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Abstract

Primordial germ cells (PGCs) are the undifferentiated precursors of gametes and the sole mech-

anism by which genetic information is transmitted across generations through the germline. They appear

at the proximal posterior region of the mouse embryo, where the somatic germ layers begin to emerge

and a series of dramatic morphological changes occur at the onset of gastrulation. While the transcrip-

tional and epigenetic mechanisms that drive entry into the germline have been extensively characterised,

whether there is a morphogenetic control of the germline-soma bifurcation has never been explored. Here,

we uncover a novel and critical role for integrin signalling in regulating germline entry. In vivo, we show

that mouse PGCs have diminished integrin signalling interactions with the underlying basement mem-

brane and specify in a region that is physically segregated from it. In line with this, the addition of an

exogenous extracellular matrix (ECM) inhibits PGC specification in in vitro-cultured mouse embryos, as

well as during PGC-like cell (PGCLC) specification in both mouse and human in vitro stem cell models.

Mechanistically, we demonstrate that �1 integrin signalling, in response to the ECM protein, laminin,

blocks mouse PGCLC specification by inhibiting Wnt signalling, which leads to failed downregulation of

the PGC transcriptional repressor, Otx2, during a critical window of competence. Therefore, integrin

signalling restricts mouse germline entry, pointing to a mechanism through which the loss of basement

membrane contact by epiblast cells in vivo acts as a morphogenetic fate switch during the germline-soma

bifurcation.
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Chapter 1

Introduction

1: Early mouse embryo development

The mouse embryo is an important model organism for understanding how the totipotent zygote,

arising from the fertilisation of an oocyte by a sperm cell, subsequently proceeds to develop into a complex,

multi-cellular conceptus. Embryonic development occurs through sequential lineage segregations and cell

fate decisions, along with changes in the size and shape of the embryo (Shahbazi & Zernicka-Goetz, 2018).

After the zygote undergoes a series of cleavage divisions, the `morula' stage is reached at embryonic day

(E) 2.5 (Kojima et al., 2014), between the 8-cell and 16-cell embryo, where molecular changes occur in

concert with changes in cell adhesion, organisation and compaction, placing physical constraints that

co-ordinate the spatial segregation of distinct cellular compartments (Fleming, 2001). At this stage,

the �rst cell fate decision occurs and segregates the inner cell mass (ICM), precursor of the foetus, the

extra-embryonic yolk sac and amnion, from the trophectoderm (TE), precursor of the placenta (Figure

1.1). This segregation, however, is not �xed until the 32-cell stage at E3.5 (Posfai et al., 2017). The

transcription factor Oct4 has been implicated in the establishment of the ICM, while Cdx2 represses the

action of Oct4 to drive irreversible lineage segregation of the TE (Strumpf et al., 2005).

At E3.5, the second cell fate decision occurs within the ICM to form the primitive endoderm

(PE), precursor of the yolk sac, and the epiblast, which gives rise to both the embryo proper, comprising all

the somatic tissue of the embryo and the germline, and the amnion. Epiblast and PE are clearly segregated

by the late blastocyst stage at E4.5 (Takaoka & Hamada, 2012), at which stage the TE will further mature

into mural and polar TE. The mural TE is established at the abembryonic pole of the embryo and is

the site of uterine attachment during implantation, whereas the polar TE is established at the embryonic
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pole of the embryo, and contains the stem cell population of the future placenta (Christodoulou et al.,

2019; Tanaka et al., 1998) (Figure 1.1). Within the E4.5 blastocyst, the epiblast constitutes an early

pluripotent state of so-called `naive' pluripotency, which represents an unrestricted potential to contribute

to all somatic lineages, as well as the germline (T. Boroviak et al., 2014; Nichols & Smith, 2009).

Upon implantation, the embryo undergoes a global remodelling. The epiblast forms a cup-

shaped pseudostrati�ed epithelial tissue that surrounds an incipient lumen (Bedzhov & Zernicka-Goetz,

2014), and the polar TE gives rise to the extraembryonic ectoderm (ExE) , which abuts the epiblast

(Christodoulou et al., 2019). Collectively, epiblast and ExE are enclosed by the PE-derived visceral

endoderm (VE) (Gardner & Rossant, 1979) (Figure 1.1). The PE-derived parietal endoderm and the

mural TE form the so-called Reichert's membrane, which protects the developing embryo from the uterine

environment. After the formation of the epiblast cavity, the ExE also undergoes cavitation to form a

second lumen that fuses with the epiblast lumen (Christodoulou et al., 2019). As a result, the early

post-implantation mouse embryo acquires a cylinder-like morphology (Figure 1.1).

