLC showed high level of SOX2,
which is not observed in in vivo pPGC, suggesting further validation of the cell

identity is required.
1.3.2 Applications of in vitro system of mammalian PGCLC
1.3.2.1 Dissecting the mechanisms driving germline Specification

As mentioned in previous sections, regulatory factors for germline competency,
such as EOMES, and PGC specification, such as SOX17, were identified using
hPGCLC induction systems, which has revealed key differences compared to
mPGC. A recent research reported a systematic strategy to investigate the
germline ontogeny, of which a reporter system is used to track cell identities
during mPGCLC induction and CRISPR screening is applied to identify
essential regulatory genes for the cell fate transitions (Hackett et al., 2018). A
single-copy of Cas9 was introduced and a library of exon-targeting guide RNA
(gRNA) are used to transfect the reporter mESCs before PGCLC induction.
After initiating PGCLC induction, cells with different identities are sorted
based on the reporter signals. As gRNAs become depleted concomitant with
cell loss, essential genes can be identified by comparing gRNA frequency to
the preceding cell population. Regulatory genes for different events, such as
acquisition of post-implantation epiblast fate and specification of PGC fate,

were identified.
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1.3.2.2 Disease model of infertility and germ cell tumour

The quantity and quality of germ cells have a significant impact on
individual’s fertility and also wellbeing of the next generations. Failure in PGC
specification, or abnormality of germline development during embryonic
stages was impossible to study before the establishment of hPGCLC induction
system, and therefore hPGCLC provides model to better understand human
fertility and germ cell tumours (Chen et al., 2017a). For example, a recent
study reported the generation of hPGCLC from iPSC derived from primary
ovarian insufficiency (POI) patient, which presents the possibility of exploring
embryonic germline development in POI patient (Yang et al., 2019). Germ cell
tumours are hypothesized to originate from lesions of arrested PGCs, which
maintain pluripotency program and fail to further differentiate. Recent studies
indicated that intracranial germinomas exhibited not only similar
transcriptional program to hPGC, but also epigenetic features including global
hypomethylation and enrichment of H3K27me3, suggesting they are originated
from abnormal hPGC in Wk4 to Wk10 (Gell et al., 2018). Using in vitro
induction system, Gell et al. also investigated the potential role of PRDM14 in
abnormality of hPGC, as PRDM14 is highly expressed in germ cell tumours
and embryonic carcinoma cell lines. Interestingly, constitutive overexpression
of PRDM14 in PGCLCs does not affect PGC identity, but significantly
increased the percent of EdU positive cells, i.e. proliferative PGCLCs (Gell et
al., 2018). As later study suggests PRDM14 is required for hPGCLC induction,
strict regulation of PRDM 14 may be important for proper hPGC development.

1.3.2.3 In vitro gametes

Inducing PGCLC from PSCs is the first step of reconstituting the entire
process of gametogenesis in vitro. Complete gametogenesis from individual-
derived iPSCs has the potential to restore fertility to individuals who lost their
germline due to injury or treatment for cancer. mPGCLC induced from PSCs
were often tested for their capacity for gametogenesis. Capacity for
spermatogenesis was tested via gonad reconstruction or seminiferous tubule
injection (Hayashi et al., 2011), and functional spermatozoa were obtained and

contributed to fertile offspring. The capacity for oogenesis has been tested via
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generating mPGCLC-somatic cell aggregates in vitro (i.e. reconstituted
ovaries), which is then transplanted under the ovarian bursa. The female
PGCLCs after transplantation can develop into fully potent oocytes that
contributed to healthy and fertile offspring (Hayashi et al., 2012). A more
recent study further developed protocol for in vitro differentiation of
reconstituted ovaries and generated fully potent mature oocytes from mouse
PSCs completely in culture (Hikabe et al., 2016). Similar approaches were also
applied for hPGCLC. For oogenesis, hPGCLC-mouse embryonic gonadal
somatic cell aggregates were generated. However, hPGCLC survived but did
not proliferate or differentiate further after transplantation in female mice
(Sugawa et al., 2015). A more recent attempt showed that when aggregating
with mouse embryonic ovarian somatic cells, hPGCLCs developed oogonia-
like features at transcriptional and phenotypic level. However, those cells
exhibited incomplete epigenetic reprogramming and failed to enter meiosis in
vitro (Stringer and Western, 2019, Yamashiro et al., 2018). Furthermore, for
spermatogenesis, non-human primate PGCLCs failed to fully reprogram and
differentiate to spermatogonia in mouse or primate testicular niche, which was
suggested due to either an incompetent primate PGCLC or primate PGCLC are
incapable of differentiating in an adult niche. Overall, although the
establishment of hPGCLC induction has created revolutionary opportunities in

germ cell researches, in vitro gametogenesis in human remains a challenge.

1.4 Hypothesis and Aim

The hypothesis of this project is that epigenetic reprogramming in PGC and its
transcriptional regulation are largely consistent between human and pig and
therefore pig PGC is a suitable model for understanding human development.
Since early hPGCs (Wk2-3) are not accessible, investigations of the epigenetic
events during pig PGC specification can inform on fundamental mechanisms
of germ cell development in humans and shed light into transgenerational
epigenetic inheritance. The aim of this project is to profile new-specified and
gonadal pPGCs at transcriptomic and epigenetic level with single cell RNA-
seq, immunofluorescence and whole-genome bisulfite sequencing with post-

bisulfite adapter tagging (PBAT-seq). This detailed profile of pPGC will also
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be compared to the public data of mouse and primate PGCs to identify the

conservation and divergence of mammalian PGC development.
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Chapter 2 Transcriptional network of pre-

/early migratory and gonadal pig PGCs

2.1 Introduction

As key differences have been reported between mice and hPGC development
(Tang et al., 2015, Irie et al., 2015, von Meyenn et al., 2016) and pre- and early
migratory hPGCs are not readily accessible, in vivo data of pre-/early
migratory PGCs from other non-rodent animal models are required for a
comprehensive understanding of mammalian PGC specification and
development. Therefore, the single-cell transcriptome of 17 El14 (pre-/early
migratory) and 22 E31 (gonadal) pPGCs, as well as 89 E14 neighbouring
somatic cells and E11 epiblast (Ramos-Ibeas et al., 2019), were analysed in
this chapter. The aim of this chapter is to examine the transcriptional network
and epigenetic reprogramming in early and gonadal by analysing this high-
resolution transcriptome data. Other PGC-featured events, such as cell cycle
arrest, DNA repair, metabolic changes and unique membrane proteins, were
also discussed. Those events contribute to proper specification, survival and
development of PGC. To gain a better understanding of the similarities with
other mammals, I performed comparative analysis with available datasets from

human and Cy monkey.

2.2 Material and Method

2.2.1 Embryo and Gonadal tissue collection

All the procedures involving animals have been approved by the School of
Biosciences Ethics Review Committee, The University of Nottingham.
Embryos were retrieved from crossbred Large White and Landrace sows (2—3
years old) between days 11 to 35 after artificial insemination. Later stage
embryos (>E35) were retrieved from abattoir and the stage of the embryo was
estimated by cranial - caudal length. E11 and E14 embryos were flushed from
the uterine horns with warm washing buffer (PBS supplemented with 1% fetal

bovine serum (FBS)). Later stage embryos (>= E25) were manually dissected
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from the uterine horns and washed with washing buffer. Epiblast from E11
embryos were manually dissected and stored at -80°C before further

processing for LC-MS (see below).

2.2.2 Immunofluorescence

2.2.2.1 Fixation and cryostat of embryo and gonadal tissue

Embryos were processed as previously described (Kobayashi et al., 2017).
Briefly, embryos and gonads were fixed in 4% paraformaldehyde (PFA)/PBS
overnight (ON) at 4°C. Fixed embryos were incubated in 30% sucrose/PBS for
two days at 4°C prior to mounting in optimal cutting temperature (OCT)
compound. Cryosections were cut at 5-7 um onto Superfrost plus glass slides.

Sections were left to air dry for 1-2 h before IF or storage in -80°C.

2.2.2.2 Staining

For IF, air-dried cryosections were washed with PBS for 10 mins to remove
OCT compound. Antigen retrieval was then performed by boiling the slides in
0.01M Citrate Buffer (pH 6.0) for 10 min. Sections were permeabilized with
1% Triton-X100 in PBS for 15 min. Triton-X100 was washed three times for 5
min each, and blocking solution (PBS supplemented with 5% BSA and 10%
Donkey serum) was added for 1.5 h. After blocking, sections were incubated
with the desired primary antibody (Details about primary antibodies and their
working dilution please see Appendix Table 1) ON at 4°C in a humidified
chamber. Slides were then washed three times with 0.1% Tween-20/PBS.
Slides were then incubated with fluorescent (Alexa Fluorophore 488, 555,
and/or 647; Invitrogen)-conjugated secondary antibodies for 40 min at room
temperature (RT). Slides were mounted with Fluoroshield with DAPI (Sigma)

and sealed with nail varnish. Slides were kept at -20 °C until observed.

2.2.2.3 Imaging and post-imaging processing

Image acquisition was performed using SimplePCI capture software on an

epifluorescence microscope (Leica). Fiji was used for cell count and
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fluorescence quantification of ROI (Schindelin et al., 2012). For fluorescence
quantification, background intensity was subtracted to generate corrected total
cell fluorescence (CTCF), i.e. CTCF = Integrated Density — (Area of selected
cell X Mean fluorescence of background readings) (McCloy et al., 2014).

2.2.3 Tissue dissociation and Fluorescence-activated cell sorting

(FACS) for PGC collection

Pig PGC isolation was carried out as previously described (Hyldig et al.,
2011a). Briefly, embryos between E14 to E35 were stored in DMEM/F-12
supplemented with 40% FBS at 4°C overnight before being processed the next
day. Dissected posterior ends of E14 embryos containing PGC clusters and
gonads from E31 and E35 embryos were digested at 37 °C for 30 mins using
Collagenase IV (2mg/ml in DMEM), with gentle pipetting every 5 mins. The
cell suspension was washed with DMEM, centrifuged and the pellet re-
suspended in TrypLE Express (GIBCO) for further digestion at 37°C for 3-5
mins. Enzymatic digestion was neutralized with dissection medium
(DMEM/F-12 with 10% FBS, 25 mM HEPES and 100 U/ml Penicillin-0.1
mg/ml Streptomycin). The cell suspension was filtered through a 40 um cell
strainer into FACS tube. Following centrifugation, cells were re-suspended and
incubated in dissection medium with Sda/GM2 antibody (Klisch et al., 2011)
for 30 mins at 4°C. After washing with dissection medium, cells were re-
suspended and incubated in dissection medium with Alexa-488 Donkey Anti
Mouse (Invitrogen) for 30 mins, and then diluted with dissection media and

FACS sorted by MoFlo XDP Cell Sorter (Beckman Coulter).

2.2.4 Single-cell library preparation

FACS sorted cells were washed in a small drop of PBS-PVP and single cells
were manually collected with thin capillaries and placed into PCR tubes to
prepare single-cell cDNA libraries following the Smart-seq2 protocol (Picelli
et al., 2014).

Single cells were lysed by incubation at 72 °C for 3min in PCR tubes
containing 4 pl of cell lysis buffer, oligo-dT primer and dNTP mix. Reverse
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transcription and PCR pre-amplification were carried out with SuperScript 11
(Invitrogen) and KAPA HiFi HotStart ReadyMix (KAPA Biosystems)
respectively according to Picelli et al. protocol (Picelli et al., 2014). PCR
products were purified using Ampure XP beads (Beckman Coulter), and
library size distribution was checked on Agilent dSDNA High Sensitivity DNA
chips on an Agilent 2100 Bioanalyzer (Agilent Technologies). Concentration
was quantified using Qubit Quant-iT dsDNA High-Sensitivity Assay Kit
(Invitrogen). Samples with more than 0.2ngul™!, free of short fragments
(<500bp) and with a peak at around 1.5-2kb were selected for library
preparation with Nextera XT DNA Library Preparation Kit (Illumina).
Tagmentation reaction and further PCR amplification for 12 cycles were
carried out, and PCR products were again purified using Ampure XP beads.
Quality of the final cDNA library was analysed on an Agilent high sensitivity
DNA chip. Final cDNA libraries had an average size of 700—800 bp and were
quantified using NEBNext Library Quant Kit for Illumina (New England
BioLabs) following the manufacturer instructions. Finally, libraries were
pooled in groups of 50 with a 2 nM final concentration, and DNA sequencing

was performed on a HiSeq 2500 Sequencing System (Illumina).
2.2.5 Bioinformatic analysis
2.2.5.1 Processing of raw data

Raw PE reads were trimmed against adaptor sequences by scythe (v0.981), and
quality-trimmed by sickle (v1.33) using default settings. Trimmed reads were
directionally aligned to the pig genome (Sus scrofa v11) by hisat2 (v2.1.0)
with -know-splicestie-infile setting to increase mapping accuracy of splicing
reads. Uniquely and correctly mapped reads were extracted for the downstream
analysis. htseq-count was used to count the number of reads aligned to each
gene (Sus scrofa v11.2 Ensembl annotation build 91). Gene expression level
was calculated and normalised by Transcripts Per Kilobase Million (TPM).

Low quality cells were filtered out from the dataset to reduce the downstream
analysis noise. First, the total number of reads mapped to gene transcripts was
calculated for each cell, and those with less than 1 million were removed.

Second, the proportion of reads aligned to mitochondrial genes was estimated,
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as a high proportion suggests poor quality cells (Ilicic et al., 2016). The
proportion cut-off was set at 0.5. Only cells of proportions below 0.5 were kept
for the next analysis. Third, 2 outlier cells were identified by t-SNE
dimensionality reduction. A total of 14,873 out of 25,880 annotated genes were

identified in at least 3 cells with TPM > 1.
2.2.5.2 Biological analysis
2.2.5.2.1 Clustering

The R package “scater” was applied to normalise read counts of genes for each
good quality cell with acceptable sequencing coverage. A non-linear approach,
t-stochastic neighbour embedding (t-SNE), was used to identify the relations
between cells using normalised read counts. Unsupervised hierarchical
clustering using all expressed genes as input was conducted on all filtered cells
by normalised read counts in log2 scale. The distance method was euclidean,

and the cluster method was ward.D2.
2.2.5.2.2 Differential expression and enrichment analysis

Pairwise comparisons of single-cell differential expressions were performed by
SCDE using normalised read counts among four embryo stages. Two-tailed
adjusted p-value were calculated using cZ scores from Benjamini—Hochberg
multiple testing corrections, which followed a normal distribution.
Significantly expressed genes were selected with a p-value <0.05 as the
threshold. Euclidean distance and default hclust were applied to determine the
relationships between cells and between genes. Gene Ontology (GO) gene set
enrichment analysis with DEGs utilised goseq for each pairwise comparison,
also with upregulated DEGs and downregulated DEGs separately. GO term
annotation was retrieved from the Ensembl database (Sus scrofa vl1l1.1
Ensembl annotation version 91). Enrichment analysis of biological pathways
(KEGG) was performed with DEGs by R package “clusterProfiler”. Ensembl
gene IDs of DEGs were mapped to NCBI gene IDs for KEGG pathway prior to

enrichment analysis.
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2.2.5.2.3 Inference of embryonic sex

Expressions of all the single-copy genes on chrY were summed up to
determine the gender of each cell. First, any cell with the total TPM of chrY
single-copy genes > 10 was regarded a male cell. Others were regarded as
female cells. Then, the ratios of the total gene expressions between chrY and
chrX (3. ChrY Total TPM / ) ChrX Total TPM) were calculated across all
cells. Any pre-determined male cell with the ratio lower than the maximal ratio

of pre-determined female cells was regarded as the female cell.
2.2.5.2.4 Chromosome X dosage compensation analysis

Genes of chromosome X and three autosomes (chrl, chr2, chr3) were extracted,
and the geometric mean TPM of chromosomal expressed genes was calculated
for each cell separately. Then the overall geometric mean TPM was obtained
for each developmental stage by embryo sex, as well as the total TPM. Each
TPM value was incremental by one (TPM + 1) for the calculation of geometric
mean TPM. Only shared expressed genes between female and male cells were
taken into account in the calculation of female/male expression ratio for each
chromosome. Median Female/Male expression ratio was estimated for each
stage across the whole X chromosome with 1 Mb window. The ratio of
chrX/auto in each cell was inferred by the median value of bootstrapped ratios.
Each ratio was estimated by the total TPMs of a certain number of random-

selected genes. The median ratios were grouped by embryo sex.
2.2.5.2.5 Analyses of allelic expression

Trimmed reads were aligned to chromosome X of the pig genome (Sus Scrofa
v11.1) by hisat2. Duplicated reads were marked by picard (v2.12.1). GATK
(v3.8) was used to retrieve allelic read counts for SNVs annotated in dbSNP.
Only validated SNVs (dbSNP flag VLD) were extracted for downstream
analysis. SnpEff (v4.3) was applied to annotate called SNVs with Sus scrofa
v11.1 Ensembl annotation. Low coverage SNVs (<3 reads) were excluded
from the analysis, and we only kept SNVs that occurred at least in two
different cells for each stage. The expressions of mono-/bi-allelic genes were

inferred based on SN'Vs in each female cell of each stage.
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2.2.5.2.6 Single cell trajectory analysis

Trajectory modelling and pseudotemporal ordering of cells was performed
using TPM data with Monocle 2 (Qiu et al., 2017) (version 2.12.0). Top 1000
significant differentially expressed genes between clusters were used for

ordering the cells.
2.2.5.2.7 Comparison of pig, human and cynomolgus monkey datasets

In total, dataset of E14-31 pig cells (128 from our study), processed data of
Wk4-7 human cells (149) retrieved from GSE86146 (Dolatabadi et al., 2017)
and processed data of E13-55 cy monkey cells (100) retrieved from GEO:
GSE76267, GSE74767 and GSE67259 (Sasaki et al., 2016) were included in
the comparison. Natural log-transformed relative expression (i.e. In(TPMs+1)
in pig and human, In(RPMs+1) in cy monkey) of common genes (i.e.
homologues genes with same gene name) across three species were imported
and processed by FindIntegrationAnchors and IntegrateData (k filters set as
“NA”) functions in Seurat (version 3.1.2)(Stuart et al., 2019). Dimensionality
reduction by UMAP was then performed for the integrated dataset.

Expression of selected lineage markers and epigenetic modifiers in E14-31 pig
cells, Wk4-7 human cells and E13-55 Cynomolgus cells were plotted
separately with pheatmap package.

2.2.5.2.8 Cell cycle analysis

Default settings of CellCycleScoring function in Seurat were used to score the
cell cycle phases of each single cell. In brief, single cells were assigned a score
with A4ddModuleScore function based on its expression of G2/M- and S-phase
markers provided in Seurat. The single cells highly expressing G2/M- or S-
phase markers were assigned as G2/M- or S-phase cells, respectively, and the
single cells not expressing any of the two categories of genes were assigned as

GI1 phase.
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2.2.5.2.9 Signature set analysis

With the processed single cell RNA-seq data of pig embryos from Ramos-
Ibeas et al. (Ramos-Ibeas et al., 2019) we used FindMarkers function in Seurat
(Wilcoxon rank sum test) to identify the highly expressed genes
(avg_logFC >=1 and adjusted.p_val <=0.05) as the signature set in E6 ICM,
E8 epiblast and E11 epiblast. Next, we calculated the relative average
expression level of each signature set with AddModuleScore function of Seurat
in single cells of E14 Soma, E14 PGC and E31 PGC, which was then

visualized by heatmap using pheatmap package.

2.3 Results

2.3.1 Single-cell transcriptome of pre-migratory and gonadal

pPGC reveal highly dynamic states of PGC development

2.3.1.1 Isolation of pig PGC with Sda/GM2 marker from E14 embryos

and embryonic gonad

Prior to single cell library preparation, pPGCs were isolated from E14 embryos
and E31 gonads using FACS with a home-made antibody targeting Sda/GM?2
epitope, a specific pig PGC marker (Klisch et al., 2011). The antibody

specificity and sensitivity for pPGCs were confirmed by immunofluorescence
(IF) staining of tissue sections (Figure 2-1). Sda/GM2 staining was shown

overlapped with PGC marker SOX17 and BLIMP1 as well as pluripotency
marker NANOG at the posterior end of 2-4 somite stage embryo (E14) and
overlapped with SOX17 and OCT4 at early gonadal stage (E31). Secondary
antibody control (i.e. Secondary-only) is used during FACS to determine the
sorting gate. Sda/GM2-positive and -negative cells were collected separately
after FACS and manually isolated into single cells using mouth pipette, which

are then processed following the Smart-seq2 protocol (Picelli et al., 2014).
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Figure 2-1 Confirmation of the specificity and sensitive of Sda/GM?2 towards

pPGC in pre-migratory (A) and gonadal stages (B) via FACS (top) and IF
(bottom). Sda/GM2" pPGCs are co-stained with known PGC markers (A)
SOX17, BLIMPI and (B) OCT4. Scale: 20um.

2.3.1.2 Confirmation of PGC identity and stage

2.3.1.2.1 Cells with different identities show clear separation with each

other

As mentioned in introduction, the transcriptome dataset contains cells collected
from E11 (Ramos-Ibeas et al., 2019), E14 and E31 embryo. Low-quality cells
and genes that are not detected were first removed from the transcriptome. In
total, 175 single cells and 13251 genes were used for the downstream analysis.
With the mapped and filtered transcriptome, UHC and t-SNE analysis were
performed to show segregation and clustering of different cell types. Clear
separation was determined between PGCs (17 of E14 PGC and 22 of E31
PGC), E14 somatic cells (n=89) and Sph Epi (n=47), while two PGC
populations (E14 PGC and E31 PGC) cluster closely with each other (Figure

2-2 and Figure 2-3). No separation due to the gender of cells was observed in
any of those cell types. The expression profile of known pluripotency and
lineage markers further validate the identity of cells (Figure 2-2). E11 Epi cells

show high level of pluripotency markers, and low or absent expression of
germline or somatic-lineage markers. Known PGC markers, including PRDM1,
TFAP2C, NANOS3 and KIT, as well as pluripotency markers NANOG and
POUSF1, are highly expressed in both E14 and E31 PGC clusters, whereas
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late PGC markers such as DAZL, DDX4 and PIWIL?2 are only detected in E31
gonadal PGCs. The expression of PRDM14 is only detected in a few pPGCs,
mainly at gonadal stage, which is consistent with previous IF detection of

PRDM14 only in gonadal pPGCs (Kobayashi et al., 2017) and previous bulk
RNA-seq data (Figure 2-2). As expected, E14 somatic cells show high level of

somatic lineage and meso/endodermal genes, such as HOXAI, HANDI,
EOMES and GATA2. Note that E14 somatic cells branch into two clusters,
El4.soma.gl and El4.soma.g2. Only El4.soma.gl show expression of
primitive streak gene T and EOMES and endodermal marker CXCR4, GATA4
and GATAG6. Mesodermal marker HANDI, GATA2 and KDR are expressed in
both clusters. The expression pattern of those somatic lineage markers suggest
El4.soma.g2 cluster may be more advanced than El4.soma.gl, while

El14.soma.gl cluster still possesses primitive streak features.
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Figure 2-2 Expression heatmap of lineage markers in all samples. pPGCs

express high level of known human PGC markers OCT4 (POUSF1), NANOG,
BLIMPI, NANOS3, KIT, and SOXI7, but majority lack expression of
SOX2.Note that the UHC dendrogram is plotted based on all expressed genes.
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Figure 2-3 tSNE plot of all samples showing clear separation of E11 Epiblast,

E14 Somatic cells and PGCs (left) but no clustering based on the gender of

cells (i.e. Female and male cells within each identity mixed together) (right).

2.3.1.2.2 Genomic alignment of SOX17

Surprisingly, mapping of SOX17 to Ensembl reference in 2018 only detected
expression in eight out of 39 pPGCs, which is inconsistent with the high level
of SOX17 previously detected in majority of pPGC via IF (Kobayashi et al.,
2017). The expression of SOX17 detected by bulk RNA-seq also does not
show large difference between pPGC and E14 somatic tissues either,
validating the observation by single cell RNA-seq. To examine if the lack of
SOX17 in pPGC is due to the inconsistency between the SOX17 reference and
SOX17 transcripts in pPGC (i.e. potential alternative splicing), alignment to
extended SOX17 reference and de novo sequence assembly were performed.
As SOX17 was detected in pig hypoblast but not epiblast by IF (Ramos-Ibeas
et al., 2019), same analyses were performed for pre-gastrulation pig embryos
(E8 and E11 Epiblast and hypoblast) to examine if same problem also occur in
other cell types. As expected, using extended reference revealed more pPGCs
and pig hypoblast cells with SOX17 expression, while only one extra cell is
detected in E14 somatic cells, E§ and El11 epiblast (i.e. SOX17-negative

samples) (Figure 2-4). This suggests that alignment with extended reference

retrieved SOX17-expressing cells that were not detected by alignment with the
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2018 reference but did not increase noise for SOX17 alignment. De novo
assembly using reads from all SOX17-expressing cells (PGCs and hypoblast of
all stages) generated two versions of assemblies (SOX17 de novo assembly v1
and v2), which both show extra transcript sequence on the 3’ end compared to
SOX17 cDNA reference or genomic sequence. De novo assembly using reads
from hypoblast cells (SOX17 de novo assembly (E8-E11 cells)) and PGCs
(SOX17 de novo assembly (E14-E31 cells)) generated shorter assemblies
compared to SOX17 de novo assembly vl and v2, which is presumably due to
less reads used in the analysis. All assemblies generated only partially
overlapped with exon2 of SOX17 and did not overlap with exonl. As qPCR
primers spanning exonl and exon2 showed amplification of cDNA from
hypoblast (previous data in the lab), we assumed this was due to 3° -prime bias
of Smart-seq2 protocol (Baran-Gale et al., 2017).

We did not further investigate the extra transcript sequence at the 3’end of the
de novo assembly, as the most recent Ensembl Sus scrofa Genebuild, which
was last updated/patched in Jun 2019, seems to largely extend the SOX17
reference sequence. The current SOX17 reference covers our de novo

assemblies, which further validates the re-alignment and de novo assembly

results (Figure 2-5).

Due to limitation of time, the re-alignment was not performed for the entire
transcriptome in this project. However, the raw dataset of this scRNA-seq
experiment has been made accessible to the public (GSE155136) and can be
re-analysed when new genome assembly and/or alignment methods are

released.
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Figure 24 Comparison of SOXI7 expression in the listed samples when

different reference sequences were used. ‘SOX17 ref’, alignment using the
Ensembl reference sequence in 2018, ‘SOXI7 extend’, alignment using the
Ensembl reference sequence in 2018 plus 5kb extension at both end. More

reads are detected with the “Sox_ 17 reference.
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Figure 2-5 Comparison between the current Sox17 genomic sequence, cDNA,

predicted mRNA and our assemblies. The current SOX17 genomic sequence

covers the de novo assembly of SOX17 from transcriptome.

2.3.1.2.3 Trajectory inference and the identities of E14.soma.g1 and g2

We further explored the developmental processes in epiblast cells, PGC and
somatic cells by trajectory and pesudotime inference. Using Monocle package
with E11 Epiblast cells set as start point, the inferred developmental trajectory
and pseudotime ordering shows that E14.soma.gl is the more similar lineage
to E11 Epiblast at transcriptomic level and E11 Epiblast progressed into
El4.soma.gl, which further branches into El4.soma.g2 and PGC lineage

(Figure 2-6). These suggest the E14.soma.gl cells can be late primitive streak

or early mesendodermal cells. The transition from El4.soma.gl to
El4.soma.g2 appears to be continuous, while a gap occurs around the
branching point for PGC lineage. This suggests that transition state(s) may
exist between the late primitive streak or early mesendodermal state we
captured (i.e. E14.soma.gl) and the early-specified PGC.

The identity of E14.soma.gl as late primitive streak or early mesendodermal
cells was further supported by expression of transcriptional factors 7' and
EOMES and MESPI (Soibam et al., 2015) and the co-expression of surface
marker CDH2 (NCAD), CXCR4 and PDGFRA (Kopper and Benvenisty,

2012)(Figure 2-7). DEG analysis between E14.soma.gl and g2 further reveals

higher expression of pluripotency factor OCT4 (Pan et al., 2016, Wen et al.,
2017), WNT singaling components WNTS5A, WNT5B, LEF1 and FZD10
(Kemp et al., 2007, Wu et al., 2015, Soibam et al., 2015), and downregulation
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of mesendoderm impeding factor BACHI1 (Wei et al., 2019) in E14.soma.gl.
The upregulation of EMT driver SNAIl and ZEB2, as well as downregulation
of E-caderin (CDHI1) (Pan et al., 2016) further suggest that E14.soma.gl may
have activated the Epithelial-mesenchymal transition (EMT) programme
(Stryjewska et al., 2017, Chng et al., 2010, Stemmler et al., 2019). GO term
enrichment analysis reveals that E14.soma.gl is featured with “gastrulation”
and “somite development”, which is consistent with their late primitive streak

identity, while E14.soma.g2 show features such as “cell migration” (Figure
2-8).  Surprisingly, El4.soma.g2 also shows ectodermal feature, such as

“epidermal cell differentiation” and “neuron projection morphogenesis”.
However, most of the commonly-used neuroectoderm markers (e.g. PAX3,
PAX6, SOXI, NES, NOG, FGF50TX2, NEUROG3, NKX6-3, SIX3, HESXI
and CHRD) are not present or expressed at low level in El4.soma.g2,
suggesting they are unlikely to be neuroectoderm. On the other hand,
El4.soma.g2 show wupregulation of epidermal lineage markers (e.g.
KRT7,KRTS, KRT18, OVOLI, GATA3, TFAP2C and TP63) (Li et al., 2013a,
Liu et al., 2018, Nair et al., 2006, Soares and Zhou, 2018, Saykali et al., 2019,
Krendl et al., 2017, Tchieu et al., 2017). Most of those markers are also present
or upregulated in extra-embryonic lineage (Li et al., 2013b). A recent study has
studied multiple lineages in in vitro cultured Cy monkey embryos, including
the amnion lineage. Using amnion marker genes reported by this study as an
signature set, I examined the relative expression of amnion signature set
(shown as module score) in E11-31 pig cells. A large portion of E14.soma.g2

exhibits evidently higher expression of amnion markers compared to other
cells, suggesting these cells may be amniotic precusors (Figure 2-9).

This analysis shows that there is a close spatial relationship between pre-
migratory pPGCs, mesoderm and amnion precursors. Previous studies have
shown that after their induction in the posterior pre-PS epiblast the PGC cluster
localizes at the embryonic and extraembryonic border in pig pre-somitic
embryos (Wolf et al., 2011, Kobayashi et al., 2017). These cell types are all
induced by BMP signalling, which is high in the posterior end of the pig
embryo (Yoshida et al., 2016, Valdez Magaiia et al., 2014).
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Figure 2-6 (Left) Trajectory of E11 epiblast, E14 cells and E31 PGC. (Right)

Pesudotime of E11 epiblast, E14 cells and E31 PGC. E11 Epiblast progressed
into E14.soma.gl, which further branches into El14.soma.g2 and PGC lineage.

log10(value +0.1) -

1+ 00 1@

* EM.Epi E14.soma.g1 * E31.PGC
Cell_Type
* E14.PGC = Eld.soma.g?
CDH2 CXCR4 EOMES MESP1

4]

e S g

L] o o i
: A5 g : & P
A %.‘...- &J O\\'\‘ \ r . &
o~ X
£ 1] ® 1 s
=
S MIXL1 PDGFRA T 0 & 0 5 10
g L] »
[3)

/
.

()]
/ &

10 -5 0 5 10 10 -5 0 5

Component 1

10

Figure 2-7 Expression of primitive streak markers EOMES, MIXL] and T

(Brachyury)), as well as mesendoderm surface marker CDH2 (NCAD),
endodermal surface marker CXCR4, and mesodermal surface marker

PDGFRA on trajectory of all samples. High expression of those genes in
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El4.soma.gl suggest it may be late primitive streak and/or early

mesendodermal cells.
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Figure 2-8 Expressional heatmap of DEGs between El4.soma.gl (left) and g2

(right). A few signalling components and epidermal/extra-embryonic lineage
markers are labelled on the left side. El4.soma.gl and El4.soma.g2 are
enriched for distinct GO terms, suggesting their very different identities.
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Figure 2-9 Relative average expression (module score) of amnion markers in

El11-31 pig cells. Some El4.soma.g2 cells showing enrichment of amnion

markers suggests they may be amnion precursors.
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2.3.1.2.4 Determination of the cell cycle phase in single PGCs

A previous study suggested that pre-migratory pPGC showed no Edu
incorporation, i.e. stopped DNA synthesis, shortly after specification
(Kobayashi et al., 2017). It is possible that the E14 pPGCs in our dataset are at
that specific stage. Therefore, attempts were made to determine the cell cycle
phase in single PGCs cells of the dataset.

First, cell-cycle status was analysed using the expression profiles of previously
reported G1/S and G2/M phase-specific genes (42 and 54 respectively) (Tirosh
et al., 2016). Clustering of G1/S- and G2/M-specific genes showed separation

according to their cell cycle-specificity (Figure 2-10). However, majority of

E14 pPGCs did not exhibit feature of cell cycle arrest, i.e. no or low expression
of both GI/S and G2/M-specific gene, and in general did not show an

expression pattern different to E14 somatic cells.
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Figure 2-10 Heatmap showing expression of cell cycle related genes reported

by Tirosh et al. in all samples. The unit of colour scale is Z score of log2

(TPM+1). No clear difference is observed between PGC and somatic lineages.

With these same G1/S and G2/M phase-specific gene sets, I also used
CellCycleScoring function in Seurat package (Butler et al., 2018) to assign
cells to discrete cell cycle states and performed PCA to test if cells would be
separated by cell cycle status. Based on the CellCycleScoring results, E14
PGCs contained nearly 30% of S phase cells. Also, cells with different

identities did not separate in the PCA plot, suggesting cells cannot be separated

based on the previously reported G1/S and G2/M-specific genes (Figure 2-11).
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Figure 2-11 PCA based on the cell cycle genes reported by Tirosh et al. Each

dot represents one single cell, which is coloured by cell cycle states (left) or by

cell type (right)
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Figure 2-12 The assignment of cell cycle states by cyclone using human (left),

using mouse (middle) and by Seurat (right) show clear difference in

proportions of G1, S and G2M. Cyclone appears to preferably assign cells to

G1 phase, while Seurat to S phase.

Another method, Cyclone classifier in Scran package (Scialdone et al., 2015)

was also used to classify single cells into their cell cycle phases. As no

scRNA-seq dataset in pig with experimental cell-cycle annotation is available

for training the classifier, pig orthologues of pre-trained set of marker pairs for
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mouse (654 orthologues) and human data (1239 orthologues) were used.
However, the classified cell cycle phase for each cell varies largely between

using mouse or human pre-trained sets. The difference is even starker when
compared to the CellCycleScoring (Seurat) results (Figure 2-12). Compared to

results from Cyclone, more cells are assigned to S and G2 phase and less
assigned to G1 phase in the Seurat results.

The bioinformatics tools tested above failed to generate consistent results for
cell cycle classification. Cyclone classifier and CellCycleScoring function are
currently the only two bioinformatic methods assigning single cells to discrete
cell cycle states. However, a recent study reported that neither methods agreed
well with the cell cycle phase measurement by fluorescent ubiquitination cell
cycle indicators (FUCCI) (Hsiao et al., 2020). These suggest that further
research and better training sets, such as pig datasets with experimental cell-
cycle annotation, are required to accurately classify the cell cycle phase based

on transcriptional data.

2.3.1.3 Identification of Differentially Expressed Gene in PGC

compared to Somatic cells and Epiblast cells

In the following sections, I focus on the specification and development of
pPGC, and therefore E14.soma.gl and El14.soma.g2 are treated as one lineage
(named as ‘E14 Soma’) in most of the analyses.

To identify the unique features of pPGC during pre-migratory stage and
gonadal stage, DEG analyses were performed for E11 Epi vs. E14 PGC

(Figure 2-13, 1151 up, 880 down in E14 PGC), E14 PGC vs. E14 Soma
(Figure 2-14, 717 up, 1494 down in E14 PGC), and E14 PGC vs. E31 PGC

(Figure 2-15, 136 down, 170 up in E31 PGC).

Enrichment analysis of GO biological process (BP) term and KEGG pathways
were performed for DEG sets in each comparison. When comparing E14 PGC
to E11 epiblast, the upregulated genes in E14 PGC are enriched for GO terms

such as “positive regulation of differentiation” and “‘spermatogenesis, which is
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consistent with El14 PGC being a differentiated cell type. Similarly,

downregulated genes in El14 PGC show enrichment for “tissue

morphogenesis”, and “regulation of stem cell division”, suggesting gradual
loss of pluripotency in PGC (Figure 2-13).

A large number of genes show lower expression in E14 PGC compared to
surrounding somatic cells. Those genes show enrichment for multiple
embryonic development-related terms, including “multicellular organism
development” and “anterior/posterior pattern specification”. This is consistent
with the repression of somatic lineage genes in PGC. On the other hand, genes

with higher expression in E14 PGC show enrichment for germline-related term

“germ cell development” (Figure 2-14).
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Figure 2-13 Expression heatmap of DEGs between E14 PGC and E11 Epiblast

with enriched GO terms for each cluster. * indicates the terms have significant

p value (p<0.05) but not q value (g>0.05).
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Figure 2-14 Expressional heatmap of DEGs between E14 PGC and E14 Soma

with enriched GO terms and KEGG pathways for each cluster. A few lineage

markers are indicated on the left side.

More germline-related terms, such as “piRNA metabolic process’, are enriched
with upregulated genes in E31 PGC, suggesting further development of the

germline. Term “meiotic cell cycle” is also enriched for E31 PGC-upregulated
genes (Figure 2-15). Although component of meiosis-specific cohesion
complex, including RECS, SMCIB and STAG3, and synaptonemal complex
proteins including SYCP3 and SYCEI, are upregulated in some of the E31

pPGC, key meiotic recombination proteins such as the meiosis-specific

nuclease SPOI1 are still absent, suggesting E31 female PGC has not entered
meiosis prophase (Figure 2-16), which is consistent with previous observation

that female pPGC begins to enter meiosis prophase around E47 (Bielanska-
Osuchowska, 2006, Byskov et al., 1986). The upregulation of the
abovementioned cohesion and synaptonemal components are observed in both

male and female E31 PGCs, especially in a small group of male cells at the
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right end of Figure 2-16. This suggests that preparation for meiosis may have

already started in E31 PGC, regardless of the gender.
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Figure 2-15 Expressional heatmap of DEG between E14 PGC and E31 PGC

with enriched GO terms and KEGG pathways for each cluster.

Multiple terms related to DNA damage and repair, such as “positive regulation

of double-strand break repair”, “cellular response to DNA damage stimulus”,

“p53 signalling pathway” are enriched with E14 PGC-upregulated genes when
compared to EI11 Epiblast and E14 Soma (Figure 2-13, Figure 2-14). The

enrichment of DNA repair terms in pre-migratory pPGC indicates that DNA
repair mechanisms may be active immediately after PGC specification, which
is consistent with a recent finding that DNA repair is critical for pre-meiotic
PGC development (Hill and Crossan, 2019). Expression of DNA repair
components is further discussed in section 2.3.2.1 . GO analysis of DEGs also
reveal enrichment for multiple metabolism-related terms in E14 PGC when

compared to E11 Epiblast and E14 Soma, which suggests metabolic changes

such as reduced glycolysis and mitochondria (Figure 2-13, Figure 2-14). The
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downregulation of glycolysis appears to further proceed in E31 PGC (Figure
2-15). These indicate an early and continuous metabolic shift in pPGC, which

is further examined in section 2.3.1.7.
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Figure 2-16 Expressional heatmap of meiosis-related genes selected based on

GO term “Synapsis” (GO:0007129) and Reactome pathways “Meiotic
synapsis” (R-HSA-1221632) and “Meiotic recombination” (R-HSA-912446).
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The unit for colour scale is 'Z-score of log2 (TPM + 1)'. Blue arrow indicates

genes mentioned in the text'

Moreover, the DEG results are compared with self-organizing maps (SOM)

results (Figure 2-17) to identify cell type-specific genes. 1058, 442 and 145

genes that show differential expression pattern and reach highest average
expression level (geometric mean) in E14 Soma, E14 pPGC and E31 pPGC,
respectively, were identified as cell type-specific genes of the according stage.
As expected, for E31 PGC-specific genes, GO terms analysis revealed
enrichment for germline-specific terms such as “piRNA metabolic process”,
“DNA methylation involved in gamete generation” and ‘“‘spermatogenesis’.
For E14 Soma-specific genes, general embryonic development terms such as

“multicellular organism development” and “regulation of developmental
process” were enriched (Figure 2-18). Surprisingly, enrichment analysis for

E14 PGC-specific genes show only a few significantly enriched terms. This
may be due to that most of germline-specific genes either do not show
differential expression between E14 and E31 PGC, such as BLIMPI and KIT,
or show higher expression in gonadal stage, such as DAZL. Similarly, features
that shared between E14 PGC and El11 Epiblast are not included in this

enrichment analysis.
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Figure 2-17 Line plot showing expression profiles of 25 clusters of genes

classified by SOM analysis
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Figure 2-18 Dendrogram and expressional heatmap of cell type-specific genes

with enriched GO terms.

In general, DEG identification and GO enrichment analysis reveal the
distinction between pre-migratory pPGC and surrounding somatic cells, which
suggests reprogramming events have begun immediately after the specification
of PGC. Comparison between E14 and E31 PGC reveal the further
development of germline, including preparation of meiosis and continuous

changing at metabolic level.