As the embryo implants into the uterus, the naive pluripotent epiblast transitions to a state of

`formative' pluripotency (Hackett & Surani, 2014; Nichols & Smith, 2009), characterised by the down-

regulation of naive pluripotency transcription factors and the upregulation of post-implantation genes

such asFgf5, Foxd3 and Otx2 (Bleckwehl & Rada-Iglesias, 2019). It is only in this state of formative

pluripotency within the post-implantation embryo that epiblast cells acquire the competence to induce

the germline lineage (A. Smith, 2017). `Competence' de�nes the ability of a given cell to respond to the

appropriate signalling cues and di�erentiate into a speci�c lineage, in this case the germline.
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Figure 1.1: Schematic representation of mouse embryo development from fertilisation (zygote), through

pre-implantation development (E0-E4.5) and early post-implantation development (E5.5-E6.5), up to

gastrulation. Double arrow-heads indicate the proximal-distal (P-D) (vertical) and anterior-posterior

(A-P) (horizontal) axes. Courtesy of Marta Shahbazi. Adapted from (Shahbazi, 2020).
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The proximal-distal (P-D) axis runs along the long dimension of this radially-symmetric egg

cylinder, aligned with the site of uterine contact (Bardot & Hadjantonakis, 2020). The signalling activity

of the extra-embryonic tissues plays a fundamental role in the establishment of the embryonic axes (Figure

1.1). The ExE becomes the main source of bone morphogenetic protein (BMP) (Figure 1.2), speci�cally

Bmp4 (T. Fujiwara et al., 2001), which is secreted in response to epiblast-derived Nodal and in turn

activates Wnt signalling in the epiblast (Ben-Haim et al., 2006; Shahbazi & Zernicka-Goetz, 2018), acting

as an important signalling pathway for early patterning in the mouse embryo (Winnier et al., 1995).

On the other hand, VE cells at the distal tip of the embryo become speci�ed as distal VE in a Nodal-

dependent manner, and subsequently migrate to specify the anterior VE (AVE), which is established

at the boundary between the epiblast and the ExE (Figure 1.1). Indeed, homozygous knockout (KO)

embryos that lack the Nodal pathway transcription factors Smad2 and Foxh1 fail to specify AVE (Ohinata

et al., 2009). Upon establishment, the AVE constitutes a main signalling centre that secretes Bmp and

Nodal inhibitory signals such, as Cer1 and Lefty1, and Wnt inhibitors, such as Dkk1 (Brennan et al.,

2001; Ohinata et al., 2009; Senft et al., 2019; Yamamoto et al., 2004) (Figure 1.2). The combined action

of the AVE and the ExE creates a self-reinforcing morphogen gradient that speci�cally localises high

concentrations of Nodal, Bmp, and Wnt to the proximal, posterior epiblast, where gastrulation will occur

(Ben-Haim et al., 2006; Rivera-Pérez & Magnuson, 2005; Robertson et al., 2003) (Figure 1.2). This

gradient also leads to the establishment of the anterior-posterior (A-P) axis along the short dimension of

the egg cylinder (Matsuo & Hiramatsu, 2017; Rodriguez et al., 2005; Takaoka et al., 2011; Torres-Padilla

et al., 2007) (Figure 1.2).

The high levels of Bmp, Nodal, and Wnt signalling activity in the posterior region of the embryo

lead to the initiation of gastrulation (Figure 1.2). During this time, most cells in the epiblast acquire a

state of `primed' pluripotency, which represents a strictly somatic lineage-restricted state that does not

contribute to the germline, while only a small subset of cells commit to the germline fate (Bleckwehl

& Rada-Iglesias, 2019). The embryo concurrently undergoes a series of morphological changes, starting

with the breakdown of the basement membrane that underlies the epiblast. This primarily manifests in a

disruption of the epiblast epithelium in contact with the basement membrane, as well as the appearance

of basement membrane perforations prior to the onset of gastrulation (Williams et al., 2012). A recent

report has shown that posterior-localised Nodal signalling enhances the localised expression of matrix

metalloproteinases (MMPs), thereby inducing these perforations in the posterior basement membrane
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(Kyprianou et al., 2020). At the same time, a subset of posterior epiblast cells basally delaminate under

apical constriction by neighbouring epiblast cells, a process thought to be regulated by the polarised

localisation of actomyosin and the apical polarity proteins, Crb2 and atypical protein kinase C (aPKC)

(Francou et al., 2023).