2.3.1.4 Comparison to human and Cynomolgus monkey PGC reveal

similar and unique features of mammalian PGC development

After confirming the identity of the PGC clusters, the expression profile of
lincage markers was compared between hPGCs (Kobayashi et al., 2017),
cyPGCs (Sasaki et al., 2016) and pPGCs. pPGC show similar profiles for key
germline genes (e.g. PRDMI, TFAP2C, NANOS3, DAZL) and pluripotency
genes (e.g. NANOG, POUSF1, SOX2, ESRRB) with the primate PGCs (Figure

2-19). Similar to hPGCs, GATA4 is also widely expressed in pPGCs. T

(Brachyury) is maintained in some gonadal pPGC, while EOMES is absent
from pre-migratory stage. However, a few genes show different expression

between two species. For example, naive pluripotency gene KLF4 and
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TFCP2LI as well as trophectoderm marker TEAD4, which are expressed in
hPGCs and hPGCLCs (Tang et al., 2015), are absent in most pPGCs. On the
other hand, pluripotency genes ZIC3 are expressed in early pPGCs, but not
detected in hPGCs from migratory stage and downregulated in hPGCLCs
(Tang et al., 2015, Kojima et al., 2017). PRDM14, a key germline gene in
mPGC and hPGC development, is only detected in a few gonadal pPGCs and
absent at pre-migratory stage. Hence, pPGCs and hPGCs share most of key
genes for germline specification, including SOX77, BLIMP1 and TFAP2C, but
show difference for PRDM 14 and some pluripotency genes.

As single-cell transcriptome data are available in hPGCs (Kobayashi et al.,
2017) and cyPGCs (Sasaki et al., 2016), I compared PGCs and somatic
lineages from these three species at transcriptomic level. In total, 14692 genes
that are common among the datasets of three species (i.e. homologues genes
with the same gene name in three species) were used for dimension reduction
(UMAP) in Seurat after integration. The annotation of human and Cy monkey
cell types is adopted from the original analysis of these datasets. Majority of
pPGCs and cyPGCs cluster together with hPGCs, suggesting PGCs of three
species show similar features and are distinct from somatic tissues. However, a
large portion of El4 pig somatic cells (pSoma) and Cy gastrulating cells

(cySoma) fail to cluster with human gonadal somatic cells, but instead cluster
with PGCs (Figure 2-20). This might be due to the large difference between

the less differentiated, multipotent cells in pig and Cy monkey, and the highly
differentiated human gonadal somatic cells.

Indeed, when integrating only the pig and Cy monkey datasets, cells with
similar identities in two species cluster nicely with each other. As early
pluripotent lineages were available in both pig and Cy monkey dataset, these
cell types were also included to support the functionality of the integration
analysis. Pre-migratory pPGCs (E14) cluster closer with early (pre-gonadal)
cyPGCs and gonadal pPGCs (E31) closer with late (i.e. gonadal) cyPGCs

(Figure 2-21, left bottom). Majority of E14 pig somatic cells cluster with

gastrulating cells (Cy Gast Soma). Note that one Cy monkey cell annotated as
gastrulating cell clusters with PGCs, which is also observed in the original

analysis (Sasaki et al., 2016). Like in other ungulates such as sheep and cattle
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but unlike mouse and primates, pig has a longer period of pre-implantation
stage. The implantation of pig embryo only begins around E12-13 and
completes around E18 (Keys and King, 1989). Pig epiblast progresses through
gastrulation before implantation of the conceptus (Talbot et al., 1993).
Therefore, it is not surprising that the pre-implantation E11 pig epiblast cells,
which is very close to gastrulating stage (E11.5-12) (Kobayashi et al., 2017),
cluster with post-implantation Cy epiblast. Interestingly, pre-implantation Cy
epiblast cells form a separate cluster that is close to morula and ICM but not
overlapping with any pig cells, suggesting this specific cell type is not captured

in the pig dataset, or not exist in pig.
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Figure 2-19 Expressional heatmap of PGC markers in listed samples. The

human datasets from Lili et al. and Sasaki et al. are used in this plot. “S”:
Soma. “Cy ePGC”: early cyPGC (E13-20); “Cy IPGC”: late cyPGC (E36-55);
“Cy Gast Soma”: cy gastrulating cells (E13-20). As different expression units
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are used for the three species, values in the colour scale are replaced by HIGH

and LOW.

i A%
Ma 4,
T e AElM
A A ‘.. ® ‘. - * Lo
“A‘A * %4, . Cell Type
2 opt " *a A, ® E14 pPGC
i A m e 4 ® E31pPGC
a0, e e
o ® . ct‘A . A.: . o WK7FhPGC
o ® mAs * ] “ ®: oy o
S| . A Rotice
= o Akty 4 = Ao A d © hSoma
0 Py X a ™ A ° n
on‘... ‘:‘ o. 2 LI n ‘.‘ ] e ., AA @ cySoma
A
” f~. A® '-..: ° [ ] LIV .f . .- :.A: Species
. . . ® Fo® u 4 o Pi
° s A A a® L g
. i : L PO ¥
. age o ® OA“ ° ° %4
-2 TS i . 2 .".fi A
o .. A:f. ° .o A, A" 0‘ ok
A A Ag, AT A
® )
=5.0 -2.5 0.0 25
UMAP1

Figure 2-20 UMAP plot of integrated of human, Cy monkey and pig datasets.

Majority of pPGCs and cyPGCs cluster with hPGCs, despite the difference in
stages. “Cy ePGC”: early cyPGCs (E13-20); “Cy IPGC”: late cyPGCs (E36-
55); “pSoma”: EIl4 pig somatic cells; “hSoma”: Wk4-7 human gonadal
somatic cells; “cySoma”: Cy monkey gastrulating cells (E13-20).
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Figure 2-21 UMAP plot of integrated pig and Cy monkey datasets. Cells with

similar identity in two species cluster nicely with each other. pMorula: pig
morula (E5); pICM: pig ICM (E6); pE-EPI: pig early epiblast (E8); pL-EPI:
pig late epiblast (E11); Cy ICM: Cy monkey ICM (E6); Cy Pre-EPI: pre-
implantation epiblast (E7-9); Cy PostE-EPI, post-implantation early EPI
(E13-14); Cy PostL-EPI, post-implantation late EPI (E16-17); Cy ePGC:
early cyPGCs (E13-20); Cy M IPGC: late male cyPGCs (E36-55); Cy F IPGC:
late female cyPGCs (E43-51); Cy Gast Soma: Cy monkey gastrulating cells
(E13-20).
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2.3.1.5 pPGC maintains partial features of pluripotency compared to

somatic cells

Previous studies have detected features of both naive and primed pluripotency
in mPGCs and hPGCs, such as core pluripotency markers NANOG and OCT4
in both species, as well as naive pluripotency markers Esrrb and Nrda2 in
mPGC (Bell et al., 2020, Zhang et al., 2018b, Hackett et al., 2018) and KLF4
and TFCP2L1 in hPGC and cyPGC (Tang et al., 2015, Sasaki et al., 2016)

(Figure 2-19). As shown in previous section (2.3.1.4), pPGCs express NANOG

and OCT4, but do not show enrichment for ESRRB, KLF4 or TFCP2LI.
Therefore, I further investigate the pluripotency feature of pPGCs.

Similar to the investigation of amnion features in section 2.3.1.22.3.1.2.3,
marker genes (i.e. genes with higher expression) in pig E6 ICM, E8 and E11
epiblast (Ramos-Ibeas et al., 2019), respectively, formed the signature sets for
these pluripotent states. Expressions of the three signature sets were examined
in pre-migratory (E14) and gonadal pPGCs (E31). Compared to E14 somatic
cells, a strong pig E8 Epi signature score was determined for both pPGC stages,

with gonadal pPGCs also showing strong ICM signature score (Figure 2-22).

The signature genes contributing to these scores include elevated expression of
well-known transcription factors (POUSFI, NR542, SOX15 and OTX2), and
also of chromatin related genes (HELLS, BRDT, ZARI) and repressors of TE
activity (MOV10, ASZ1, PLD6, HENMT, TDRKH and SAMHD]), indicating

that restoration of a gene signature common with ICM/E8 Epi in the early

PGCs is linked to epigenetic resetting in the germline (Figure 2-23).
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Figure 2-22 Relative average expression (module score) of signature sets of

E6, ES and Ell cells in E14 and E31 cells. E31 PGCs show enriched
expression of E6 ICM and ES Epi signature sets.
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Figure 2-23 Scaled expression (Z-score of log2(TPM+1)) of selected genes

that are highly expressed in both pig pluripotent cells (E6-11) and PGCs.

2.3.1.6 Novel membrane proteins identified in pPGC

Plasma membrane proteins participate in numerous cellular processes, such as
signalling, transport and cell migration (Tan et al., 2008, Calabrese and
Radford, 2018). Therefore, I sought to identify potential pPGC-specific plasma
membrane proteins, by selecting pPGC-specific genes with relevant GO terms
(“Cell surface” GO:0009986 and “Plasma membrane” GO:0005886) and/or
curated in the Cell Surface Protein Atlas (Bausch-Fluck et al., 2015). Similar
to previous reports in hPGCs and cyPGC (Tang et al., 2015, Gomes Fernandes
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et al.,, 2018, Sasaki et al., 2016), surface markers KI/T and PDPN are
upregulated in pre-migratory pPGCs (Figure 2-24 and Figure 2-26). An orphan

receptor, GPR50, is specific for early but not gonadal pPGCs. Although by IF
GPRS50 is detected in presumably the nucleoli in all cells and stages, only early

migratory pPGC shows GPR50 immunoreactivity at cell membrane, which is

also stronger than the nucleoli staining (Figure 2-25). E14 pPGC also show

high level of CXCR4 (Figure 2-2), which suggest the imminent onset of

migration (Molyneaux et al., 2003, Mitsunaga et al., 2017). GDF3, a
mammalian-specific TGFB ligand, which inhibits BMP/TGF-beta signalling
(Levine and Brivanlou, 2006), also show enrichment in early pPGC, cyPGC
(Sasaki et al., 2016) and gonadal hPGC. Upregulation of vitamin C transporter
SLC23A42 is also observed from pre-migratory stage in pPGC and cyPGC and

in gonadal hPGC, which may increase the cellular uptake of vitamin C and

promote TET1 activity in PGC (DiTroia et al., 2019) (Figure 2-24 and Figure

2-26). A few CD markers, such as CD126 (IL-6R), CD157 (BST1) which is a
paralogue of hPGC marker CD38, and another orphan receptor GPR133
(ADGRD]I), are also upregulated in pPGC (Figure 2-24), suggesting a unique

membrane protein signature potentially critical for PGC development and

function.
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Figure 2-24 Violin plot of the expression of selected plasma membrane protein

in listed samples.
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Figure 2-25 Immunofluorescence of GPR50 in E15 early migratory pPGC (left)

and E36 gonadal pPGC (right). GPR50 shows membrane immunoreactivity
and co-stains with PGC markers SOX17 and Sda/GM2 in E15 pPGCs, but

does not stain cell membrane or show specificity towards pPGCs in E36 gonad.
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Figure 2-26 Expressional heatmap of selected plasma membrane protein in

human, Cy monkey and pig PGC and somatic cells. Known PGC surface
markers PDPN and KIT, as well as other membrane proteins such as Vitamin

C transporter SLC23A42, show enriched expression in PGCs of three species.

2.3.1.7 Expressional changes of metabolic-related genes in pPGC

Metabolic changes have been observed in various processes during cell fate
change, including exit from and reprogramming to pluripotency, suggesting a
tight link between metabolism and cellular identity. Recent studies have shown
that metabolic shift occurs during hPGC (Floros et al., 2018) and mPGC
development (Hayashi et al., 2017) and supports hPGCLC induction (Tischler
et al., 2019, Chen and Clark, 2018). The GO enrichment analysis for DEGs
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between different cell types also revealed multiple metabolism related terms,

including downregulation of “glycolytic process” and upregulation of “ATP

synthesis coupled electron transport” in E31 PGC (Figure 2-15). Based on GO

enrichment results, expression of components of glycolysis, tricarboxylic acid
(TCA) cycle, oxidative phosphorylation and cholesterol metabolism are further
investigated here.

Consistent with the findings in E13.5 mPGC, gonadal hPGC and hPGCLC,
glycolysis is largely downregulated in E31 gonadal pPGC, compared to all
other samples. Most enzymes that contribute to glycolysis, including the rate-

limiting phosphofructokinase (e.g. PFKL), are downregulated in E31 pPGC
compared to E14 pPGC (Figure 2-27). Surprisingly, many of these glycolytic-

related genes (e.g. GPI, PFKL, ALDOA and GAPDH) are already
downregulated in E14 pPGC compared to their surrounding somatic cells,
suggesting that downregulation of glycolysis begins in pre-migratory pPGC.
On the other hand, fructose 1,6-bisphosphatase (FBPI) which mediates the
rate-limiting step of gluconeogenesis, is largely upregulated in pPGC from pre-

migratory stage.
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profile of selected glycolysis-related genes.
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Concurrent with the downregulation of glycolysis, some components of the
TCA cycle are upregulated in pPGC from pre-migratory stage, such as
mitochondrial pyruvate carriers 2 (MCPZ2) which is responsible for transport of
pyruvate into mitochondria matrix (Bricker et al., 2012), and dihydrolipoamide
dehydrogenase (DLD) which functions as the E3 component of pyruvate and
alpha-ketoglutarate (aKG) dehydrogenase complexes (Patel and Roche, 1990).
The downregulation of pyruvate-dependent kinases 1 (PDKI), which
phosphorylate the pyruvate dehydrogenase complex and reduce its activity

(Patel and Korotchkina, 2001), may also contribute to the enhanced TCA cycle
activity in pPGC (Figure 2-28). Although the reduced glycolytic activity and

enhanced TCA cycle activity observed in pPGC is consistent with the
metabolic shift from glycolysis to oxidative phosphorylation previously
reported in mPGC and hPGCLC, the detailed mechanism may vary between
species. For example, the upregulation of /DH2, which is reported in E13.5
mPGC and hPGCLC, is not detected in pPGC.
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Surprisingly, the expression profile of mitochondrial electron transport chain
(ETC), however, show downregulated expression of multiple components in
E14 pPGC. Ten out of 13 mtDNA-encoded protein-coding genes, which are

important components of ETC, are downregulated in E14 pPGC compared to

E14 Soma (Figure 2-29). Furthermore, all 7 mtDNA-encoded protein-coding

genes (MT-ND1 to MT-ND6) in NADH dehydrogenase complex (i.e. Complex
I of the ETC) show reduced expression in E14 pPGC. This suggests potentially
supressed activity of ETC. However, whether the transcription from mtDNA is
downregulated in El14 pPGC is unclear. Key components of mtDNA
transcription machinery and potential nuclear regulation mechanisms of

mtDNA transcription, such as the mtDNA-directed RNA polymerase
(POLRMT), do not show consistent downregulation in E14 pPGC (Figure 2-30)

(D'Souza and Minczuk, 2018, Kumar et al., 2018, Ali et al.,, 2019). It is
possible that the reduced expression of mtDNA-encoded genes is due to the
lower mtDNA copy number in early pPGC, as a previous study suggests
mtDNA copy number was reduced largely in both female and male hPGCLCs
(Floros et al.,, 2018). Interestingly, mtDNA polymerase POLG, which is
responsible for mtDNA replication and repair (Krasich and Copeland, 2017),

shows increased expression in pPGC from pre-migratory stage (Figure 2-29).

Consistent with the finding in hPGC, this suggest that mtDNA copy number
may reach the lowest level in E14 pPGC and starts increasing afterwards
(Chen and Clark, 2018).

Apart from the shift in energy metabolism, changes are also observed in
cholesterol and fatty acid metabolism of pPGC. Multiple components of
cholesterol biosynthesis, including the master transcriptional activator SREBP2,
the rate-limiting enzyme HMG-CoA reductase (HMGCR) and cholesterol
uptaker LDLR (Madison, 2016), are largely downregulated in pPGC from pre-

migratory stage, while components of cholesteryl esterification including L/PA
and SOATI are upregulated (Figure 2-31). Some cholesterol biosynthesis

enzymes, such as DHCR7 which mediates the last step of cholesterol synthesis,
show downregulation in E31 PGC compared to E14 PGC. Potentially affected
by the repression of SREBP2, fatty acid synthase (FASN) is also largely absent
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in pPGC. Interestingly, the repression of SREBP2 may also contribute to the
downregulation of glycolysis, as a recent study reported that knockdown of
SREBP2 reduced glycolytic potential in cancer cells (Wen et al., 2018).
Overall, these observations suggest major downregulation of cholesterol and

fatty acid synthesis in pPGC, potentially regulated via repression of SREBP2.
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Figure 2-29 (Top) Pathway view comparing ETC-related genes between E14

pPGC and EI14 somatic cells. Wikipathway “Electron Transport Chain
(OxPhos system in mitochondria)” (WPI111) is used as the template (Slenter et
al., 2018). (Bottom) Violin plot showing expression profile of mtDNA-encoded

protein-coding genes and mtDNA polymerase in listed samples.
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Figure 2-31 (Left) Pathway view comparing cholesterol synthesis-related

genes between E14 pPGC and El14 somatic cells. The pathway template is
modified from Wikipathway “Cholesterol Biosynthesis Pathway” (WP197) and
“SREBF and miR33 in cholesterol and lipid homeostasis” (WP2011) (Slenter
et al., 2018). (Right) Violin plot showing expression profile of selected genes

related to cholesterol synthesis.

As mentioned above, metabolism related DEGs identified between pPGC and
pig Soma show very few overlaps with metabolic components that are
differentially expressed in E13.5 mPGC (Hayashi et al., 2017) or gonadal
hPGC (Floros et al., 2018). This might because that the PGCs in three species

were compared to different somatic lineages (i.e. early, gastrulating somatic
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cells in pig but gonadal soma in human and mouse). Therefore, single cell
dataset of Cy monkey was also included. Indeed, more metabolic components

are found with similar expression profiles in pig and Cy monkey PGCs and
early somatic lineages (Figure 2-32), further supporting the downregulation of

glycolysis and cholesterol synthesis occur in early, pre-gonadal PGCs.
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Figure 2-32 Expression profiles of selected metabolism genes in pig, human

and Cy monkey. The profiles in pPGCs show large similarity with the one in
cyPGCs, suggesting the dynamic changes, such as downregulation of
glycolysis and cholesterol synthesis, may also occur in early and gonadal
cyPGCs. Noting that as mtDNA-encoded genes were excluded in human and cy

monkey datasets, those genes are not included in the comparison.

2.3.2 Epigenetic reprogramming events occur early in pre-

migratory pPGCs
2.3.2.1 Active DNA demethylation is evident in pre-migratory pPGCs

DNA demethylation is a featured event during PGC development, which
occurs in both passive (i.e. through dilution during DNA replication) and
active (i.e. TET-mediated) way. In contrast to the active DNA demethylation
only being detected in gonadal stage of mPGCs, it has been previously showed
that the upregulation of TET! and its oxidized product ShmC are detected in
migratory hPGCs (Wk4). Partial erasure of SmC coupled with increased level
of ShmC at H19 and GNAS ICRs is also reported in D4 hPGCLCs (Tang et al.,
2015). Similarly, enrichment of 5hmC is detected in pre-migratory pPGC

cluster (Figure 2-33 (A)) (Kobayashi et al., 2017). These suggest that active
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DNA demethylation may occur at pre-gonadal stage in human and non-rodent
PGC.

As IF results are only semi-quantifiable, liquid chromatography—tandem mass
spectrometry (LC-MS/MS) was used for more accurate quantification of SmC
and ShmC level (Hill et al., 2018). ShmC level in FACS-sorted pre-migratory
(E14) pPGC is indeed higher than the surrounding somatic cells and also the
pig epiblast, suggesting active DNA demethylation is highly effective and the

enrichment of ShmC is unique in newly specified pPGCs. Concurrently, 5SmC

level drops in pre-migratory pPGCs (Figure 2-33 (C)). Consistent with IF

results (Figure 2-33 (B)), ShmC and 5mC are almost absent in FACS-sorted

Wk5 gonadal pPGC, as previously suggested in gonadal hPGC (Guo et al.,
2015, Tang et al., 2015). Similar trends of SmC and 5ShmC are observed in

equivalent human samples, including the slight upregulation of ShmC in D4

hPGCLC (Figure 2-33 (C)). Although the dynamics of ShmC is unknown in

cyPGCs, 5mC level is shown to reduce in early cyPGCs (E17) compared to
surrounding somatic cells (Sasaki et al., 2016).