Collectively, these changes allow somatic-fated cells to ingress in the posterior side of the em-

bryo and form the primitive streak (Figure 1.1), during which cells lose their epithelial phenotype by

undergoing an epithelial-to-mesenchymal transition (EMT). This involves the transcriptional repression

of epithelial genes, such asCdh1, encoding the cell-cell adhesion protein, E-cadherin, and is facilitated by

the expression of Snai1, among other Snail superfamily members and EMT genes (Kalluri & Weinberg,

2009). Subsequently, ingressed cells in the primitive streak proceed to specify two of the three somatic

lineages, the endodermal and mesodermal lineages. High levels of Nodal at the distal end of the posterior

epiblast give rise to de�nitive endoderm and axial mesoderm (Jones et al., 1995; W. C. Smith et al.,

1995). On the other hand, high levels of Bmp and Wnt at the proximal end lead to an upregulation of

Brachyury and subsequent speci�cation of the remaining mesodermal lineage (Figure 1.2), including the

extraembryonic mesoderm (ExM) that forms the allantois and yolk sac blood islands (Downs et al., 2004;

Kinder et al., 1999). The third somatic lineage, the ectodermal lineage, instead arises from the anterior

epiblast (Bardot & Hadjantonakis, 2020).

Within the same region of high Bmp and Wnt signalling that ExM is established, cells also

give rise to the non-somatic germline lineage (Copp et al., 1986; Ginsburg et al., 1990) (Figure 1.2).

Accordingly, the speci�cation of both ExM and the germline within the proximal end of the posterior

epiblast relies heavily on this high Bmp and Wnt signalling environment (Lawson et al., 1999). The

germline is the sole mechanism by which genetic information is transmitted across generations and is, in

fact, the earliest lineage to be established in the embryo proper (Johnson & Alberio, 2015), coinciding

with many of the dramatic morphological changes occurring at the onset of gastrulation (Ginsburg et al.,

1990; Lawson et al., 1991). During this time, primordial germ cells (PGCs), which are the unipotent

precursors of the gametes, are the �rst cells to emerge (Saitou & Yamaji, 2012), forming the basis for

understanding how the germline is both speci�ed and maintained during development.
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Figure 1.2: Schematic representation of the E6.5 mouse embryo. Transparent green and red arrows show

activating and inhibitory signals, respectively, that establish a gradient of Nodal, Wnt and Bmp (orange)

at the proximal, posterior epiblast. Solid green and red arrows show the upregulation and downregulation

of key genes, respectively, in both PGCs and the primitive streak. Double arrow-heads indicate the P-D

(vertical) and A-P (horizontal) axes. Courtesy of Marta Shahbazi. Adapted from (Shahbazi, 2020).

6



2: PGC development

From a developmental perspective, the morphogen gradient established by the ExE and the

AVE localises early precursor PGC (pre-PGC) induction to the proximal, posterior epiblast as early as

E6-6.25 in the mouse. Pre-PGCs are marked by expression of the canonical PGC gene,Prdm1, encoding

Blimp1, which becomes activated in response to high levels of Bmp (G. V. Hancock et al., 2021; Kurimoto

et al., 2008; Ohinata et al., 2005). Accordingly, Blimp1-positive cells are the �rst lineage-restricted PGC

precursors (Ohinata et al., 2005; Senft et al., 2019). While Blimp1 is also expressed in the VE, co-

staining with tissue non-speci�c alkaline phosphatase (TNAP), which is highly expressed in PGCs during

embryogenesis (Abe et al., 1996), revealed that Blimp1 can in fact serve as a highly selective marker

for these early pre-PGCs in the epiblast (Ohinata et al., 2005), and time-course microarray analysis has

revealedPrdm1 expression as the �rst di�erentiator of pre-PGCs in posterior proximal epiblast (Kurimoto

et al., 2008). To outline the early speci�city of Blimp1 to the germline cell fate, hetero- and homozygous

knockouts of Prdm1 have been shown to lead to progressive, signi�cant loss of TNAP-positive founder

PGCs at E7.5, without a�ecting other epiblast cell fates (Ohinata et al., 2005; Yamaji et al., 2008). Pre-

PGCs are also marked by upregulation ofFragilis (Mil-1/I�tm3 ) (Irie et al., 2014; Lange et al., 2003),

as well as the appearance of a characteristic cytoplasmic spot, which corresponds to the Golgi apparatus

(Ohinata et al., 2005).