I further looked into the mechanism of DNA demethylation in pPGC.
Although DNMT1 is still present, which was also observed in hPGC (Guo et
al., 2015), DNA methylation machinery is likely to be supressed as UHRF]

and DNMT3B are absent in pPGC from pre-migratory stage (Figure 2-34 (A)).
Surprisingly, despite the evident enrichment of ShmC, no TET gene is
upregulated transcriptionally in pPGC (Figure 2-34 (A)), suggesting the

enrichment of ShmC may be due to post-transcriptional regulation of TET
genes and absence of DNA replication in pre-migratory pPGC (Kobayashi et
al., 2017). Also, DNMT3A does not show transcriptional reduction in pPGC

until gonadal stage (Figure 2-34 (A)). A previous study indicates that
immunofluorescence of DNMT3A show reduction from migratory stage (E16)
in pPGC (Kobayashi et al., 2017). Therefore, it is possible that DNMT3A still
mediate de novo methylation in pre-migratory pPGC, while TET1 oxidizes the

newly formed 5SmC into ShmC. DNA methylation machinery (i.e. DNMT34,
DNMT3B, DNMTI and UHRF) is likely to be also repressed in early cyPGC.
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Surprisingly, the catalytically inactive DNMT3L is enriched in early and late
cyPGCs (Figure 2-35). DNMT3L has been shown to maintain DNMT3A

stability (Veland et al., 2019) and stimulate its catalytic activity (Chédin et al.,
2002), however IF in cyPGC suggests DNMT3A is almost absent from E17
(Sasaki et al., 2016). Therefore, the function of DNMT3L in cyPGCs remain
unclear. TET genes appear to be upregulated in late cyPGCs compared to the
early ones, consistent with upregulation of TET1 in gonadal hPGC. It remains
to be investigated whether this early active DNA demethylation observed in
pre-migratory pPGC also occurs in primate PGCs.

The removal of TET-oxidized products in PGC is suggested to be mediated by
passive demethylation, i.e. dilution through DNA replication, as well as more
dynamic mechanisms such as base excision repair (BER) pathway (Hill et al.,
2018, Hackett et al., 2013, Hajkova et al., 2010). As DNA replication, and
therefore passive demethylation, is largely absent in pre-migratory pPGC
based on Edu staining (Kobayashi et al., 2017), BER pathway might be
activated and contribute to DNA demethylation in pPGC from pre-migratory
stage. Components of BER pathway, including LIGI, POLD2, PARPI and

UNG, are upregulated in E14 and E31 pPGC (Figure 2-34 (A)). The
enrichment of PARP1 and UNG in early migratory and gonadal pPGC is also
shown by IF (Figure 2-34 (B)). TDG, which was suggested to recognize TET-

oxidative products and initiate BER pathway, is not differentially expressed in
pPGC (He et al., 2011, Shen et al., 2013, Tang et al., 2015, Hajkova et al.,
2010, Maiti and Drohat, 2011). Upregulation of some ‘readers’ for TET-
oxidized products (HELLS, HMCES, NUPI133 and URB?2) is also observed in
pPGC, suggesting ShmC may be a dynamic and functional marker in PGC. A
recent study indicates important role Fanconi Anaemia (FA) pathway in pre-
meiotic mPGCs (Hill and Crossan, 2019). Although most of the DNA repair
genes reported by Hill and Crossan are not differentially expressed in pPGC,
upregulation of some FA components (FANCI and FANCD?2), and a few other
DNA -repair genes such as PMS2 and NBN, in E14 pPGC, suggesting multiple
DNA repair mechanisms may be activated from pre-migratory stage in PGC.

Overall, these results suggest extensive active DNA demethylation and DNA
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repair occur in non-replicative pre-migratory stage of pPGC. Many of those

DNA ‘readers’ and repair genes, such as PARPI, UNG, HMCES, HELLS and

FANCD2, also show upregulation in gonadal hPGCs. However, most of them,

apart from UNG, do not show clear upregulation in early (E13-20) cyPGCs

(Figure 2-35), thus the functions of BER and other DNA repair pathways in

early PGCs remain to be determined.
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Figure 2-33 Immunofluorescence of ShmC in (A) E14 PGC cluster and (B)

SmC and 5ShmC in gonad sections of E25 and E36 embryos. PGCs marked by

SOX17 and/or Sda/GM2 are indicated by yellow dashed lines. Scale bar:

10um. (C) 5ShmC and 5mC levels determined by LC-MS/MS. Methylation

levels are indicated relative to total levels of deoxyguanine (dG). P values are

based on combined ANOVA and Holm’s post hoc test.
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Figure 2-34 (A) Expression of epigenetic modifiers for DNA

methylation/demethylation and BER pathway components in E11 Epiblast, E14
Somatic Cells, E14 PGC and E31 PGC. (B) Immunofluorescence of BER
pathway component UNG (left) and PARPI1 (right) in E17 migratory and E50
Gonadal PGC. Yellow circle indicates PGC. Scale bar 20um.
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Figure 2-35 Expression heatmap of epigenetic modifiers and DNA repair

genes that show differential expression in pPGC, hPGC and/or cyPGC
compared to somatic tissue. “Cy ePGC”: early cyPGC (E13-20); “Cy IPGC”’:
late cyPGC (E36-55); “Cy Gast Soma”: cy gastrulating cells (E13-20). Grey
colour in heatmap indicates “NA”, which indicates the gene is not annotated
or not expressed in all cells examined in the species. As different expression

units are used for the three species, values in the colour scale are replaced by

HIGH and LOW.

2.3.2.2 Histone remodelling in early-migratory and gonadal pPGCs

Our lab previously demonstrated that the progressive reduction of H3K9me?2
and its ‘writer’ G9a (EHMT?2) starts in pPGC from E14 (Kobayashi et al.,
2017)(Figure 2-35). Here, I further investigated the landscape of histone
modification in pPGCs. Similar to hPGCs and mPGCs, H3K27me3 shows

global enrichment in pPGC at the migratory stage (E17) (Figure 2-36 (A) and
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(B)). At early gonadal stages (E25), H3K27me3 level starts to reduce and
becomes almost absent in pPGC from E36 onwards (Figure 2-37 (A)), which is
similar to hPGCs (Tang et al., 2015) but different from mPGCs and cyPGCs,
as H3K27me3 is still detected in E13.5-15.5 mPGCs (Seki et al., 2005,

Prokopuk et al., 2017) and E47-50 cyPGCs (Sasaki et al., 2016). Core
components of PRC2 complex which catalyses H3K27me3 do not show

differential expression in pPGCs (Figure 2-37 (B)). IF of EED, a core

component essential for PRC2 assembly, indicates that this protein is present
in most pPGCs at examined stages (from E15 to E50), which is different from
previous report in mPGCs (Prokopuk et al., 2017). However, unlike in mPGCs

(Prokopuk et al., 2017), no consistently differential staining can be observed
between pPGCs and somatic cells (Figure 2-37 (D)). On the other hand,
PHF19 and RBBP7, PRC2-associated cofactors that was suggested to be
needed for PRC2 recruitment and activity, are enriched in pPGCs (Figure 2-37

(B)) (Ballar¢ et al., 2012, Brien et al., 2012, Li et al., 2017a, van Mierlo et al.,
2019). DEG analysis also revealed dynamic changes of other histone and

chromatin remodellers, such as upregulation of components of MII complex
(DPY30, RBBPS5) and SWI/SNF proteins SMARCAS and HLTF (Figure 2-38).
Some of those genes, such as RBBPS5 and PHF19, also show upregulation in

hPGC and cyPGC (Figure 2-35). H2AFY, on the other hand, is absent in

epiblast and pPGC (Figure 2-36 (C) and Figure 2-37 (C)). MacroH2A1, the
macro-histone variant encoded by H2AFY, is observed in gonadal mPGC
(Nesterova et al., 2002, Hajkova et al., 2008), but absent in pPGC throughout
all examined stages (Figure 2-37 (A)). Also, H2AFY is largely downregulated
in early cyPGCs, although some of the late cyPGCs show mild expression of
H2AFY. Interestingly, a homologues protein, macroH2A2, which is encoded
by H2AFY2, is absent in gonadal hPGC (Tang et al., 2015). H2AFY?2 is mildly
downregulated in pPGCs but not completely absent. Surprisingly, H2AFY?2 is

not downregulated transcriptionally in gonadal hPGCs, suggesting the absence
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of macroH2A?2 is largely due to posttranscriptional regulation (Figure 2-35).

Overall, these suggests that lack of macroH2A may be a feature of non-rodent
PGC at early stages.

Overall, pPGC shows unique profiles of histone modifications compared to
surrounding somatic cells, such as the upregulation and then absence of
H3K27me3 during pPGC development. A novel epigenetic event, absence of
macroH2A1 at both transcriptional and protein level, is also detected in pPGC
of all stages. MacroH2A1 is suggested to be an epigenetic marker with various
biological roles, including obstructing reactivation of pluripotent genes during
reprogramming (Pasque et al., 2012, Gaspar-Maia et al., 2013, Pasque et al.,
2011, Barrero et al., 2013a, Creppe et al., 2012), and impeding basal PARP1
activity which in turn affects DNA damage response and mitochondria
respiration (Ladurner, 2003, Kustatscher et al., 2005, Hurtado-Bages et al.,
2018, Posavec Marjanovi¢ et al., 2017, Hodge et al., 2018). Absence of this
marker, as well as other histone remodelling events, may create a unique

histone/chromatin landscape for proper PGC development.
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Figure 2-36 (A) and (B) show that immunofluorescence of H3K27me3 is

enrviched in early migratory pPGCs, while (C) macroH2Al, encoded by

H2AFY, is absent in pPGCs from pre-migratory stage. pPGCs are marked by

yellow dash lines. Scale bar: 20 um
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Figure 237 (A) H3K27me3 is enriched in migratory and early gonadal (E25)

pPGCs, but absent in pPGCs from E36. In female pPGCs, the H3K27me3 spot
which marks the Xi is largely lost from migratory stage. MacroH2A1 is absent
in both male and female pPGCs in all examined stages. Yellow arrows and
white dash circles indicate pPGC; White arrows indicate the H3K27me3 and
macroH2A1 spot which marks the Xi. Scale bar: 10 um (B) Expression profiles
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of components of PRC2 complex. Key components EED, EZH2 and SUZI12 are
present in pPGC but not differentially expressed compared to somatic cells.
Cofactors PHF19 and RBBP7 are upregulated in pPGCs. (C) Consistent with
the immunofluorescence result, H2AFY, which encode macroH2Al, is largely
absent in pPGCs. (D) Immunofluorescence of EED in E15 migratory and E50
Gonadal PGCs. PGCs are marked by SOXI17 and Sda/GM2 in E15 and E235,
and by DAZL and Sda/GM?2 in E36 and E50. Yellow circles indicate PGC.
Scale bar: 20um.
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Figure 2-38 Expression profiles of other histone modifiers and chromatin

remodellers in selected samples.

2.3.2.3 XCR starts in pre-migratory pPGCs

As we have previously showed that epigenetic reprogramming occurs in pre-
migratory pPGC (Kobayashi et al., 2017), I investigated the transcriptional
regulation and evidence of epigenetic reprogramming in pPGC. X
chromosome reactivation (XCR) is a classic example of epigenetic
reprogramming. In hPGCs, XCR and biallelic expression of X chromosome
genes are detected from as early as 4 weeks (migratory stage) (Tang et al.,
2015, Guo et al., 2015). In mouse, XCR is initiated in a small portion of
migratory PGCs, but robust transcription (Sugimoto and Abe, 2007) and
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translational activity (Chuva de Sousa Lopes et al., 2008) on the reactivating X
chromosome (Xr) are only detected after reaching the genital ridge. X
chromosome inactivation (XCI) is mediated via multiple layers of epigenetic
repression, such as enrichment of H3K27me3 and DNA methylation. Inactive
X chromosome (Xi)-associated H3K27me3 (H3K27me3 spot) is a commonly
used marker for XCI, which is detected in over 90% of early-migratory (E7.5-
7.75) mPGCs (Chuva de Sousa Lopes et al., 2008). IF of some pre-migratory

pPGCs show no or faint H3K27me3 spot (Figure 2-39 (A)). Early-migratory

pPGCs (E17) and early gonadal pPGC (E25) indicates that a significantly
increased proportion (over 70%) of pPGC is absent of H3K27me3 spot (Figure

2-39 (B)). These suggests that XCR in pPGCs begin in pre-migratory stages

and is evident in early-migratory stage. To further analyse XCR at
transcriptional level in pPGCs, the sexual identity of E14 and E31 cells was

inferred based on the cumulative level of Y chromosome genes per cell (Figure
2-39 (C))(Skinner et al., 2016). XIST expression is critical for XCI (Jonkers et

al., 2008), which is repressed in majority of E14 and E31 female pPGCs, but

not in female somatic cells, indicative of XCR occurring in pre-migratory and
gonadal pPGC (Figure 2-39 (D)). Consistently, shown by female to male (F:M)

ratio, X chromosome expression in E14 female PGCs is higher compared to
male pPGCs, which further increases in E31 female PGCs, while the autosome
expression is relatively close between male and female pPGCs and no gender

differences are observed for either X chromosome or autosome expression in
somatic cells (Figure 2-39 (E)). The ratio of X chromosome expression to total
autosomal expression (X:allA) in female pPGCs is in general higher than
female somatic cells and all male cells. At single cell level, the X:allA ratio is
above 1 in all E31 female PGCs and some E14 female PGCs (Figure 2-39 (F)),
which is also observed in female mPGCs and hPGCs at gonadal stages
(Sangrithi et al., 2017). These further supports a specific X chromosome
upregulation in female pPGCs from pre-migratory stage, while X chromosome

expression in their male counterparts is relatively stable compared to somatic

cells.

130



Transcriptional network of pre-/early migratory and gonadal pig PGCs

To rule out the possibility that the increased X:allA ratio and F:M ratio for X
chromosome is due to expression changes of one active X chromosome,
instead of biallelic expression from both X chromosomes in female PGCs, we
further explored the X-chromosome gene expression at allelic resolution. E14

female somatic cells present a lower number of bi-allelically expressed single
nucleotide polymorphisms (SNPs) (Figure 2-40 (A)), which is termed as

‘ChrX escapers’ in this project to distinguish them from the DNA methylation
escapees in the next chapter. Studies show that 4-8% and 15-25% X-linked
genes in mice and in human, respectively, escape XCI to some degree (Carrel
and Willard, 2005, Cotton et al., 2013, Berletch et al., 2015, Balaton and
Brown, 2016, Wainer-Katsir and Linial, 2016). ChrX escapers vary largely
between tissues and species and have not been characterized in pig. Therefore,
we categorized genes with biallelic SNPs in somatic pig cells as our X
chromosome escapers. Consistent with aforementioned analysis, E14 female
pPGCs have a large number of biallelic SNPs that are not ChrX escapers,
which are similar to E31 female PGCs, indicating X chromosome reactivation

at the transcriptional level in pPGC is evident at the pre-migratory stage

(Figure 2-40 (A)). Biallelically expressed X-linked genes in female cells are

further identified (Figure 2-40 (B)). All female pPGCs contain at least one

biallelically expressed X-linked gene that is not found in somatic cells, i.e.

non-ChrX escaper (Table 2-1). In contrast to a profound increase of biallelic

expression in mouse gonadal PGCs compared to earlier stages (Sugimoto and
Abe, 2007), the number of biallelically expressed, non-escaper X-linked genes
is heterogeneous in pPGC and more similar between pre-migratory and
gonadal stages, suggesting XCR may progress asynchronously and
heterogeneously in pPGC.

Potential mechanisms of XCR are also investigated. In mice, most of the
IncRNAs that are currently found to involve in XCI are located in X-
chromosome inactivation centre (XIC) (Augui et al., 2011). During initiation
of XClI, genes near the XIC in 3D space are first silenced, presumably due to
the spread out of Xist from XIC (Engreitz et al., 2013, Pinheiro and Heard,

2017). There is no apparent relationship between the regional increase of F:M
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ratio, which indicates X-linked gene reactivation, and the linear distance to the

putative XIC in pig (i.e. homologues region to human XIC, highlighted in

green) (Hwang et al., 2015) (Figure 2-41 (A)). Similarly, no apparent

relationship between random XCI and linear distance to XIC was observed in
pig peri-implantation embryos (Ramos-Ibeas et al., 2019). This suggests that
the progression of XCR in pPGC is not correlated to the linear proximity to
putative XIC. However, the possibility cannot be ruled out that the spread of
XCR maybe correlated with the 3D distance to XIC in pig.

Recent studies have made large progress on revealing the Xist interactome via
mass spectrometry-base techniques and gene screens (da Rocha and Heard,
2017). Xist interactors have important role in initiation and maintenance of
XClI, and therefore their expression and activity may change dynamically
during the XCR. However, common Xist interactors identified in both
proteomic and genetic screens (i.e. High-confidence Xist interactors) do not

show differential expression between PGCs and somatic cells (da Rocha and

Heard, 2017)(Figure 2-41 (B)). A few Xist interactors show differential

expression in all PGCs regardless of gender (Figure 2-41 (B)). Among these

PGC-downregulated Xist interactors, there are SWI/SNF family members
SMARCA4 (BRGI1) and SMARCC2, as well as topoisomerase TOP2b. A
study shows disruption of these proteins, combining with knockdown of Rad21,
TOP1 and inhibition of DNA methylation machinery (Dnmtl), resulted in
increased expression of a GFP reporter on the inactive X chromosome
(Minajigi et al., 2015). As DNA methylation machinery is inhibited in PGCs
due to absence of Uhrfl (see section 2.3.2.1), it is possible that the
downregulation of those Xist interactors, combined with inhibition of DNA
methylation machinery, may contribute to the XCR in female PGCs.

Overall, both X chromosome expression and epigenetic status support a
different XCR kinetics in pPGCs compared to mPGCs, of which XCR initiates
rapidly in pre-/early migratory pPGCs and continues in gonadal pPGCs in a
less stark manner. pPGC, combined with human in vitro systems, will be
useful for understanding XCR in non-rodent mammals. XCR is part of the

global epigenetic reprogramming in PGCs. This different XCR kinetics in
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pPGCs further supports existence of key differences in the epigenetic
reprogramming between mPGC and non-rodent PGCs. Furthermore, XCR
itself is an excellent example of remodelling multiple epigenetic layers for
transcriptional de-repression. The elucidation of this multi-layer regulation

may also have great value in developing treatments for X-linked diseases.
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Figure 2-39 (A) Immunofluorescence shows that some pre-migratory pPGCs

have no or weaker Xi-associated H3K27me3 spot and (B) a large portion of
migratory and early gonadal pPGCs lack H3K27me3 spot Yellow circle
indicates PGC. Xi-associated H3K27me3 are detected in somatic cells (arrow)
and some pPGCs (arrowhead). Scale bar: 20um. (C) A) Sum expression of
(top) all Y-chromosome genes, (middle) single-copy Y-chromosome genes and
(bottom) all X-chromosome genes. (D) Expression of XIST in E14 Somatic
Cells, E14 PGCs and E31 PGCs. Xist expression is reduced in female pPGCs
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from pre-migratory stage. (E) Female to male expression ratio of X
chromosome genes vs. autosomes (chrl, chr2 and chr3) in E14 somatic cells,
El14 PGCs and E31 PGCs. (F) Bootstrap of X:A ratio of E14 somatic cells,
El4 PGCs and E31 PGCs. Each dot represents one cell. P values are

determined by pairwise Wilcoxon Rank Sum Tests.
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Figure 240 (A) Biallelically-detected SNPs on X chromosome identified in

female E14 somatic cells, E14 PGCs, and E31 PGCs. Each dot represents one
biallelically-detected SNP per cell. X axis: reads (RPM) that are mapped to
the reference alleles; Y axis: reads (RPM) that are mapped to the alternative
alleles. Escapers are removed in the PGC plots. (B) Number of biallelically
expressed genes in E14 PGCs, E31 PGCs and E14 Somatic cells. P value is
determined by Kruskal-Wallis test followed by Dunn’s test.

134



Transcriptional network of pre-/early migratory and gonadal pig PGCs

Table 2-1 Escapers and biallelically expressed genes in E14 and E31 pPGCs.

“/-": gene not expressed,; ‘+/-‘: gene mono-allelically expressed; ‘“+/+’: gene
biallelically expressed. One E14 pPGC (AJ17) shows larger number of

biallelically expressed genes.

E14 PGC E31 PGC

AIl7 AK26 AJ31 AK82 AJ110 AJ24 GF17 GF15 GF12 GF23 GF13 GF24 GFl4 GF26
Escaper
AP1s2 FEOE - - BE - o Gy R
DDX3X +/- +- ++ +/- +/- ++ +/- +/- +- ++ +/- +/- +/+ +/-
FUNDC1 ++ +[+ +/+ ++ +H+ ++ +/- +/- +f- +/- +/- +/- +f- +/-
MECP2 G -t - - +f-  FENNNCCN /- +- G-
SSR4 ++ +/- +/- +/+ +/- +- ++ ++ -I- ++ -I- ++ ++ ++
ENSSSCG00000030283 +/- i +/- +/- - -/- Y A +- +- L R &
BCAP31 ++ +/- +/- +/+ +/- +/- +f- +/- +- +/- +/- +/- +/- +/-
RPS4X +/- +/- +/+ +/- +/- +/- +/+ +/+ ++ +f+ +/- +/+ +/+ +/+
UBA1 +/- +/- +/- +/- +/- +/- +/- +/- ++ +/- +/- +- -/- +/+
ENSSSCG00000038963 B Y A A S = P TR T
Uspox +/- +/- +/+ +/- +/- +/- +/- +/- +/- +/- +/- +f- +- +/-
RPL10 +H+ +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/-
Common
CLCN4 ++ +/- +/- +/- +/+ +/- -/~ +/- +/- +f- /- /- +/- ++
MID1 ++ +/- /- -/- +/- +/- -/~ +/- -/- +f+ /- +/- -/- +/-
NDUFB11 +/+ +/- +/- +/- +/- +/- -/- ++ +f- ++ /- /- ++ ++
CXorf56 +H+ +/- +/- ++ +/+ +/- +/- +/- ++ +/- +/- +/- ++ +/-
LAMP2 +/+ +/- +/- +/+ +/- +/- ++ +/+ +/- +/+ +/- +/- ++ +/-
SRPK3 +H+ +/- +/- +/- +/- +/- +/- -f- +/- ++ +H+ +H+ ++ +/-
IDH3G ++ +/- +/- +/- +/- +- +/- +/- +- +/+ afe +/- H+ 4/
SASH3 +/- ++ +/+ +/+ +f- +/+ +/+ +/+ +/+ +f+ +/- +/- +/+ +f+
ZDHHC9 +/- +- ++ -/- +/- +/- -/- -/- +- ++ -/- -/- +/- +/-
ATP6AP2 +/- +/- +/- ++ ++ ++ +[- ++ +/- ++ +/- +/+ +- +[+
E14 PGC-specific
RBBP7 ++ +- +f- +f- +f- +[- +f- +- +- +/- -/- +/- +/- +/-
PDK3 ++ +- +/- +/- +- +f- -/- #f= +/- +/- +/- +/- +- +/-
KDM6A ++ +/- +/- +/- +- +/- +/- -/- +/- +/- -/- +/- Sh &
PRPS1 +/+ +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/-
PSMD10 +H+ +/- +/- +/- +f- +/- +/- +/- +/- +/- -/- +- +- +/-
AMOT +/+ +[+ +/- +[- +/- +/- -/- -/ +/- +/- +/- +/- +/- /-
ENSS5CG00000038477 B Y R S S B Y A
ENSSSCG00000012731 +H+ +/- +/- +/- +/- +/- +/- +/- +f- +/- -/- +/- +- +/-
ENSS55CG00000012746 B A Y A A & /- A e e B
GDI1 +/+ +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- +- +/-
TSR2 +- +- ++ +/- +/- +/- +/- +- +/- +/- +/- +- +- -/-
ENSSSCG00000012654 +/- +/- ++ +/- +/- +/- -/- -/- +/- -/- -f- -/- -/- +/-
TSPANG +/- +/- +/- +/+ +/- +/- +/- +/- +- +/- +f- +/- +/- +/-
FIsIL oo RN 4 R TN
E31 PGC-specific
TSPAN7 S - ST S e CEEEER- -
PGK1 +/- +/- +/- +/- +/- +/- +/+ +/- -/- +/+ +/- -f- ++ ++
ALG13 +/- +/- +/- +/- +/- +/- ++ +- +/- ++ +/- +/- +- +f-
PRPS2 +/- +/- +/- +f- +/- +/- -/- +/+ -/- +/- -f- -/- -/- -/-
PAGE2B Y Y Y S S A S A Sty
PLS3 +/- +/- +f- +/- +/- +/- +/- ++ ++ ++ +/- ++ +/- +/-
ENSS5CG00000012757 +/- +/- +/- +/- +/- +/- +/- ++ +/- ++ +/- -/ +/- +/-
ENSS5CG00000012119 H- M- - - - 4 B I SR R S R &
TRAPPC2 LR S Y AV YA L Y S SR A A
USP26 O S A Y S A
CDKLS -/- +/- -/~ +/- -/- -/- +/- +/- -/- +/- +/- ++ +/- +/-
ENSSSCG00000035908 +/- +/- +/- +/- +/- +/- +/- +/- +/- +/- -/- +/- ++ +/-
cuLas -+ 8 o I L/ SR/ SR T SR FRRE ) O 7L 4

135



Transcriptional network of pre-/early migratory and gonadal pig PGCs

E14PGC

A Median

E31PGC
1

E14Soma

00 05 10 15 20 25 30
Meian F/M expression ratio

Z-score of log2(TPM+1)

I R I l ; Cell Type
] 1 1 MATR3 E11.Epi

1 1 1 sapis 2
. ¥ I I I PTBP1 E14 Some
Hi g h | HuRnee 4 Bl EvapoC
I 1 1 1 _0R wap 0 E31PGC

Confidence 1 [ | e N
| 1 ] 1
1 HMGB1
I LNl IISII I'IL g 2 I

MG
1 11 11 BN || Iicrzsr3
min | 1 !\il.,,,;, 1 D3
1 ] 1 11 1 N1 TT 81 smarcas
SMARCC1
T0PZ8
PDS5A

milil Bl B 1 1 1 i 1 1101 EZA}FC\(BE
1K
I 1 Ea nl L 1] mm 1 KHDRBS1
Others K0
SUN2
CDC25A
PDP!
I SMARCAS

] 1 1 | 1I LRWD1
I 1 1 il II RAD21

I
1 1 11 | e | 1
I i 1 L]} 1B f: I RBBP7

DO
i i1 LIk |l ) | 1illIm I B | 1 H PRKD3

Figure 241 (A) Median female to male expression ratio across X chromosome

in E14 PGC, E31 PGC and E14 Somatic cells. p value. *** p < 0.001; **** p
< 0.0001 by pairwise wilcoxon test. Green line indicates estimated position of
XIST inactivation. Activation of ChrX genes do not show clear proximity to the
XIST loci. (B) Expression of reported Xist interactors in indicated samples.
The high confidence interactors do not show differential expression in pPGCs,
but the downregulation of other Xist interactors such as TOP2B and
SMARCA4, may contribute to XCR.

2.4 Summary

In this chapter, by analysing the high-resolution scRNA-seq data, I explored
the transcriptional network and epigenetic reprogramming in pre-/early
migratory and gonadal pPGCs. Unique events and factors during pPGC
development are identified, many of which are also observed during hPGC
and/or cyPGC development, suggesting the pig is a relevant system for

studying specification and development of non-rodent germline.
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As expected, pPGCs are specified at the posterior end of a flat-disc embryo,
surrounded by potentially gastrulating primitive streak and amnion precursors.
PGCs show large transcriptional difference compared to these surrounding cell
lineages at pre-migratory stage. Both pre-migratory and gonadal pPGCs
express known germline markers including SOX17, BLIMPI, TFAP2C and
NANOS3 and lack SOX2, which is similar to primate PGCs but different to
mPGCs. UMAP analysis also support the similarity between pPGCs and
primate PGCs as pre-migratory and gonadal pPGCs cluster nicely with
cyPGCs of similar stages and separate from pig and Cy monkey somatic cells.
Nevertheless, pPGCs still have some unique features. For example, PRDM14
is largely absent in pPGC, which suggests different regulatory mechanisms for

epigenetic reprogramming compared to in mPGCs (Yamaji et al., 2008)
(Figure 2-42). Although pPGCs exhibit some pluripotency features similar to

E6 ICM and ES8 Epiblast, they do not show the high expression of naive
pluripotency markers KLF4 and TFCP2L1 which was observed in both hPGCs
and cyPGCs. It is worth noting that those pluripotency markers or features may
not be essential for PGC specification or maintenance of naive pluripotency, as
recently reported (Hancock et al., 2020). Multiple genes shared by pPGCs and
pluripotent cells are related with retrotransposon repression. It is possible that
the shared genes between pPGCs and pluripotent cells reflect a similar
epigenetic landscape, including large-scale DNA demethylation and X
chromosome reactivation. Unique and stage-specific surface markers such as
GPR50 are also identified, which may be useful for future isolation of

migratory pPGC.
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Figure 242 Schematic of unique or common genes between pig, human/Cy

monkey and mouse PGC.

The transcriptional difference between pPGCs and surrounding cell lineages
reveal multiple PGC-specific events, including metabolic and epigenetic
reprogramming. From pre-migratory stage, pPGCs exhibit evident
downregulation of glycolysis and cholesterol synthesis, which is also observed
in cyPGCs. Mild upregulation of some components of TCA cycle and ETC is
also observed in pPGC, however most of the components in these two
pathways are not differentially expressed. Surprisingly, mtDNA-encoded
protein-coding genes show downregulation in E14 but not E31 pPGC, which
may reflect the stringent mtDNA bottleneck observed in hPGCLCs (Floros et
al., 2018). Further investigations will be required to validate those metabolic
changes at the metabolite and protein levels.

Epigenetic reprogramming in pPGCs was investigated in three aspects, DNA
demethylation, histone remodelling and XCR. In general, pPGCs exhibit
unique tempo and mechanisms of epigenetic reprogramming compared to
mPGCs, including active DNA demethylation and evident onset of XCR at
pre-migratory stage, enrichment followed by absence of H3K27me3 from
gonadal stage and persistent lack of macroH2A 1. Potentially acting

downstream of active DNA demethylation and protecting genome integrity of
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germline during major epigenetic changes, BER pathway and other DNA
repair components are also upregulated from pre-migratory stage. The
regulation and mechanisms of the early onset of XCR in pPGC, such as the
dynamics of IncRNAs and their interactors, may also give some insight on X
chromosome dynamics from an evolutionary perspective as XCR may be
regulated differently among species like previously reported for XCI (Vallot et
al., 2017, Okamoto et al., 2011). Some of those unique epigenetic features are
also observed in hPGCs and/or cyPGCs. It is worth noting that there appears to
be some discrepancies between hPGCs and cyPGCs, including the highly and
consistently expressed DNMT3L in early and late cyPGCs as well as moderate
H3K27me3 level in E47-50 cyPGCs (Sasaki et al., 2016), both of which were
not observed in hPGCs.

Overall, the high-resolution scRNA-seq data of pPGC provides a useful
resource for investigating non-rodent PGC development. The unique events
identified during pPGC specification and early development are worth being
further examined in early cyPGCs and during hPGCLC induction, which will
extend current knowledge of mammalian PGC development and provide

insights for hPGC development.
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Chapter 3 DNA Methylome of Gonadal pPGC

3.1 Introduction

Epigenetic reprogramming is a key event in mammalian PGC, characterized
with global DNA demethylation, histone remodelling and XCR. This
reprogramming 1is suggested to prevent the transmission of potential
deleterious parental epigenetic information to the next generation. However,
multiple studies in mammals reported inherited phenotypic variations, which
are induced by environmental factors and cannot be explained by genetic
variation (Carone et al., 2010, Braunschweig et al., 2012, Feeney et al., 2014,
Chen et al., 2016c, Huypens et al., 2016, Bohacek et al., 2016). Furthermore,
recent studies in human and mouse have identified regions that retain DNA
methylation during global demethylation in PGCs (Tang et al., 2015,
Gkountela et al., 2015, Guo et al., 2015, Kobayashi et al., 2013). Those regions
are termed ‘escapees’ and have the potential to be carriers of epigenetic
information across generations. These escapees show some conservation
between human and mouse at orthologous gene loci but not at sequence level.
Escapee genes in human are shown enriched for genes related to metabolic and
mental disorder (Tang et al., 2015). However, because of the key differences
reported between mouse and hPGC development (Tang et al., 2015, Irie et al.,
2015, von Meyenn et al., 2016), the anatomical and physiological
dissimilarities between mouse and human, as well as the poor conservation of
escapees at sequence level, mouse may not be the ideal model for further
exploration of the escapees in transgenerational inheritance experiments. On
the other hand, early PGC development in pig has shown striking similarity
with human and monkey in vitro induction (Kobayashi et al., 2017), and pig
has been used as large animal model for obesity and diabetes mellitus (Robert
et al., 2015, Walters et al., 2011, Bassols et al., 2014, Schachtschneider et al.,
2015). Therefore, the pig is a relevant model for studying potential roles of
escapees in disease inheritance in humans. To investigate global DNA
demethylation and identify potential escapee in pig, I obtained DNA
methylome of E35 gonadal pPGCs and somatic cells using PBAT-seq. E35
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pPGCs are of equivalent stage to E13.5 mPGCs and Week 7 hPGCs, of which
DNA demethylation is complete, and therefore contain the lowest methylation
level (Hyldig et al., 2011a) that are optimal for identification of the escapees.

The aim of this chapter is to characterize gonadal pPGC methylome and to
identify escapees in pPGCs. The methylome and escapees of gonadal pPGCs
will be further used to compare with those of hPGC and mPGC to identify the
similarities and differences between species. The methylome data will also be
correlated with transcriptome data of pPGCs to reveal roles of DNA

methylation for transcriptional regulation.

3.2 Material and Method

3.2.1 Gonad collection and digestion and FACS for high purity
pPGCs

All the procedures involving animals have been approved by the School of
Biosciences Ethics Review Committee, The University of Nottingham. The
gonad collection and digestion as well as FACS procedures for single cell
samples (section 2.2.1 and 2.2.3) were also used for E35 PBAT samples with a
few modifications. Two crossbred Large White and Landrace sows were
inseminated and sacrificed 35 days after the insemination. As one sow was not
pregnant, all E35 embryos were collected from one litter and dissected for
gonads. Tails of E35 embryos were used for sexing the embryo via PCR with
AMELX primers (Sembon et al., 2008). Hereafter, pairs of E35 pig gonad
from individual embryos were processed separately. E35 gonads were stored in
foetal bovine serum (FBS) at 4°C overnight before digestion on the next day.
For gonad digestion, Tissues are chopped into small pieces with scalpel in
collagenase IV (2mg/ml in DMEM), and kept at 37°C for 30-40 min with
vortexing every 7-8 min. Tissue is further digested by Tryple for 3 min at 37°C.
After removal of Tryple, the cell suspension was filtered through 40-um Pre-
Separation Filters to generate single-cell suspension. Single-cell suspension
were incubated with pPGC marker Sda/GM2 (1:50) for 30 min at 4°C and then
Donkey anti-Mouse IgG (H+L) Alexa Fluor® 488 conjugate (Life
technologies, A-21202) for 20 min on ice. MoFlo™ XDP cell sorter is used for

FACS. Stringent gating and double-sorting (1* enrichment + 2* purity mode)
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are applied to ensure sample purity without major compromise of the quantity
of the sample. After second sort, round 200 Sda/GM2" cells are collected on

slide for manual check of purity.
3.2.2 PBAT Library Preparation and sequencing

To generate methylome data comparable to data of hPGCs and mPGCs, PBAT

libraries are prepared as previously described (Tang et al., 2015) with a few

modifications (Clark et al, 2017) (Figure 3-3). In brief, FACS-sorted

Sda/GM2* cells (PGC) and Sda/GM2- cells (somatic cells) were incubated with
lysis buffer (0.1% SDS, 50 ng/ml carrier RNA (QIAGEN) and 1 mg/ml
proteinase K (Zymo Research) in DNase-free water for 60 min at 37°C.
Around 1% of unmethylated lambda phage DNA (0.1-0.2 ng) (Promega) was
spiked into the sample before bisulfite treatment with the Methylcode Bisulfite
Conversion Kit (Invitrogen). Manufacturer’s instructions were followed for the
bisulfite treatment, except for the incubation time, which were extended to 3.5
hours as described previously (Tang et al., 2015) to facilitate fragmentation
and minimize false detection of methylation.

Bisulfite-treated DNA was re-annealed to double-stranded DNA using Klenow
fragments (3’5’ exo-) (New England Biolabs) with a 5’ biotin tagged primer
consisted of an Illumina adaptor followed by 6 random nucleotides at the 3’
end (Bio N6: 5’-biotin-CTACACGACGCTCTTCCGATCTNNNNNNN-3").
The biotinylated first strand molecules were captured using Dynabeads M280
Streptavidin (Invitrogen) and then reannealed to double-stranded DNA again
using Klenow fragments (3°—5’ exo-) with random primers containing [llumina
adaptors (Rev_N6 PE: 5’-TGCTGAACCGCTCTTCCGATCTNNNNNN-3").
Template DNA strands were then extended and amplified for 11 PCR cycles
using KAPA HiFi HotStart kit (Kapa Biosystems) with the Illumina primer PE
1.0 (5°-
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATC*T-3’) and  customized primer iPCRTag (5°-
CAAGCAGAAGACGGCATACGAGATAACGTGATGAGATCGGTCTCG
GCATTCCTGCTGAACCGCTCTTCCGATC*T-3") (Clark et al., 2017).

Agencourt AMPure XP beads (Beckman Coulter Genomics) are used for size
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selection of the library. Size distribution of PBAT libraries were examined by
Agilent High Sensitivity DNA Kit (Agilent). Concentrations of PBAT libraries
were quantified by qPCR using NEBNext Library Quant kit (New England
Biolads). Libraries, with 12% PhiX spike-in (Illumina), were subjected to pair-
read 150 bp sequencing on HiSeq 4000 sequencing system (Illumina).
Sequencing statistics and bisulfite conversion rate are summarized in

Appendix Table 2.

3.2.3 Bioinformatic analysis

The quality of raw reads was determined by FastQC to ensure that the
experimental setup and sequencing were successful. Raw reads were trimmed
by skewer first to remove adaptor sequences and reads with low sequencing
qualities (Jiang et al., 2014). Then, both the ends of paired-end reads were
trimmed to improve the mapping efficiency. Forward reads were trimmed by
10 bases at the beginning, while reverse reads were trimmed by 5 bases at the

end.

Trimmed reads were directionally aligned against the pig genome (Sus Scrofa
v11.1) in the paired-end mode by hisat2 using Bismark pipeline with --pbat. --
score min was L,0,-0.4. deduplicate bismark was applied to remove the
potential PCR duplicates with default settings (Krueger and Andrews, 2011).
Unmapped reads were re-aligned with the same parameters in the single-end
non-direction mode to rescue misaligned paired-end reads due to the incorrect
insert size resulting from the narrow sequencing area. The single-end

alignment was merged with the paired-end alignment after deduplication.

To compare the pig PBAT datasets with those from human (Tang et al., 2015)
and mouse (Kobayashi et al., 2013), reads were trimmed up to 100 nt for all
three species and were mapped via single-end only and sampled to the same

depth.

The detection of  methylated cytosines was done by
bismark_methylation_extractor, which can provide the genome-wide cytosine

methylation status. The spike-in unmethylated lambda phage DNA was also
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included in the analysis to examine the efficiency of bisulphite conversion in
the samples. In the following analysis, only methylated cytosines at CpG
context are used. Methylated cytosines at non-CpG context are very rare in

somatic cells and almost absent in pPGCs, and therefore not further analysed.

The methylation level was calculated by the module roimethstat of MethPipe
according to the locations of CpG islands and CGI shores, the genomic
features and by the repeat density (Song et al., 2013). Annotations of CpG
islands, genes, promoters and repeat regions were downloaded from UCSC and
Ensembl databases. Promoter regions were defined as sequences located
between 1,000 bp upstream and 500 bp downstream of a transcription start site.
Promoters with high-CpG content (HCP) contain a 500 bp region with a CpG
ratio larger than 0.75 and a GC content larger than 55 %. Promoters with low-
CpG content (LCP) do not contain a 500-bp region with a CpG ratio larger
than 0.48. Intermediate-CpG promoters (ICPs) are neither HCP nor LCP.
Methylation level of previously reported differentially methylated regions
(DMRs) (Congras et al., 2014, Hyldig et al., 2011a, Canovas et al., 2017, Yu et
al., 2018a) in pig imprinted genes (Morison et al., 2005) and XIST gene (Zou et
al., 2019) were also calculated. If DMRs have not been identified in pig
imprinted genes, homologous regions inferred human or mouse DMRs were
used (Tomizawa et al., 2011, Okae et al., 2014, Court et al., 2014).
Methylation-sensitive genes that have also been reported previously in hPGCs
(Tang et al., 2015) and mPGCs (Hill et al., 2018) were also examined. CGI-
containing X chromosome promoters were also examined, among those
promoters the partially methylated (30%—70% methylation) ones in both male

and female gonadal somatic cells are plotted in heatmaps.

Significantly hypermethylated regions (HyperMR) were identified by the hmr
function of MethPipe. Escapees were defined as HyperMRs which have more
than 20% of CpGs with >= 5x and with at least 30% methylation level in
human and 15% in pig and mouse. TE-poor escapees were defined as less than
10% of regions overlapped with repeats. TE-rich escapees were defined as at

least 10% of regions overlapped with repeats.
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To examine the methylation level of pig TE-poor escapees in early blastocyst,
processed PBAT data of three in vivo E7.5 blastocyst was downloaded.
Genome-wide cytosine methylation status of the blastocysts were extracted by
Bismark as mentioned above. As the processed blastocyst data has been
aligned to susScr3 (i.e. Sus Scrofa v10.2) assembly not Sus Scrofa v10.2, TE-

poor escapee regions were lift over to susScr3 using UCSC [iftover tool.