As pre-PGCs commit to the PGC lineage between E6.75 and E7.5 (Senft et al., 2019), Fragilis

expression increases and the cells aggregate at the base of the incipient allantoic bud, where they have

been shown to reside for a relatively long period of time compared to other species, such as the rabbit

and pig (Bialecka et al., 2012). By E7.25-E7.5, TNAP, along with upregulated Stella (Pgc7/Dppa3)

expression (Payer et al., 2003; Sato et al., 2002), de�nitively mark a speci�ed cluster of� 40 founder

PGCs (Bialecka et al., 2012; Kurimoto et al., 2008; Ohinata et al., 2005; Saitou et al., 2002), which

also express Fragilis at higher levels than neighbouring, non-Stella-positive somatic cells (Lange et al.,

2003). A membrane-targeted, photo-convertible �uorescent reporter under the control of thePrdm1

promoter was used to trace Blimp1-positive cells during their speci�cation, ultimately revealing that

PGC precursors are speci�cally recruited from the epiblast between the pre- and late-streak stages, after

which PGC cell numbers only increase by proliferation (Ohinata et al., 2009). Beyond their speci�cation,

from E8-11, PGCs intrinsically form networks of inter-cellular projections that drive migration, relying on
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correctly-formed de�nitive endoderm (Cooke & Moris, 2021) to migrate anteriorly into the dorsal hindgut

endoderm, ultimately forming the genital ridge of the prospective gonads (Irie et al., 2014; Senft et al.,

2019) (Figure 1.3) where continued increased expression of Fragilis is still observed (Lange et al., 2003).

By E10.5, male-female sex determination occurs (Eggers & Sinclair, 2012), specifying in the embryonic

gonads by E12.5 (Goodfellow & Lovell-Badge, 1993; Koopman et al., 1990; Lovell-Badge & Hacker, 1995;

Morais da Silva et al., 1996) (Figure 1.3), and gonadal germ cells subsequently become mitotically inactive

by E13.5 (Kurimoto & Saitou, 2018).
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Figure 1.3: Schematic representation of PGC migration from E8.5 to E12.5, showing PGCs entering

the hindgut endoderm (orange) from the tail bud, before migrating along and proceeding to colonise the

genital ridge (magenta). By E12.5, sex speci�cation has occurred in the embryonic gonads. Created with

BioRender.com. Adapted from (Cooke & Moris, 2021).
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The peri-implantation window, during which PGCs are speci�ed, diverges between key model

organisms, suggesting a likely divergence in the mechanisms of PGC speci�cation as well (G. V. Hancock

et al., 2021). Most other mammals, with emphasis on human and non-human primates, are very similar in

pre-implantation development to mice, but diverge in peri- and post-implantation stages (G. V. Hancock

et al., 2021). Primate implantation is driven by the polar TE, instead of the mural TE as in the mouse

(Enders et al., 1983), and primate embryos have a �at, disc-like epiblast which forms the so-called

`bilaminar disc' structure, instead of an egg cylinder (T. Boroviak & Nichols, 2017; Enders et al., 1986)

(Figure 1.4). Furthermore, Cynomolgus macaque PGCs have been shown to specify in the dorsal side

of the amnion (Sasaki et al., 2016), an epiblast-derived, squamous epithelium within the bilaminar disc,

adjacent to the trophoblast (Hertig, 1945; Shahbazi & Zernicka-Goetz, 2018), that is thought to assume

the role of the ExE in the mouse, for which there is no known equivalent (G. V. Hancock et al., 2021). It

is one of the earliest, epiblast-derived lineages to specify in primates (Bergmann et al., 2022; Xiang et al.,

2020), while the emergence of the amniotic epithelium upon implantation, along with ExM, is a feature

of primate embryogenesis not observed in the mouse (T. Boroviak & Nichols, 2017; Ross & Boroviak,

2020). The amnion is the structure that goes on to form the protective amniotic sac, which engulfs the

developing embryo and �lls with amniotic �uid (Gilbert & Brace, 1993). Interestingly, studies in porcine

embryos showed that PGCs seem to specify at the posterior epiblast, rather than being directly observed

in the amnion (T. Kobayashi et al., 2017) (Figure 1.4). Accordingly, it was later demonstrated, using a

combination of in vitro and in vivo primate models, that both amnion and PGCs specify from a common,

bipotent progenitor in the posterior epiblast (Castillo-Venzor et al., 2023).

Given the lack of available human embryos for research, constrained by the '14-day rule' (Pera,

2017), much of human PGC development remains elusive, relying mainly onin vitro human stem cell

models and non-human primate models (G. V. Hancock et al., 2021). Recently, a map of human go-

nadal development has been generated, as a culmination of various multi-omics datasets, which will be

informative of human germline development, albeit of later-stage gonadogenesis (Garcia-Alonso et al.,

2022).