For TE expression, repeat regions were downloaded from UCSC database
including all the sub families. featureCounts (Liao et al., 2014) was used to
determine the number of reads aligned to each region with -M option.
Expression level was calculated and normalised by Reads Per Kilobase Million

(RPM).
3.3 Results

3.3.1 Purity and yield of FACS-sorted Sda/GM2* cells (pPGC)

The purity of PGC samples is critical for generating high-quality PGC
methylome. As gonadal PGCs are extremely demethylated (<10% methylation)
while somatic cells are highly methylated (~80% methylation) (Tang et al.,
2015), minor contamination of somatic cells in PGC sample can lead to large
shift in the methylation data of PGCs. FACS-sorting with double PGC surface
markers, as described by Tang, et al., would be ideal for yielding pure PGC
samples. However, Sda/GM?2 is currently the best surface marker available for
pPGCs (Klisch et al., 2011). Other surface markers, such as SSEA-1 (Manku
and Culty, 2015, Kim et al., 2013c), are not detected in over 80% of gonadal
pPGCs, and therefore will lead to low cell yield if used for FACS-sorting

(Figure 3-1). To ensure the purity of pPGC samples, double FACS-sorting was

used. The first sort with enrichment mode maximizes the cell yield, while the
second sort with purity mode will further purify the Sda/GM2" samples by

excluding ambiguous droplet (such as droplets containing one positive cell and

one negative cell) (Figure 3-2 (A)). Manual check of the double-sorted

Sda/GM2" cells indicates average of 98.5% purity (Figure 3-2 (B)). Around

1000-7000 Sda/GM2" and 5000 Sda/GM2- cells were collected from
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individual embryos as our PGC and somatic samples for PBAT library,
respectively (Appendix Table 3).
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E36 Pig foetal Gonad

Sda/GM2

Figure 3-1 Immunostaining of E36 gonadal pPGCs with surface marker Sda/GM?2, SSEA-1 and nucleus marker OCT4. Surface marker CT1

shows large overlap with nucleus marker OCT4, whereas SSEA-1 is only detected in a few OCT4-positive cells
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Sda/GM2 signal

10f 1o 1 10?7

Sda/GM2

Figure 3-2 Purity of FACS-sorted PGC samples.(A) is exemplary first and

second FACS sort of one sample, respectively. A small percentage of
Sda/GM?2 cells are still present after the first sort (91.53% are Sda/GM2"),
largely due to the enrichment mode, and therefore will be removed in the
second sort with purify mode. (B) is an exemplary image of FASC-sorted
Sda/GM?2* cells on slide.
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3.3.2 Modification of PBAT library Preparation and Quality of the
PBAT-seq data

PBAT libraries were prepared as previously described (Tang et al., 2015) with
a few modifications. I used primers containing 6 random nucleotides, instead

of 4 or 9, to balance between library yield and sequence that needs to be
trimmed per read before mapping (Clark et al., 2017) (Figure 3-3). Template

extension and PCR amplification are also combined, as described by Clark et

al. On average, 74% fragments in the PBAT libraries are within 200-600bp
(Figure 3-4 (A)) and average size-corrected library concentration is 158.5 nM.

These indicates the PBAT libraries are suitable for sequencing on Hiseq 4000.
Compared to the size distribution shown by Clark et al., the size distributions
of our PBAT libraries are slightly right shifted, indicating larger proportion of
longer fragment. However, the size distribution profiles can only be slightly

changed by time of bisulfite incubation or concentration of starting material

(Figure 3-4 (B)). Different size selection methods using AMPure beads only

remove the longer fragment but not increase the quantity of fragment of
appropriate size, and therefore does not largely improve the library quality.
Considering that extended bisulfite incubation or reduced starting material may
increase inappropriate conversion of 5SmC to T (i.e. false negative) (Holmes et
al., 2014), and the size distribution of currently generated PBAT libraries are
acceptable, we continued to sequence those libraries.

In total, six PBAT libraries are sequenced, including two male and two female
Wk5 (E35) pPGCs isolated from single embryos as well as one male and one
female WkS5 somatic cells (Appendix Table 3). The sequencing statistics shows
high CpG coverage (over 60% CpG sites are covered by 5x) and appropriate
bisulfite conversion rate (99.1% on average), which are comparable to
previous hPGC (Tang et al., 2015, Guo et al., 2015) and mPGC methylome
(Kobayashi et al., 2013) and indicate appropriate mapping and high-quality
data (Appendix Table 2).

149



DNA Methylome of Gonadal pPGC

The generation of PBAT library

Bisulfite conversion of DNA

v

NNNNNNTCTAGCCTTCTCGCAGCACATC-biotin 5’ First biotin primer (Bio Neé)

First random priming

5’ NNNNNNNNN..........NNNNNN 3/ Bisufite-converted single-strand DNA

Biotion capture

: NNNNNNTCTAGCCTTCTCGCCAAGTCGT 5’ Second random primer (Rev N6 _PE) 1

Second random prl‘ming | 5 > \CGCTCTTC TCTNNNNNN............NNNNNN 3’ Template for Second random priming

Extension and amplification

57
37

NNNNNNAGAT TCAGCA3" cDNA template
NNNNNNTCTAGCCTTCTCGCCAAGTCGT 5'

CGGAAG

5’ -AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGE CTCTTCCGATCT-3' PE 1.0

5’ P5 adaptor | P7 adaptor (RC) 3’ |

Figure 3-3 Brief illustration of PBAT library Generation. During generation of PBAT library, first and second random priming with attach

adaptors and generate amplifiable template after bisulfite conversion. Template is further extended with p5 and p7 adaptor and amplified.
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Figure 3~ Representative size distribution of PBAT libraries. (A) is an

exemplary size distribution of diluted libraries (Female pPGC sample 1), with
majority of fragments within 200-1000bp (94%) and is similar to size
distribution shown by Clark et al. (B) Different bisulfite incubation time and

amount of starting material does not largely improve the size distribution.

3.3.3 General description of gonadal pPGC methylome

3.3.3.1 Thorough DNA demethylation occurs at all genomic features
and regions in Wk& pPGCs

Consistent with the LC-MS/MS results (Figure 2-33 (C)), the methylation level
in WKS5 pPGCs is extremely low (~1%) compared to somatic cells (median
level over 75%) (Figure 3-5 (A)). Averaged CpG methylation level across all

genes and neighbouring regions (= 5kb) in pig gonadal somatic cells are

similar to human somatic cells (Tang et al., 2015, Gkountela et al., 2015) and

also adult pig somatic lineages (Schachtschneider et al., 2015)(Figure 3-5 (B)).

However, the methylation level in pPGCs is lower compared to human Wk7
PGCs (median 4.5%) (Tang et al., 2015) and E13.5 mPGCs (3.5% mCG)
(Kobayashi et al., 2013). The reason for such low methylation level in pPGCs
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remains unclear. As our PBAT libraries are generated with the same protocol
used for generating human PBAT methylome, and with more starting DNA, it
is unlikely that the low methylation level in pPGCs is solely due to
inappropriate conversion of SmC after saturation of cytosine conversion. Pig
genome are known to have relatively lower content of repetitive elements
(~40%) compared to other mammalian species such as human and mouse
(Groenen et al., 2012, Fang et al., 2012). Repetitive elements usually maintain
higher DNA methylation level (Lister et al., 2009). Therefore, it is possible
that the lower content of repetitive elements in pig genome contributes to the
lower genome-wide DNA methylation level and less escapees (see section
3.3.43.3.4.1) were observed in Wk5 pPGC compared to hPGCs and mPGCs.
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Figure 3-5 (A) CpG methylation levels in I kb genomic tiles of Wk5 (E35)

female and male pPGCs and gonadal somatic cells. Black point indicates
median. The median methylation level in pPGCs is around ~1%. (B) Averaged
CpG methylation level profiles of all genes from 5 kb upstream (-) of
transcription start sites (TSSs), through scaled gene bodies to 5 kb downstream
(+) of transcription end sites (TES). Different y axes are used for pPGCs and

somatic cells due to extreme low level of methylation in pPGCs.

Similar to previous reports in hPGCs (Tang et al., 2015), this thorough DNA
demethylation in pPGCs occurs over all genomic features, including promoters

and gene body regions which are highly methylated in somatic cells (Figure
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3-6). As expected, most differentially methylated regions (DMRs) of imprinted

genes (except PEG10), promoter regions of X-linked genes, and previously

reported methylation-sensitive genes (Tang et al., 2015, Hill et al., 2018) are
fully demethylation (Figure 3-7 and Figure 3-8), suggesting the DNA

demethylation in PGCs is likely to be completed at this stage. Also, no clear
difference is observed between male and female pPGCs. Note that in pig
gonadal somatic cells, low- and intermediate-CpG density promoters are
mostly highly methylated. This is different compared to human gonadal
somatic cells where a large portion of those promoters show low or moderate
methylation level (Tang et al., 2015) and reflects a potentially different
regulation of gene expression. The reason for this difference is unclear. As I

focus on PGCs this is not further investigated.
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Figure 3-6 Violin plots showing CpG methylation levels in different genomic

features in male and female Wk5 pPGCs and gonadal soma. CGI: CpG island;
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HCP, ICP and LCP: high-, intermediate-, and low-CpG density promoters.

DNA methylation is at basal level in all genomic features in pPGCs.
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Figure 3-7 CpG methylation levels of (4) imprinted DMR regions, (B)

promoters of previously reported methylation sensitive genes in germline as

well as (C) whole length (197 CpG) and DMR (27 CpG) of XIST gene (Zou et

al., 2019) in pPGCs and somatic samples. All examined regions, apart from
the DMR of PEG10, are extremely demethylated in pPGC samples.
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Figure 3-8 CpG methylation levels of CGl-containing X chromosome

ENSSSCG00000030075
ENSSSCG00000034882

promoters. Promoters that are partially methylated (30%—70% methylation) in

gonadal somatic cells are selected. Those examined regions are also

demethylated in pPGC samples.
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With the help of bioinformaticians, PBAT data of gonadal hPGCs (WKS.5,
Wk7 and Wk9) and mPGCs (E10.5 and E13.5) were processed and compared
to WkS5 pPGCs. As expected, hPGCs show basal methylation level at Wk7-9
while mPGCs at E13.5. When global DNA methylation reaches basal level,

PGC of all three species still show some retain of methylation, especially at
TEs, suggesting the existence of demethylation-resistant loci (Figure 3-9). As

the DNA methylation level of Wk5 pPGC and E13.5 mPGC is lower than
hPGC of equivalent stages, it is not surprising that less demethylation-resistant

tiles, with lower methylation level, were observed in pig (19,797) and mouse

PGC (50,804) compared to hPGC (257,658)(Figure 3-9 (A)).
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Figure 3-9 (A) Top: Proportion of demethylated loci (meth-) and

demethylation-resistant loci (meth+) in Wk5 pPGCs, Wk7-9 hPGCs and E13.5

mPGCs (the number of meth+ and meth- 800nt genomic tiles are indicated on
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the pie chart). Bottom: CpG methylation levels of meth- and escapees (meth+)
in three species. White dot indicates median, black bar indicates interquartile
range. (B) Distribution of CpG methylation in non-TE and TE genomic tiles

(800nt, with at least 5 CpG with Ix coverage). TE regions show more residual

methylation level compared to non-TE regions in all three species.

3.3.3.2 Methylation profile and upregulated expression of TEs in
pPGCs

TEs, which make up almost all repetitive sequences in mammalian genome,
can replicate, mobilize and insert themselves in a genome (Platt et al., 2018).
Therefore, the activities of TEs have large impact on genome stability and
evolution. DNA methylation is an important part of the host genome’s defence
mechanism against TE activities (de Mendoza et al., 2018, Jones and Takai,
2001). Here I focus on major families of retrotransposon as they make up the
majority of TEs.

As in the previous section DNA methylation in gonadal PGCs is shown to be
preferably retained at TEs, the methylation status of TEs in pPGCs is further

investigated. All major families of TE show extreme low level of methylation
in Wk5 pPGC (Figure 3-10 (A)) and surprisingly the expression of those TE
families also start increasing in pPGCs from E14 compared to E14 somatic
cells and E11 Epiblast (Figure 3-10 (B)), suggesting derepressed TE

expression is concurrent with the global DNA demethylation in pPGCs. Still,
TE activities are likely to be under control as other post-transcriptional

repression mechanisms, including piRNA pathway, are activated in pPGCs
(Table 3-1). In hPGCs, TE expression was found higher from Wk4 compared

to ICM in one study (Guo et al., 2015). However, most TEs, apart from some
evolutionary younger ones such as SVA and AluY, show lower expression in
gonadal hPGCs compared to gonadal somatic cells (Tang et al., 2015), which
appear to be different to pPGCs.
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Figure 3-10 (4) Violin plots showing CpG methylation levels at different TE

families. PGC samples show basal level of methylation in all examined TE

families (B) Expression profiles of major retrotransposon families in E11

epiblast, E14 somatic cells, E14 and E31 PGCs. p value. * p < 0.05; **p <

0.01; *** p < 0.001; **** p < 0.0001 by pairwise Wilcoxon test. Upregulation

of retrotransposons is observed from E14 PGC.
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Table 3-1 Some of the TE repressor show increased expression (i.e. p_val _adj <0.05) in E14 and E31 pPGCs (pct.1) compared to E14 Soma

(pct.2)

ENSSSCG00000006846
ENSSSCG00000026333
ENSSSCG00000006776
ENSSSCG00000016627
ENSSSCG00000004752
ENSSSCG00000016913

ENSSSCG00000017543
ENSSSCG00000030228
ENSSSCG00000021075
ENSSSCG00000039878
ENSSSCG00000027770
ENSSSCG00000027806
ENSSSCG00000007702
ENSSSCG00000011937
ENSSSCG00000002552
ENSSSCG00000006645

p_val

3.63E-20
641E-16
1.93E-14
3.34E-13
9.68E-08
1.22E-06

1.33E-06
1.65E-06
4.66E-06
4.39E-05
4.66E-05
0.00015668
0.00016529
0.0002727
0.00038579
0.00038583

avg logFC

3.877893178
3.787403539
1.692433662
5.144671815
2.181766082

3.77342896

1.047803183
2.914244046
3.117193218
3202719741
2.992331639
1.423693788
2.671545879
3.282425126
1.531839852
0.770534126

pct.1
(PGC)
0.949

0.795

1
0.564
0.487
0.282

0.923
0.359
0.256
0.179
0.436
0.641
0.154
0.179
0.256
0.923

pct2 (E14
Soma)
0.191

0.124
0.854
0.022
0.079
0011

0.663
0.045
0011
0
0.146
0.36

0011
0.045
0.921

p_val adj

9.39E-16
1.66E-11
4.99E-10
8.65E-09
0.002504418
0.031548459

0.034394445
0.042732316
0.120706176
1
1
1

Gene Name

HENMT1
GTSF1
MOV10
ASZ1
EXD1
DDX4

CALCOCO2
PIWIL2
TDRD1
PLD6
TDRKH
SAMHD1
FKBP6
MORCI1
TDRD9
SETDB1

Note

piRNA/RNAi-Pathways
piRNA/RNAi-Pathways
Post-transcriptional

piRNA/RNAi-Pathways
piRNA/RNAi-Pathways
piRNA/RNAi-Pathways

Post-transcriptional
piRNA/RNAi-Pathways
piRNA/RNAi-Pathways
piRNA/RNAi-Pathways
piRNA/RNAi-Pathways
Post-transcriptional
piRNA/RNAi-Pathways
Epigenetic
piRNA/RNAi-Pathways

Epigenetic

Reference

(Lim et al., 2015)
(Yoshimura et al., 2009).
(Arjan-Odedra et al., 2012)
(Ma et al., 2009)

(Yang et al., 2016)

(Kuramochi-Miyagawa et al.,
2010)
(Guo et al., 2014b)

(De Fazio et al., 2011)
(Reuter et al., 2009)
(Watanabe et al., 2011)
(Saxe et al., 2013)

(Hu et al., 2015)

(Xiol et al., 2012)
(Pastor et al., 2014)
(Shoji et al., 2009)
(Karimi et al., 2011)
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ENSSSCG00000009570
ENSSSCG00000032453
ENSSSCG00000009749
ENSSSCG00000014016

0.00052254
0.0007548
0.01360181
0.0494541

0.470926685
1.333759652
2.587395704
0.311946008

0.949
0.513
0.103
0.923

0.933
0.281
0011
0.989

Mphosph8
SUV39H1
PIWIL1
SQSTM1

Epigenetic
Epigenetic
piRNA/RNAi-Pathways

Post-transcriptional

(Robbez-Masson et al., 2018)
(Bulut-Karslioglu et al., 2014)
(Reuter et al., 2011)

(Guo et al., 2014b)
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Studies in hPGCs (Tang et al., 2015) and early embryo (Guo et al., 2014c)
suggest that evolutionarily younger TEs retain higher level of methylation
residual during epigenetic reprogramming. As the overall methylation level of
major TE families are extremely low and no clear difference can be observed,
the composition of TEs that retain partial methylation (i.e. methylation

level >=10%) was further examined. Long interspersed elements 1 (LINE1 or

L1), the younger family of LINE, is shown overrepresented in pPGCs
compared to somatic cells (Figure 3-11 (A)). Similarly, relatively larger
proportions of younger, pig specific TEs, such as L1 _SS and Pre 0SS, show
more retain of DNA methylation (i.e. methylation level >=15%) (Figure 3-11

(B)). These suggest, despite the overall low methylation level in TEs, DNA
methylation is preferably retained at evolutionary younger and potentially

active TEs (Groenen et al., 2012)) in pPGCs.

Gonadal Soma Female PGC Male PGC
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0.95%

B A

o 0.53%

' 0.45%

= ERVL-MalLR
LINE | = L1 = ERVL
m L2 LTR | m ERV1
SINE = tRNA m ERVK
= MIR ® Others
B Male Female
e Methlevel.class Methleve class
Mo W oss
o . 15_30 075 = 15_30
30_45
W o -
.550 | )
050 48 0.50 W s
025 025
0.00 0.00
kkkkkkkkk ¥ s P R T B A
uuuuuuuu 5 AAA.,.;.?A HoM oo v M S SES T IS
JG555iiiEREstEiffs FiiiiiiiisssEiff
SSSSSSSSfgRggETLYE R R PR P EEgES S
%ﬁg%é’g@afrfﬂrr‘;g??; %§5§%§§€§~~w,~‘?r?
R INENE R Ry S RO SO d SEEFR28888 2
%’_f?‘v“:v-@v!o/q&[mf“t&x/ ?_.:}"-’3“"‘:“,\41?1(4\'0/?“.‘&
Il EEFFELELTHE I3 FEFFLEE
NESY ¢ v 5 SNEEgE
Z £
& ¥

Figure 3-11 (A) Distribution of major TE families that retain partial

methylation (>10%) in pig gonadal soma and PGCs. N: indicates the number
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of TEs that retain partial methylation, followed by the percentage of those
partially methylated TEs among all TEs of the families indicated. L1 is
overrepresented in pPGCs samples. (B) Distribution of CpG methylation in the
top demethylation-resistant retrotransposons (i.e. retrotransposons with the
lowest percentage below 15% methylation) in male and female pPGCs. X axis
shows the Name-Family-Subfamily of the retrotransposons. Evolutionary
younger and pig-specific retrotransposons such L1 SS, PREI SS and
LTR4_SS show higher percentage of copies that retain partial methylation.

3.3.4 Escapee in pPGCs show similar and distinct features

compared to other species
3.3.4.1 Identification of escapees

After confirming the extreme low level of DNA methylation in Wk5 pPGCs,
Wk7-9 hPGCs and E13.5 mPGCs, significantly hypermethylated regions
(HyperMRs) in PGC of these three species were identified by Amr function of
Methpipe (Song et al., 2013). These HyperMRs were further filtered by size
(>= 5 CpG) methylation level to identify high-confidence ones, which were
referred as “escapees” in the following analysis. As the basal levels of DNA
methylation in PGC are different among three species, different methylation

thresholds (at least 30% for human and 15% for pig and mouse) were selected

based on distribution of residual methylation level (Figure 3-9 (A)) to ensure

that the escapees in different species are comparable. (i.e. If 30% methylation

was used for filtering pig HyperMRs, less than 23% of HyperMRs will be

identified as escapees (Figure 3-12), while in hPGCs using 30% as threshold

will return around 50% of HyperMRs as escapees.) As expected, less escapees

are identified in pPGC (10,421) and mPGC (21,471) compared to hPGC

(100,208) (Figure 3-13).
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Figure 3-12 Violin plot showing the methylation level of HyperMRs in pPGC

samples. TE-poor/free and TE-rich HyperMRs.do not show major difference.
Diamond indicates median methylation level, which is around 20% in all PGC

samples.

3.3.4.2 Characterisation of escapees in human, pig and mouse PGCs

The features of the escapees in three species were further investigated. In all

three species, majority of escapees (over 90% in all three species) are found
with at least 10% overlapping with TEs (i.e. TE-rich escapees) (Figure 3-13).

Compared to TE-poor escapees, TE-rich escapees show enriched overlaps with

intronic, intergenic or distal regions, which is possibly due to a biased
distribution of TEs (Figure 3-13). It is estimated that, among the TE insertions

into human genes, the majority (~89.5%) locate within introns (Nekrutenko
and Li, 2001). The proportion of TE insertions into the exons are also very low
in pig (<1%) (Chen et al., 2019a) and mouse genome (Nellaker et al., 2012,
Sharif et al., 2013). Also, it has been suggested that the distribution of younger
Alu and LINE1 in human genome is biased toward AT-rich regions which are
by definition GC-poor and usually has low gene density (Costantini et al., 2011,
Sultana et al., 2019). More TE-rich escapees in pig and human overlap with
intronic regions compared to in mouse. The reason for this difference is

unknown but it is possible that this enrichment of intronic TE-rich escapees in
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pig and human may reflect a different distribution of TE or TE repression
mechanisms compared to in mouse. Notably, the most abundant repeat families
at TE-rich (>=10% overlap with TE) escapees are species-specific and

evolutionarily young TE, including the pig SINE element Pre0_SS of the
PREI1-family, human AluY, and mouse IAPEz repeats (Figure 3-14), which is
consistent with the description in section 3.3.33.3.3.2 and suggests a conserved

mechanism in mammalian species that maintains partial methylation at those

potentially active TEs.

pig human mouse
TE-poor intron - xon intron
distal < 50 kB exon promoter exon
promoter promoter
©ldistal < 50 kB cal
distal < 50 kB

intergenic intergenic intergenic
n=1,402 n=6,009 n=1,059
TE-rich intron intron distal < 50 kB
» intron
distal < 50 kB oxon distal <50 kB axon
promoter pl'Of"DlET E (q,moler
intergenic intergenic intergenic
n=9,019 n=94,199 n=20,412

Figure 3-13 Distribution of TE-poor (<10% overlap with TE) and TE-rich

(=10% overlap) escapees in Wk5 pPGCs, Wk7-9 hPGCs and E13.5 mPGCs.
Escapees (n) are high confidence HyperMRs that were filtered by methylation
level (at least 30% in human and 15% in pig and mouse).
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mouse

pig human

Figure 3-14 Distribution of TE families that overlap with TE-rich escapees in

Wk5 pPGCs, Wk7-9 hPGCs and E13.5 mPGCs. Evolutionary younger TEs,
such as Pre0 SS and L1 _SS in pig, AluY and L1PA in human as well as IAPEz

in mouse, represent higher percentage

A larger portion of TE-poor (<10% overlap with TE) escapees (10%) is
identified in pPGC, compared to less than 6% in hPGCs and less than 5% in
mPGCs (Figure 3-13). This is potentially also because the relative content of

repetitive elements is lower in pig genome (Groenen et al., 2012). Compared to
TE-rich escapees, TE-poor escapees in all three species show more abundance
at CGls, promoters and exons. Still, differences such as underrepresentation of

promoter in pig and higher proportion of intron in mouse, were observed

between species (Figure 3-13). TE-poor escapees were than compared between

three species at sequence level. 208 out of 1059 TE-poor regions in the mouse,
and 205 out of 1402 TE-poor regions in the pig can be lifted over to human (i.e.
can be identified as syntenic regions to human genome). There is little

conservation at sequence level between mouse and the other two species
(Figure 3-15). More syntenic, TE-poor escapees in pig show intersection with
human TE-poor escapees, which compose a significant 21.5% of all TE-poor
escapees in pig (Figure 3-15). When comparing TE-poor escapees at

homologous gene level, more conservation was observed. 265 (47%) escapee

genes in pig and 191 (23.2%) in mouse are in common with human escapee

genes (Figure 3-15).
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Figure 3-15 (Left) Overlap of syntenic TE-poor escapees among pig, human

and mouse. Escapee regions in pig (205) and mouse (208) were lifted over to
human genome and compare with human escapee regions. (Right) Overlap of

homologous, TE-poor escapee genes among pig, human and mouse.

Consistent with previous report in hPGC (Tang et al., 2015), comparison with
the NHGRI GWAS catalogues reveals that the 265 human-pig conserved

escapee genes are linked with metabolic and neurological traits and diseases

29 <¢

such as “obesity-related traits”, “schizophrenia” and “breast cancer” (Figure
3-16). Some of those disease-associated escapees also show conservation
between human and pig at sequence level, such as obesity-related gene
SORCS?2 and schizophrenia-related PLCH?2 (Figure 3-17). Similar terms are
linked with the 191 human-mouse conserved escapee genes, albeit with
different genes associated to those terms (Figure 3-16). For the species-specific

escapee genes, the comparison with GWAS catalogue reveal common as well
as species-specific associations, such as common association with “Adolescent

idiopathic scoliosis”, and pig-specific association with “Asthma” why may be
worth further exploration (Krauss-Etschmann et al., 2015) (Figure 3-18).

Functional enrichment analysis was also performed for escapee genes which

are detected in human and pig. These common escapee genes show enrichment
for KRAB, ZnF_C2H2 and SCAN protein domain (Figure 3-19), which are

key domains in members of KRAB-ZFP family (Ecco et al., 2017). The

common escapees are also enriched for brain-specific expression, consistent
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with their association with neurological-related traits (Figure 3-19).

Interestingly, demethylation-resistant, pig-specific TEs also cover genes
enriched for developmental-, metabolic- and neurological-related GO term,

such as FTO, which is an obesity-related gene and covered with Pre 0SS
(Figure 3-17 and Figure 3-20). This suggests that retained methylation on

single-copied genes and species-specific TEs may contribute to evolutionarily

conserved and also species-specific epigenetic inheritance.
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Figure 3-16 Enrichment analysis for GWAS catalogue terms showing disease

and traits associated with conserved TE-poor escapee genes between pig and

human (top) and mouse and human (bottom). Several common terms such as
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“breast cancer” and “Schizophrenia” are identified in both groups, albeit

with different escapee genes associated.
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Figure 3-17 The TE-poor escapee regions within SORCS2 and PLCH?2 are

conserved between human and pig, while a pig-specific escapees, overlapping

with SINE element Pre 0SS, is identified within FTO.
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Figure 3-18 Enrichment analysis of GWAS catalogue terms for pig-specific

TE-poor escapee genes. Black arrow point to the term “Asthma” that was
mentioned in the text. Pig-only and shared terms with human or mouse were

labelled with different colours. Note that here only the top significant 35 terms
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were compared across species, and therefore some of the “pig only” terms

were also significant in other species but not within the top 35.
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Figure 3-19 Enrichment analysis for SMART domains and tissue-specific

expression (UniProt UP_TISSUE) of TE-poor escapee genes shared by human

and pig.
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Figure 3-20 GO term enrichment analysis of genes overlapping demethylation-

resistant pig-specific TE, Pre_0SS (top) and L1 _SS (bottom). Interesting terms
such as “positive regulation of axonogenesis” and “fatty acid beta oxidation”

were identified.

3.3.5 Methylation profiles of the TE-poor escapee regions in pig

gonadal somatic cells and blastocysts.

Escapee regions have the potential to be the carrier of epigenetic information
for inter- and transgenerational inheritance. However, if and how escapee
regions are selected and maintained during epigenetic reprogramming in PGCs,
gametes as well as early embryos remain unknown.

By definition escapee regions have higher methylation level compared to
neighbouring regions. However, it is not impossible that hypermethylation of
those regions are a common feature among different cell types (i.e. During

global DNA demethylation, if methylation level is reduced equally across
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genome, previously hypermethylated regions can be perceived as escapees in
gonadal PGCs.). Therefore, the methylation profiles of high-confidence, TE-
poor escapee regions (i.e. escapee regions are common among all male and
female pPGC samples, n=133) as well as their up- and downstream regions are
investigated in pig gonadal somatic cell. Those regions show similar
methylation status in male and female somatic cells, and in contrast to the
profile in pPGCs, methylation level of a large portion of these regions do not

show higher methylation level in pig gonadal soma compared to neighbouring
regions (Figure 3-21). This suggests these TE-poor escapees are specific to

pPGCs, and therefore might be selectively and actively maintained in PGC.
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Figure 3-21 (Left) CpG methylation level at escapee and its neighbouring

regions (i.e. upstream and downstream regions with the same length as the
escapee) in pig gonadal somatic samples. (Right) Z-score of methylation level

showing that in gonadal soma, a large portion of the escapee regions do not
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show higher methylation level compared to neighbouring regions, suggesting

the hypermethylation of escapees is the unique feature of PGCs.

Majority of escapees identified in gonadal hPGCs become high methylated in
gametes and retain partial methylation in blastocyst. PBAT data in gametes are
currently unavailable, but fate of TE-poor pig escapees can be investigated in
early blastocyst (Canovas et al., 2017). The global methylation level of the
available E7.5 pig in vivo blastocyst data is around 12%, suggesting the
epigenetic reprogramming in those early blastocysts is finished while de novo
methylation process has probably barely started (Zhu et al., 2018). Therefore,
the E7.5 pig blastocyst data can be used for investigating the fate of escapees.
As the processed PBAT data in blastocyst was aligned to previous pig genome
assembly (susScr3), high-confidence TE-poor escapee regions (i.e. escapees
that are common in at least two pPGC samples) that can be lift over to the
susScr3 assembly (n=279) were selected. Similar to the previous report in
human, majority of the TE-poor escapees also show partial methylation in
blastocyst, suggesting that those escapees may have the ability to escape both
epigenetic reprogramming events in the mammalian life cycle. Note that the
methylation status in some selected escapee regions vary largely among the
three replicates of blastocyst, which is also observed in hypomethylated human

blastocyst and warrant further examination on a larger scale of how escapees

are able to escape the global demethylation (Figure 3-22).
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Figure 3-22 (Left) CpG methylation level at escapee in female and male pPGC

and three blastocyst samples. Majority of escapees also show retain of
methylation in blastocyst. (Right) Z-score of methylation level showing that for
majority of escapees, compared to PGCs higher methylation level is observed
in at least one blastocyst. However, the methylation level also varies largely

among blastocyst sample.
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3.4 Summary

In this chapter, base-resolution, high coverage DNA methylome is obtained
using PBAT-seq. Analysis of this dataset reveals basal DNA methylation level
in Wk5 pPGC, with methylation residuals observed at some repetitive
elements and a small number of TE-poor, single-copy genes. These findings
are consistent with previous reports in Wk7-9 hPGCs and E13.5 mPGCs, and
therefore the methylome data of gonadal PGCs were further compared between
pig, human and mouse.

WkS5 pPGC shows the lowest global DNA methylation level among three
species. The reason for this remains to be investigated, but possibly this is due
to (A) the lower content of repetitive elements in pig genome and (B) the high
purity of pPGC population after double-FACS. Similar to gonadal hPGCs and
mPGCs, methylation residuals exist in pPGCs when global DNA methylation
reaches the basal level. Methylation residuals in PGCs of all three species are
preferably maintained at repetitive elements, especially the evolutionary
younger retrotransposons. Escapees which are regions show significantly
higher methylation residuals compared to the neighbouring regions were then
identified. Some of the escapee regions also show retention of DNA
methylation in early pig blastocyst, which is similar to human escapees and
suggests they have the potential to carry epigenetic information to next
generations. As expected, in all three species over 90% of those escapees
largely overlap with TEs (i.e. TE- rich), especially the species-specific TEs. A
small portion of those escapees are TE-poor and cover single-copy genes,
which showed conserved and divergent features across three species including
conserved association to metabolic and neurological disorders and pig-specific
association to respiratory disorders. Still, the TE-rich escapees also cover
genes enriched for developmental-, metabolic- and neurological-related GO
term and therefore may also contribute to species-specific epigenetic
inheritance. Overall, it appears to be a conserved event in mammalian species
that DNA methylation is retained at selected regions, such as evolutionarily
young TEs and metabolic-related genes, during the global demethylation in

PGCs. The underlying mechanisms and potential biological consequence, such
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as transgenerational epigenetic inheritance, remain unclear and warrant further

investigations.
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Chapter 4 General Discussion and Further
Work

In this project, with scRNA-seq for transcriptome and PBAT-seq for DNA

methylome, unique features and events have been identified during the
specification and development of pPGCs (Figure 4-1), which provides insights
for PGC development in non-rodent species including human. Here, I further

discuss the potential mechanisms for those events and their impact on germline

specification and development.
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Figure 4-1 Diagrammatic representation of the events in the pig germline. SP:

indicates germline specification; OxPhos: indicates oxidative phosphorylation;
The dash line indicates expected DNA synthesis in migratory and early
gonadal PGCs.
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4.1 Dual origin of PGC in non-rodent mammals?

As described in Introduction (section Chapter 11.11.1.11.1.1.1 and Chapter
11.11.1.21.1.2.1), the specification of mPGCs is well-studied, of which only
one origin is identified in the proximal epiblast of the pre-gastrulation,
cylinder-shape embryos (Lawson and Hage, 1994, McLaren and Lawson,
2005). In vitro studies with human and monkey PSCs as well as in vivo study
with pig embryos, which also develop into bilaminar disc before gastrulation,
suggest that the posterior epiblast is likely to be the origin of PGCs in non-
rodent mammals with disc-shape embryos (Kobayashi et al., 2017). However,
recent studies of in vivo monkey embryos (Sasaki et al., 2016) and 3D human
embryos cultured in microfluidics (Zheng et al., 2019) identified putative PGC
precursors (i.e. TFAP2C*SOX17* and TFAP2C'NANOG*SOX17* cells)
located in the dorsal nascent amnion, suggesting another possible origin of
primate PGCs. Regardless of the potential origin, determined primate PGCs
which are BLIMP1-positive are found as a cluster around the gastrulating
posterior epiblast (Sasaki et al., 2016, Zheng et al., 2019).

In this project, the pre-migratory pPGCs were isolated from the cluster at the
posterior end of late gastrulating embryos, which were surrounded by
presumably late primitive streak cells and amniotic precursors. Given this
close spatial relationship, the possibility cannot be ruled out that PGC-
competent cells in pig may also give rise to amniotic cells under BMP
signalling (Yoshida et al., 2016, Valdez Magaia et al., 2014). However, unlike
in primates, morphologically distinguishable amniochorionic tissue and
amnion cavity are identified in pig after gastrulation when determined pPGC
already exists (Hassoun et al., 2010). Therefore, studies of pPGC specification
in vivo will provide insights in evolutionary perspectives, but to address the
origin of hPGC in vivo non-human primate embryos and self-organised 3D
human embryos in vitro will be required.

A recent review mentioned another possibility of dual origin of primate PGCs,
suggesting that the nascent amniotic cells in primates may retain features of
early epiblast cells that are required for germline competence and therefore
under the right cues, i.e. WNT from the adjacent cytotrophoblast layer and
BMP from amnion itself, those cells can give rise to PGCs (Kobayashi and
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Surani, 2018). It is worth noting that, at transcriptional level, early primate
PGCs are more similar to gastrulating cells (Ma et al., 2019, Tyser et al., 2020).
Instead of inferring the origin of PGCs solely based on transcriptional
similarity, single cell transcriptome combined with lineage tracing (Kester and
van Oudenaarden, 2018) may be more useful for validating this possibility.

If the amniotic or dual origin of primate PGCs is proven true, this will lead to
more questions. First of all, is the nascent amnion, instead of posterior epiblast,
the primary, if not sole, origin of PGC? With in vivo embryos and in vitro
microfluidic modelling, the germline competence will need to be characterised
meticulously. Spatial transcriptomics and advanced bioinformatic tools such as
RNA velocity analysis (Vickovic et al., 2019, van den Brink et al., 2020, La
Manno et al., 2018) can be used to compare the nascent amnion, posterior
epiblast and PGC precursors at molecular level and to understand their
surrounding signals and transitions of cell identity. It is also possible that the
PGC-competent state can be defined at epigenetic level, such as chromatin
accessibility and bivalent promoters (Verma et al., 2018), which can be
investigated with scNMT-seq (Clark et al., 2018) and CUT&Tag technique
(Kaya-Okur et al., 2019). Second, how long is the germline competence
retained in the nascent amnion and/or the posterior epiblast? Unlike previously
suggested in new-specified pPGCs (Kobayashi et al., 2017), the nascent
cyPGCs appear to be proliferative and the expansion of cyPGC cluster is
achieved by both proliferation and recruitment from posterior amnion (Sasaki
et al., 2016). This hints a potentially shorter time window for germline
competence in primates than previously estimated based on pig model. Last, it
is important to understand if and how those PGC precursors and/or nascent
PGCs actively migrate down the amnion towards the posterior partial
endoderm (PE), as ectopic PGCs may be removed via cell death (Stallock et al.,
2003) or otherwise may cause detrimental consequences such as germ cell

tumours (Schneider et al., 2001).
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4.2 Unique epigenetic signatures may contribute to pPGC

specification and development

Multiple epigenetic and transcriptional events that are unique to PGCs have
been observed in this project. Here I mainly discuss the events observed in
new-specified pPGCs, which may provide directions for further investigation

about hPGC specification with the in vitro systems.
4.2.1 5hmC enrichment in newly specified pPGCs

The enrichment of ShmC has been previously reported in newly specified
pPGCs (Kobayashi et al., 2017) and in some loci of D4 hPGCLCs (Tang et al.,
2015). In this project this enrichment has been further confirmed with both
immunofluorescence and LC-MS/MS. E14 pre-migratory pPGCs exhibit
higher 5ShmC level compared to pluripotent cells (E11 Epiblast) and the
surrounding somatic cells and the D4 hPGCLC shows a similar trend when
comparing to hESCs and in vitro somatic lineages. As expected, ShmC is
reduced to almost absence in gonadal hPGCs and pPGCs. These results
suggest that the enrichment of ShmC is a unique feature gained during PGC
specification. This enrichment is likely due to highly active TET proteins as
well as the lack of DNA replication in early pPGCs (Kobayashi et al., 2017).
TET1, one of the three TET proteins, is moderately but not differentially
expressed in pPGCs and gonadal hPGCs when compared to somatic lineages,
suggesting the enhancement of TET1 activity may be posttranscriptional. Also,
TET genes are expressed only at low level in pre-gonadal cyPGCs. Therefore,
the enrichment of ShmC in early cyPGCs will need further confirmation. The
activity of TET proteins can be affected by metabolites (Yang et al., 2014,
DiTroia et al., 2019), post-translational modification (Ciccarone et al., 2015)
and alternative splicing (Zhang et al., 2016¢). The upregulation of Vitamin C
transporter SLC2A3 and DNA repair components PARP1 are also observed in
pPGCs, which may enhance the activity of TET1 (DiTroia et al., 2019,
Ciccarone et al., 2015). Other than enhancing the catalytic activity of TET]I, it

is also possible that the recruitment and accessible locus of TET1 may be
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temporarily increased in early pPGCs when DNMT proteins are repressed
(Charlton et al., 2020).

TET proteins and/or ShmC have been shown to participate in multiple
biological processes including cell cycle regulation (Prikrylova et al., 2019),
cell differentiation (Verma et al., 2018, Rodriguez-Aguilera et al., 2020) and
also reprogramming to pluripotency (Hu et al., 2014), suggesting TET activity
may also be crucial for pPGC specification and maintaining expression of
pluripotency genes. By targeting regulatory components such as bivalent
promoters (Verma et al., 2018) and enhancers (Charlton et al., 2020) as well as
modulating chromatin architecture such as promoter-enhancer looping (Fang et
al., 2019), TET proteins and/or ShmC may contribute to a permissive
environment for PGC specification and also regulate transcription of key
specifiers such as SOX17. Indeed, a recent study indicates supplementation of
Vitamin C promotes hPGCLCs induction as well as upregulation of TET
enzymes, ShmC level and expression of key genes in hPGCLCs (Li et al.,
2019).

It is recently reported that ShmC can mark replication origin and its level is
inversely correlated with replication time (Prikrylova et al., 2019), suggesting
that the enrichment of ShmC and lack of DNA replication may form a positive
feedback loop and therefore active mechanisms of ShmC removal may be
crucial. Although upregulations of multiple BER pathway components such as
UNG and PARP1 are observed in pPGCs, cyPGCs and hPGCs, the detailed
roles of BER pathway in DNA demethylation in PGCs, for example if and
which DNA glycosylates can directly excise ShmC and initiate BER pathway,

requires further investigation.

4.2.2 Absence of macroH2A1 throughout pPGC development and
the early enrichment of H3K27me3 in pre-gonadal pPGCs

As mentioned in section Chapter 11.21.2.21.2.2.5, macroH2A is a conserved
histone variant in vertebrates that involves in transcriptional regulation and has
been linked to specific biological processes including DNA damage response,
mitochondrial respiration and barriers to induced pluripotency (Pasque et al.,

2012, Gaspar-Maia et al., 2013, Pasque et al., 2011, Barrero et al., 2013a).The
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other intriguing epigenetic feature observed is the absence of macroH2A1,
encoded by H2AFY, throughout the development of pPGCs. Downregulation
of H2AFY is also evident in early cyPGCs, although it is moderately expressed
in gonadal cyPGCs and hPGCs. Intriguingly, a homologues protein,
macroH2A2, is absent in gonadal hPGC potentially via posttranscriptional
regulation (Tang et al., 2015). These hint that the downregulation or absence of
macroH2A may be a conserved feature in non-rodent PGCs, which will need
further validation with in vitro models and early Cy monkey embryos.