Taken together, the cell fate transition from pluripotent epiblast to germline-fated cells, the

segregation of these germline-fated cells from their somatic neighbours, as well as their subsequent prolif-

eration and migration to colonise the gonads, are all critical, early events in mouse germline development

(Ohinata et al., 2005). Neighbouring tissues play a role in creating a dynamic, instructive niche for
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regulating the position and proportion of PGCs during all stages of their development, with speci�ca-

tion instructed by the extraembryonic tissue, migration by the gut endoderm, and maturation by the

genital ridge (Cooke & Moris, 2021). However, the extraembryonic environment is constantly changing

throughout this process, undergoing a series of dynamic morphogenetic events that are spatiotemporally-

coupled with complex lineage segregations. In order for embryonic development to be a robust process

and for cells to reliably specify at the right time, in the right place and in the right amounts, an intricate

cross-talk must exist between this changing extracellular environment, and the cells as they undertake

cell fate decisions. In this speci�c window of development, the extracellular environment must somehow

provide instructive signals to cells, imposing strict spatiotemporal control over the critical segregation of

the germline and the somatic lineages. Indeed, high levels of Bmp and Wnt established in the proximal,

posterior epiblast are known to drive mouse germline speci�cation in a subset of cells, but many other

cells with the same high levels of Bmp and Wnt in this region of the embryo do not become germline-

fated. Thus, in the context of germline development, it is paramount to understand how extrinsic factors

in�uence cells to become germline-fated, as opposed to somatic.
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Figure 1.4: Schematic representation of human embryo development from fertilisation (zygote), through

pre-implantation development (E0-E6) and early post-implantation development (E10-E14), up to gas-

trulation. Double arrow-heads indicate the P-D (vertical) and A-P (horizontal) axes. Courtesy of Marta

Shahbazi. Adapted from (Shahbazi, 2020).
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3: Molecular mechanisms of PGC development

In order to better understand this developmental progression of the mouse germline, it helps

to understand the underlying molecular mechanisms. The PGC fate transition relies on a set of well-

characterised molecular events taking place within cells of the post-implantation epiblast, notably the

re-expression of pluripotency factor genes lost upon naive pluripotency exit, such asNanog and Sox2

(Murakami et al., 2016) (Figure 1.2), the downregulation of somatic genes acquired during naive pluripo-

tency exit, and epigenetic reprogramming, namely global demethylation, imprint erasure and histone

methylation changes (Yamaji et al., 2008). Upstream of these molecular events, pre-PGCs downregu-

late Eomes and Otx2 (Senft et al., 2019). Speci�cally, early- and mid-streak epiblast have been shown

to selectively downregulate Otx2 in Fragilis-Blimp1-double-positive cells (Figure 1.2). Otx2 is a gene

that is upregulated to silence naive pluripotency genes and facilitate naive pluripotency exit in the post-

implantation epiblast (Bleckwehl et al., 2021; Bleckwehl & Rada-Iglesias, 2019), during which germline

competence is conferred on all epiblast cells (J. Zhang et al., 2018). It has been shown that Otx2 down-

regulation is required in pre-PGCs (Vojtek et al., 2022; J. Zhang et al., 2018) and, indeed, heterozygous

Otx2 KO crosses revealed that the absence of Otx2 leads to higher PGC speci�cationin vivo (J. Zhang

et al., 2018). Taken together, these results establish Otx2 as a repressive, upstream roadblock to PGC

speci�cation in post-implantation epiblast cells.

Otx2 downregulation leads to the subsequent activation of PGC transcription factors Blimp1,

Prdm14 and Ap2
 (Vojtek et al., 2022; J. Zhang et al., 2018) (Figure 1.2), which collectively consti-

tute a set of canonical PGC markers that act to initiate the germ cell transcriptional program, suppress

the somatic transcriptional program, and trigger epigenetic reprogramming (Magnúsdóttir et al., 2013).

Germline development depends on the combinatorial e�ect of all three transcription factors, with each

having been implicated in at least one of these three processes (Günesdogan & Surani, 2016; Magnús-

dóttir et al., 2013). The mesodermal gene,T or Brachyury, has also been shown to be instrumental in

regulating Prdm1 (Blimp1) and Prdm14 expression in pre-PGCs (Aramaki et al., 2013). As early as

E6.25, Brachyury is expressed in Blimp1-negative pre-gastrulating epiblast cells, as well as at high levels

in Blimp1-positive cells from E6.5-E7.25 (Figure 1.2). While Brachyury is dispensable for initial Blimp1

expression at E6.25, it is critical for Prdm14 expression and becomes more critical for Blimp1 expression

at E7, concomitant with Ap2 
 expression, before it is downregulated at E7.25 (Aramaki et al., 2013).
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Brachyury upregulates Blimp1 and Prdm14 expression by directly binding upstream transcriptional reg-

ulatory elements within the Prdm1 and Prdm14 loci (Aramaki et al., 2021). Nevertheless, uncontrolled

Brachyury induction can also lead to somatic lineage di�erentiation through failed naive pluripotency

reacquisition, and nascent PGCsin vivo appear to preferentially localise to regions of lower Brachyury

levels (Aramaki et al., 2021).

The transcriptional repressor, Blimp1, has been shown to be critical for the active repression

of the somatic transcriptional program, which is predominantly achieved by downregulating homeobox

genes (Günesdogan & Surani, 2016). Indeed, the homeobox genesHoxa1 and Hoxb1 show clear negative

correlation with Blimp1 expression by single-cell microarray and qPCR analysis (Kurimoto et al., 2008),

and Prdm1 de�ciency leads to failed repression of homeobox genes, as well as failed proliferation and

migration of PGCs (Ohinata et al., 2005). If Blimp1 is not expressed by the early- to mid-bud stages,

PGC speci�cation cannot be restored (Kurimoto et al., 2008), thereby pointing to a critical temporal

window of competence for the germline fate. The other mechanism of somatic repression during germline

development acts through the downregulation of EMT genes associated with gastrulation (Kurimoto et

al., 2008). The transcription factor, Ovol2, part of the Ovo gene family that is highly-conserved across

animal development (Chidambaram et al., 1997; Dai et al., 1998; Lü et al., 1998; Mével-Ninio et al.,

1995), suppresses EMT and has demonstrated both essentiality and functional redundancy with other

ovo-like protein family genes during PGC development in mice (Naitou et al., 2022). Ovol2-de�cient

embryos exhibit severely compromised Blimp1-positive PGC numbers (M. Hayashi et al., 2017). In fact,

the suppression of EMT through Ovol2 appears to act upstream of Blimp1, mediating its activation, sug-

gesting that EMT suppression may be a prerequisite for pre-PGC speci�cation and subsequent homeobox

gene repression (Naitou et al., 2022). As such, Blimp1 ultimately plays a bigger role in repressing somatic

genes than in actively upregulating pluripotency or germline-speci�c genes (Kurimoto et al., 2008).

The other canonical PGC marker, Prdm14, has emerged as a critical regulator of both pluripo-

tency reacquisition and epigenetic reprogramming during PGC development, speci�cally as it pertains

to reactivation of Sox2 (Yamaji et al., 2008). Prdm14 is the only PR domain-containing transcriptional

regulator that is speci�cally expressed in Blimp1-positive cells as early as E6.5-6.75, preceding Stella

expression, but more prominently at E7.25 (Yamaji et al., 2008). HomozygousPrdm14 KO mice are

sterile, with a clear reduction in TNAP-positive PGC numbers as early as E7.25, as well as an observed

delay in migration among the few PGCs that do specify, followed by subsequent total loss of PGCs by
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E12.5 (Mallol et al., 2019; Yamaji et al., 2008). Prdm14 has been shown to act through an orthogonal

pathway to Blimp1, since homozygousPrdm14 KO mutants show no e�ect on somatic gene repression

of Hoxb1, Hoxa1, or even Snai1 (Yamaji et al., 2008). Importantly, both Sox2 and Stella upregulation

are severely impaired in these mutants (Yamaji et al., 2008), demonstrating that Prdm14 speci�cally

triggers pluripotency reacquisition and germline speci�cation, independently of Blimp1 (Kurimoto et al.,

2008; Ohinata et al., 2005). While Prdm14 is activated downstream of Blimp1, it still relies on Blimp1

for subsequent maintenance of its expression (Yamaji et al., 2008).

Interestingly, the pluripotency gene, Sox2, re-expressed downstream of Prdm14, has a highly-

pronounced, negatively-correlated gene expression pattern with the homeobox gene,Hoxb1, which is

negatively-regulated by Blimp1 (Ohinata et al., 2005). Collectively, this expression pattern de�nes a

robust molecular hallmark of PGC fate acquisition (Kurimoto et al., 2008). In short, Hoxb1-positive-Sox2-

negative Blimp1-expressing cells, which may alternatively be fated towards a somatic mesodermal fate,

must transition to become Hoxb1-negative-Sox2-positive cells if they are to successfully mature to Stella-

expressing germline cells instead (Kurimoto et al., 2008). This acts as a kind of `transcriptional check'

for progressing into later stages of germline development. In fact, Stella expression at E7.5 is contingent

on Hox gene repression, and Stella-positive cells at the late bud and 3-somite stage have been shown to

almost entirely be clonally-derived from Blimp1-positive cells (Kurimoto et al., 2008; Ohinata et al., 2005).