The regulation and deposition of macroH2A are largely unclear. As E11 pig
epiblast and the surrounding cells of the pre-migratory PGC cluster also lack
macroH2A1, it is tempting to think that the largely absent macroH2A1 in
pPGCs and potentially their precursors are a feature inherited from the
pluripotent cells. As macroH2A has been suggest as a barrier against
reprogramming to pluripotency and an important component of dense
heterochromatin (Douet et al., 2017), H2AFY may be repressed
transcriptionally in pPGCs to create a permissive chromatin status for the
continuous expression of pluripotency genes and also the extensive epigenetic
reprogramming. It should be noted that H2AFY2, which code macroH2A2, is
also downregulated in pPGCs but not completely absent. It would be
interesting to investigate if knockout or knockdown of H2AFY and/or
H2AFY2 may increase the efficiency of PGCLC induction. Additionally, the
function of an isoform of macroH2A1, macroH2A1.1, has been linked with
PARPI activity in metabolism and DNA repair mechanism. It is possible that
the lack of macroH2A1 contributes to the increased activity of PARP1, which
may play a role in the TET-mediated DNA demethylation and the metabolism
shift (Hurtado-Baggs et al., 2020, Murata et al., 2019).

The dynamics of another histone modification, H3K27me3, is shown to be
similar between pPGCs and hPGCs, but different to mPGCs after gonadal
stage. An enrichment of H3K27me3 is observed in migratory PGCs of three
species. In mPGC, this enrichment of H3K27me3 is shown to persist in
gonadal stage (Seki et al., 2005, Seki et al., 2007, Prokopuk et al., 2017),
despite of a transient loss around E11.5 reported by one study (Hajkova et al.,
2008). In hPGC and pPGC, H3K27me3 is largely downregulated from Wk7
(Tang et al., 2015) and E36, respectively. On the other hand, in migratory
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hPGCs and gonadal mPGCs, H3K27me3 show enrichment on the nuclear
envelope (Prokopuk et al., 2017, Gomes Fernandes et al., 2018), which is not
observed in pPGC in this project. It is possible that the association between
H3K27me3 and nuclear envelope in pPGC is transient (e.g. between E17 and
E25) and not captured in this project. The upregulation of H3K27me3 and its
potential association with nuclear lamina may have a role in maintaining
heterochromatin structure during the global DNA demethylation, removal of
H3K9me?2 and cell migration (Guelen et al., 2008, Harr et al., 2015), which
may also contribute to nuclear rigidity (Gerlitz, 2020) and TE repression
(Walter et al., 2016)

The mechanisms of this H3K27me3 dynamics in PGCs remains largely
unknown. Prdm14 is suggested essential for the enrichment of H3K27me3 and
the removal of H3K27me3 from Xi in migrating mPGCs (Mallol et al., 2019).
However, as PRDM 14 is almost absent in early pPGCs and possibly less
critical for epigenetic reprogramming in hPGCs (Sybirna et al., 2020), the
upregulation of H3K27me3 may depend on other mechanisms. Three key
components of PRC2 complex, EZH1/2, SUZ12, and EED are present but not
differentially expressed in pPGCs of all examined stages, but a few binding
factors of PRC2 complex, such as PHF19 and RBBP7, are upregulated in pre-
migratory pPGCs which may contribute to increased activity of PRC2 complex
and hence the global upregulation of H3K27me3. As those PRC2 components
are moderately expressed in gonadal pPGCs and no known H3K27me3
demethylase show upregulation, regulation of the following H3K27me3

removal may very likely to be posttranscriptional.

4.2.3 Early onset of XCR in pPGCs

In contrast to the XCR kinetics in mPGCs, an early and rapid XCR is detected
in pre- and early-migratory pPGCs (E14-E17), shown by absence of the
H3K27me3-marked Xi and detection of biallelic expression of X-linked genes.
XCR continues in gonadal pPGCs (E31) but does not show an accelerated X-
linked gene derepression as suggested in mPGCs. The extent of XCR also

appear to be highly asynchronous among individual cells and genes (Table

2-1). Despite of evidences of an early XCR in pPGCs at both epigenetic and
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transcriptional level, detailed kinetics and mechanisms of this event are still
largely unknown.

First of all, the behaviour and function of Xist on Xi in pig germline and
somatic cells require further characterization, and absence of Xist-coating may
be required for confirmation of XCR initiation. Xist expression, shown by RT-
PCR, is absent in 6 out of 21 (28.6%) E7.75 mPGCs, which is different from
the absence of Xist-coating, shown by FISH, in only 4.7% of E7.75 mPGCs.
This indicates that the absence of Xist transcript may not be sufficient as a
marker for the initiation of XCR. Also, Xist expression is detected in human
male germ cells and majority female germ cells from PGC stage to meiotic
stage regardless of the X chromosome status (L1 et al., 2017b, Vértesy et al.,
2018). On the other hand, XACT, the antagonist of Xist in human
preimplantation embryo, hasn’t been detected in hPGCs. These suggest the
activity and function of Xist and other IncRNA during XCR may vary largely
between developmental stages and poorly conserved across species.
Consistent with the detection of mono-allelically-expressed genes even at early
meiotic stage of female germ cell in both mouse (E14.5) and human (Wk14.4-
17) (Vértesy et al., 2018), E31 pPGC still contains a substantial amount of
monoallelically-expressed X-linked genes, despite of the lack of DNA
methylation and repressive modification H3K27me3. It is not surprising that
complete XCR in germ cells requires a prolonged period, as most of the known
gene-silencing mechanisms, including epigenetic regulation, binding of
silencing factors and remodelling of chromosome topological conformation
(Chen et al., 2016a), have been reported to cooperate and contribute
redundantly to the random and heritable XCI. Synergistic disruption of DNA
methylation, topoisomerase activity and Xist-interacting protein still fail to
achieve complete reactivation of all silenced X-linked genes in somatic cells
(Minajigi et al., 2015). Further insights in the mechanisms of XCR in
mammalian PGCs may shed light on potential treatment of X-linked diseases
via reactivation of Xi. Behaviour of pluripotency factor (Augui et al., 2011,
Payer et al., 2013), epigenetic modifications and their modifiers (Dixon-
McDougall and Brown, 2015, Borensztein et al., 2017a), as well as Xist-
binding architectural proteins (Minajigi et al., 2015) may all change

dynamically during the transition of Xi to active state. Unsurprisingly our
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single-cell transcriptome data of female pPGCs did not show differential
expression for most Xist interactors, suggesting changes is likely to occur
beyond transcriptional levels and vary between X-linked genes (da Rocha and
Heard, 2017, Mira-Bontenbal and Gribnau, 2016, Cerase et al., 2015, Patil et
al., 2016). It is worth noting that although TET proteins and ShmC were
suggested dispensable for the XCR during reprogramming to pluripotency
(Pasque et al., 2014), I cannot rule out the possibility that the early enrichment
of ShmC may contribute to the early onset of XCR in pPGCs. Investigating the
interactome and epigenetic status of reactivating X chromosome at locus-
specific level, in both in vivo (pPGCs) and in vitro systems (hPGCLCs), may
reveal further details about XCR mechanisms in PGCs.

4.2.4 Increased transcription of TE in pPGCs

DNA methylation has been suggested as the major host defence mechanism
against the TE activity (Yoder et al., 1997), which can alter gene functions and
cause genome instability (Molaro and Malik, 2016, Deniz et al., 2019). During
the global DNA demethylation, the transcriptional repression of TE may
largely depend on other epigenetic mechanisms including H3K9me3 and
H3K27me3 (Liu et al., 2014, Walter et al., 2016). The increased transcription
of TEs in pPGCs, evolutionarily young and old, during the global DNA
demethylation was unexpected, as the expression of majority of TE families in
gonadal hPGCs are downregulated compared to the surrounding somatic cells
(Tang et al., 2015). This might be due to the difference between the less
differentiated, multipotent E14 somatic cells in our project and the advanced
human gonadal somatic cells. It is worth noting PGCs in pig, human and
mouse all show higher expression of TEs when compared to pluripotent cells,
namely E11 pig epiblast, human ICM (Guo et al., 2015) and E6.5 mouse
epiblast (Ohno et al., 2013). Also, multiple post-transcriptional repression
mechanisms for TE-activity, including the piRNA pathway, are activated in
pPGCs, suggesting the mobilization of TE is likely to remain controlled
(Reznik et al., 2019). Overall, although an increased expression of TE is
observed in pPGCs, the activity of those potentially deleterious elements

remains to be examined.
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Despite of being potentially deleterious, studies have also acknowledged TE
being a potent source of regulatory sequence and involving in multiple
biological process (Diehl et al., 2020, Zhou et al., 2020). The upregulated
expression of some TEs, such as L1, may have a regulatory role in PGC
development as previously reported in neuronal precursors (Muotri et al., 2005,
Jonsson et al., 2019), pre-implantation mouse embryos (Percharde et al., 2018)

and mESCs (Lu et al., 2020)

4.3 Escapees and transgenerational epigenetic inheritance

Compared to previously reported in human and mouse, a smaller number of
escapees have been identified in pPGCs, mostly overlapping transposon
elements (TE-rich) and some occurring at single-copy genes (TE-poor). It
appears that in pig, the global DNA demethylation during both waves of
epigenetic reprogramming, in early embryo and PGCs, are more thorough
compared to other mammalian species including human, mouse and cow
(Ivanova et al., 2020). This may be partially due to the proportion of repetitive
elements in the genome, with pig showing the least (44.57 %) followed by
mouse (45.03 %), cow (49.38 %) and human (52.58 %) (RepeatMasker
Genomic Datasets, 2020).

Nevertheless, the identified escapees in pPGC show conserved features with
human and mouse, including association with metabolic and mental disorders.
The existence of demethylation resistant loci suggests residual DNA
methylation machineries still operate in gonadal PGCs. Recent studies in
gonadal mPGC and also preimplantation embryo proposed that de novo
methylation occurs during global DNA demethylation, which is limited by
TET proteins (Hill et al., 2018, Hargan-Calvopina et al., 2016, Amouroux et al.,
2016). As DNMT3A and DNMT?3B are largely absent in gonadal hPGCs
(Tang et al., 2015), the potency and frequency of de novo methylation will
need further confirmation. It should be noted that the PBAT-seq used in the
project, like all BS-seq, cannot distinguish 5SmC from ShmC. However, based
on the LC-MS/MS results, only a small portion, if any, of the escapees will be
hydroxymethylated. Tang et al. has proposed that highly expressed KRAB-
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ZNF family in gonadal hPGC, binding of which leads to spreading of
H3K9me3 (Groner et al., 2010), may play a role in recruiting the DNA
methylation machinery to escapees. A recent study in preimplantation embryo
also suggests H3K9me3 as a promoting and/or protection mechanism for de
novo methylation on paternal genome (Albert et al., 2020). However, the
KRAB-ZNF genes specifically expressed in gonadal hPGCs are mostly
specific to primates and have no high-confidence orthologous identified in
mouse or pig, suggesting this mechanism, if proven true, may be species-
specific and therefore is more likely to target poorly conserved features such as
TEs (Yang et al., 2017b, Wolf et al., 2020). Also, in E14.5 mouse male germ
cell, tandem-arrayed transgenes are shown to be much less efficiently
demethylated compared to the single-copy one, suggesting the demethylation
efficiency varies depending on the genomic context (Newkirk et al., 2017). It
remains to be explored if and how the residual DNA methylation machinery is
actively recruited to escapees, especially at single-copy genes which shows
greater conservation across species.

As the escapees show conserved and also unique association with phenotypes
and disorders, another important question would be whether they response to
environmental variations and have the potential to pass information to the
following generations. Although intergenerational and transgenerational effects
of altered environmental conditions (Kaspar et al., 2020, Perez and Lehner,
2019), have been observed, to date only a few primary, metastable epialleles
has been identified in mammals (Bertozzi and Ferguson-Smith, 2020,
Horsthemke, 2018). Studies have demonstrated that DNA methylation in
mammalian PGC changes under environmental stress including deficiency of
vitamin C (DiTroia et al., 2019) and endocrine disruptors (Beck et al., 2017,
Skinner et al., 2019), suggesting escapees in PGCs can be environmental
responsive. However, limited overlaps were seen between DMRs identified in
different stages of germline development or in different generations (Beck et
al., 2017, Skinner et al., 2019). Therefore, it remains to be examined if
escapees, when altered in response to environmental changes, can evade both
waves of epigenetic reprogramming and carry the epigenetic information
across generations. On the other hand, changes in escapees may lead to

alteration of local chromatin states including transcriptional factor binding
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(Kremsky and Corces, 2020) and chromatin accessibility which may affect
following epigenetic events such as DNA re-methylation. Therefore, changed
escapees may function as inducers of a cascade of epigenetic alterations and
the maintenance of transgenerational effect may rely on other mechanisms,
which leads to different but related phenotypes observed in multiple
generations. Additionally, it would be interesting to examine if TE activity and
insertion rate is increased when escapees are fully erased. Increased TE
activity may lead to changes in genomic content and if not lethal, may lead to

altered phenotypes in next generations.

4.4 Summary

This project advances insight into the mechanism of pPGCs specification, and
their subsequent development. The unique epigenetic signatures of newly
specific pPGCs not only indicates an early initiation of epigenetic
reprogramming, but also suggests a close link with pPGC specification. The
unique epigenetic state, especially the enrichment of ShmC and absence of
macroH2A, may create a permissive state for pPGC specification. This
epigenetic setting of pPGC may also interplay with other unique events
observed, including the activation of DNA repair mechanism and the metabolic
changes which can be crucial for pPGCs to maintain genome stability and
cellular homeostasis. As pPGC going through the extensive epigenetic
reprogramming, the global erasure of 5SmC leads to another intriguing event,
the transcriptional upregulation of retrotransposon, but whether the
transposition activity is elevated remains to be explored in pPGCs. It will be of
interest to study how in PGCs the activity of TEs is controlled without DNA
methylation as the major repressive mechanism, as well as whether this unique
period in germline provides the opportunity for accessing the regulatory
potentials of TEs. Finally, when pPGCs reach basal methylation level, the
escapees that evade global DNA demethylation are identified, changes of
which may have the potential to initiate transgenerational effects. Still, the
mechanisms and biological consequences for retaining escapees remain to be

explored.
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Investigations on very early hPGCs are exceptional (Tyser et al., 2020),
especially during the assumed period of specification (~Wk2-3) when they are
essentially inaccessible. Porcine embryos, which are relatively accessible
compared to primates and ethically less challenging, have been used as the
model to confirm the mechanism of non-rodent PGC specification which was
observed in human in vitro models (Kobayashi et al., 2017). Based on the
observation with in vitro models and early cyPGCs, many of the
aforementioned events during pPGC specification, including the enrichment of
5hmC and absence of macroH2A 1, may also occur during hPGC specification
and can be further validated with the microfluidic model. As genetic editing
and transgenerational studies are possible with pig, how epigenetic
reprogramming may be affected, including the retain of escapees, by different
environmental variations can be assessed. These suggest the studies of
germline in pig and human will be mutually informative. Overall, this project
provides a useful resource for further investigations on non-rodent germline

that will increase comprehension of the underlying developmental mechanisms.
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Appendix Table 1 List of primary antibodies and their working dilutions used in this project

PGC markers

Sda/GM2

SOX17

DAZL

GPR50

DNA Repair Components

UNG

PARP1

Epigenetic Markers and modifiers
5hmC

5mC

H3K27me3

H2AFY

EED

FACS of human PGC

Alexa Fluor 488-conjugated anti-alkaline
phosphatase (AP)

Host

Mouse
Goat
Goat
Rabbit

Rabbit
Rabbit

Rabbit

Mouse

Rabbit
Mouse
Rabbit

Mouse

Brand

Home-made
R&D
Novusbio
Proteintech

Proteintech
Proteintech

Active Motif
Eurogentec

Active Motif
R&D
Proteintech

BD Pharmingen

ID

/

AF1924
NB100-2437
19762-1-AP

12394-1-AP
13371-1-AP

39791

BI-MECY-
0100
39157

MAB8318
16818-1-AP

561495

Dilution

1:50-1:100
1:500-1:700
1:200
1:100-1:200

1:300
1:200

1:1500-
1:2000
1:1500-
1:2000
1:300

1:100
1:300

1:100
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PerCP-Cy5.5-conjugated anti-CD117 Mouse BD Pharmingen 333950 1:100
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Appendix Table 2 Sequencing statistics of the PBAT libraries

Mapped Reads Reads after Deduplication Total CpG
PigRef Total Read Sites
'ghe otalheads Counts Counts Percentage
Percentage R2
PE (pbat) R1 (pbat) R2 (default) PE (pbat) R1 (pbat) (default)

female_pgc1 706,566,896 | 264,461,670 71,566,960 56,888,793 55.61% 175,780,996 38,254,067 27,035,292 34.12% 59,318,274
female_pgc2 | 700,348,120 | 279,010,304 75,177,934 57,847,185 58.83% 197,493,700 41,611,372 27,356,243 38.05% 59,318,274
female_soma | 650,868,108 | 244,820,062 69,457,217 52,101,976 56.29% 176,640,974 40,499,123 26,475,766 37.43% 59,318,274
male_pgc 687,650,606 | 256,693,940 59,746,398 39,540,248 51.77% 194,738,178 40,864,740 25,816,539 38.02% 59,318,274
male_pgc2 | 670,897,138 | 263,151,760 49,382,055 38,821,361 52.37% | 195,421,282 34,622,981 24,742,798 | 37.98% | 99,318,274
male_soma 661,616,978 | 279,325,482 41,235,774 29,627,307 52.32% 198,559,132 28,096,368 19,344,930 37.18% 59,318,274

. Bisulfite

Cyt C
PigRef yrosine Loverage Conversion
>=1x >=3X >=5x >=10x Rate
Counts Percentage Counts Percentage Counts Percentage Counts Percentage

female_pgc1 55,624,073 93.77% 46,200,315 77.89% 35,142,971 59.24% 13,558,696 22.86% 99.20%

female_pgc2 55,756,579 94.00% 47,032,097 79.29% 36,994,182 62.37% 16,945,242 28.57% 99.10%

female_soma 55,610,740 93.75% 45,697,267 77.04% 33,858,009 57.08% 11,602,690 19.56% 99.00%

male_pgc1 55,835,892 94.13% 47,330,603 79.79% 37,557,788 63.32% 17,622,753 29.71% 99.10%

male_pgc2 55,208,021 93.07% 45,234,503 76.26% 34,673,710 58.45% 15,485,676 26.11% 99.20%

male_soma 54,701,611 92.22% 43,234,818 72.89% 31,354,930 52.86% 11,161,879 18.82% 98.90%
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Appendix Table 3 List of all biological samples used in this project

Description

scRNA-seq
E14 Pig Embryo

E31 Pig Embryo
PBAT

WKkKS5 (E35)
Female Pig
Embryo 1
WKk5 (E35)
Female Pig
Embryo 2
WKk5 (E35)
Female Pig
Embryo 3
WKkS5 (E35) Male
Pig Embryo 1

WKkS5 (E35) Male
Pig Embryo 2
LC-MS

Pig Samples
E11 pig Epiblast
1

E11 pig Epiblast
2

E11 pig Epiblast
3

E14 Pig PGC 1
E14 Pig PGC 2
E14 Pig PGC 3
E14 Pig Soma 1
E14 Pig Soma 2
Wk6 Pig PGC 1
Wk6 Pig PGC 2
Wk6 Pig Soma
1

Wk6 Pig Soma
2

Human Samples

hPGCLC rep1
hPGCLC rep2
hPGCLC rep3

soma repi
(induction)

Cell Type

PGC
Soma
PGC

PGC

PGC

Soma

PGC
Soma
PGC

Epiblast
Epiblast
Epiblast

PGC
PGC
PGC
Soma
Soma
PGC
PGC
Soma

Soma

PGC
PGC
PGC
Soma

Pooled/Single

Embryo

pooled
pooled
pooled

Single

Single

Single

Single
Single
Single

pooled
pooled
pooled

pooled
pooled
pooled
pooled
pooled
pooled
pooled
pooled

pooled

~N N N N

Isolation Number

of Cells
FACS 17
FACS 89
FACS 22
FACS 5000
FACS 7778
FACS 5000
FACS 5139
FACS 5000
FACS 6760

Dissection /

Dissection /

Dissection /

FACS 1120
FACS 660
FACS 841
FACS 5000
FACS >5000

FACS 7790
FACS 8210
FACS 5000
FACS 5000
FACS 1000
FACS 1000
FACS 500
FACS 1000
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soma rep?2
(induction)
WK7 (E51)
hPGC
WK7 (E48)
hPGC
WK7 (E51)
hSoma
WK7 (E48)
hSoma
hESC (H9) rep1

hESC (H9) rep2

Soma

PGC

PGC

Soma

Soma

ESC
ESC

Single
Single
Single

Single

FACS

FACS

FACS

FACS

FACS

1000

1722

1302

10000

10000

>2 million

>1
million
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