Thus, by the concerted action of a hierarchy of multiple speci�cation genes, the germline fate transition

relies on coordinating two distinct processes involving the reacquisition of a pluripotent transcriptional

program, in concert with the deactivation of a somatic program (Kurimoto et al., 2008). Even splice

variants, Ovol2a and Ovol2b, of the aforementioned gene,Ovol2, have demonstrated diverging functions

in these processes, where the former maintains epithelialisation and drives pluripotency reacquisition by

repressing EMT through Zeb1, and the latter represses the somatic program by upregulating Blimp1

(Naitou et al., 2022). Collectively, this outlines a molecular mechanism by which PGCs are excluded

from the soma during an early window of development (Bialecka et al., 2012).

Sox2 is only one of many critical pluripotency genes that are downregulated post-implantation

before re-expression during PGC speci�cation (Kurimoto et al., 2008; Yamaji et al., 2008). For example,

both Oct4 and Sox2 deletions have been shown to lead to PGC death (Campolo et al., 2013; Kehler

et al., 2004). Nanog is another pluripotency gene shown to be functionally-important for the germline

(Chambers et al., 2007; Yamaguchi et al., 2005; Yamaguchi et al., 2009), with Nanog expressed robustly in
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lineage-committed PGCs and shown to activate two of the canonical PGC markers, Blimp1 and Prdm14

(Murakami et al., 2023; Senft et al., 2019). In fact, Nanog is re-expressed early during PGC speci�cation

and Nanog-Oct4-double-positive cells are used asin vivo markers for pre-PGCs in E6.5 embryos (Senft

et al., 2019). Conditional in vivo germline deletion ofNanog reduces PGC numbers, but does not abolish

PGC development in the few PGCs that do form (M. Zhang et al., 2018). Esrrb has been shown to have

partial functional redundancy with Nanog, as evidenced byEsrrb knockin in a Nanog KO model restoring

PGC development and fertility in adult mice, when inserted into the knocked-out Nanog locus (M. Zhang

et al., 2018). Other pluripotency genes, such asStella and Klf2 , are also important and highly-expressed

during germline development (Irie et al., 2014).

Another important role for Blimp1 is in activating expression of Tfap2c, encoding Ap2
 , around

E6.75-E7.5 (Günesdogan & Surani, 2016; Senft et al., 2019), which initiates further germline gene ex-

pression in tandem with both Blimp1 and Prdm14 (Magnúsdóttir et al., 2013; Schemmer et al., 2013).

It is interesting to point out that Ap2 
 is involved in TE maintenance and has been shown to medi-

ate self-renewal of trophoblast stem cells (TSCs), speci�cally by cooperating with Sox2 (Adachi et al.,

2013). Since Sox2 needs to be re-expressed during PGC induction, this could suggest that Ap2
 and

Sox2 may have a cooperative role in PGCs as well, potentially through similar mechanisms as in the TE

(Günesdogan & Surani, 2016).

Finally, PGCs have to undergo extensive epigenetic reprogramming in order to re-establish

totipotent potential in the germline (Hackett et al., 2018; Ohinata et al., 2005; Shirane et al., 2016),

which initially exists within the zygote. During naive pluripotency exit, when germline competence

is established, epigenetic reprogramming acts at the cis-regulatory level through methylated cytosine

(5mC)-mediated decommissioning of naive pluripotency enhancers, as well as remodelling of associated

promoters, by increasingde novoDNA methyltransferase (DNMT) expression and de-repressing methyla-

tion maintenance machinery (Bleckwehl & Rada-Iglesias, 2019). As such, 5mC DNA methylation remains

high in mouse post-implantation epiblast, but PGCs undergo replication-coupled passive demethylation

from E8.5-9.5 until at least E13.5 (G. V. Hancock et al., 2021; Shirane et al., 2016). By E13.5, gonadal

germ cells have the lowest levels of genomic DNA methylation in their life cycle (Kurimoto & Saitou,

2018). Starting from fertilisation, paternal X chromosome inactivation (XCI), in response to the paternal

non-coding RNA imprint, Xist, occurs at the 2- to 4-cell stage in XX embryos. Then, paternal X chromo-

some reactivation (XCR) occurs in the ICM (Irie et al., 2014; Okamoto et al., 2011), preceding random
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XCI in the epiblast upon implantation (Lyon, 1961; Oikawa et al., 2014). The inactive X chromosome

also needs to be remodelled to enable subsequent XCR during meiosis (Mallol et al., 2019). Overall,

5mC DNA methylation and demethylation dynamics are greatly a�ected by signalling pathways, histone

modi�cations, and X chromosome dosage (Kurimoto & Saitou, 2018). H3K27me3 is a repressive histone

mark, implicated in XCI (Chuva De Sousa Lopes et al., 2008; Sugimoto & Abe, 2007), which also targets

negative developmental regulators of the germline lineage, such as pro-somatic mesodermal genes and

Otx2 (Kurimoto & Saitou, 2018; Vojtek et al., 2022). H3K9me2 is another repressive histone mark that

is highly enriched in early PGCs and closely coupled to repressive 5mC DNA methylation (Seki et al.,

2005).

Prdm14 has been shown to mediate many epigenetic reprogramming events speci�c to PGCs

(Payer et al., 2013), including erasure of genome-wide DNA methylation and remodelling of histone modi-

�cations (Yamaji et al., 2008), and is the �rst known factor that regulates both global and X-chromosomal

epigenetic reprogramming in PGCs (Mallol et al., 2019). Speci�cally, histone remodelling during PGC

speci�cation relies on downregulation of H3K9me2 by E8 (Seki et al., 2005), followed by global upregu-

lation of autosomal H3K27me3 by E8.5-E9 (Mallol et al., 2019; Seki et al., 2007; Yamaji et al., 2008). It

is important to note that H3K27me3 is speci�cally downregulated in X chromosomes, to achieve XCR in

female gametes by imprint erasure (Mallol et al., 2019). Prdm14 controls global DNA hypomethylation

by repressing DNA-methyltransferase genes and recruiting DNA-demethylases.Prdm14 mutants fail to

downregulate repressive H3K9me2 heterochromatin mark and its associated histone methyltransferase

gene, Ehmt1, which normally happens as early as E7.75. (Mallol et al., 2019). Both autosomal and

X-chromosomal reprogramming of H3K27me3 require Prdm14, but occur independently during PGC mi-

gration (Mallol et al., 2019). In the context of H3K9me2 downregulation, Cbfa2t2 has been identi�ed

as an active, stabilising co-repressor acting in concert with Prdm14 to repressEhmt1 expression (Nady

et al., 2015; Tu et al., 2016). In fact, homozygousCbfa2t2 KO mice showed germline defects and infertil-

ity, presenting with underdeveloped ovaries, absence of follicles, lower testes and sperm numbers, sperm

immobility and absence of spermatogenic cells in seminiferous tubules. They also showed approximately

95% reduction in PGC numbers, as early as E7.25, as well as Sox2 inactivation, further emphasising

the criticality of Cbfa2t2 in regulating Prdm14 activity during PGC speci�cation (Tu et al., 2016). In

Prdm14 KO mice, failed upregulation of H3K27me3 was also observed, highlighting its importance in

regulating this histone methylation mark as well (Yamaji et al., 2008).
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Since XCR is an instrumental mechanism of epigenetic memory erasure that is shared between

both naive pluripotent cells and germ cells (Payer et al., 2013), naive pluripotent cells known as embryonic

germ cells (EGCs) can in fact be derived from PGCs after E8.5 (Geijsen et al., 2004; K. Hayashi & Surani,

2009). The collective failure to undergo the required epigenetic reprogramming in a homozygousPrdm14

KO background has been shown to lead to a loss of EGC potential, further underscoring the reliance of

PGCs on Prdm14 as one of the key regulators of epigenetic reprogramming (Yamaji et al., 2008). Both

Prdm14 and the long non-coding RNA gene,Tsix, play a crucial role, with both shown to be needed

during XCR in the early blastocyst. In this context, Tsix enables Prmd14 to bind and repress Xist, but

Tsix is not expressed during XCR in PGCs (Payer et al., 2013).

Intriguingly, human PGC development shows molecular mechanisms that are quite distinct from

the mouse, which is likely in�uenced by having distinct features of peri-implantation development (G. V.

Hancock et al., 2021). Critically, the pluripotency factor SOX2 is not present in human PGCs (De Jong

et al., 2008; Perrett et al., 2008) and is in fact actively downregulated prior to germline speci�cation (H.

Wang et al., 2016) (Figure 1.5), even though it is one of the key factors to be re-expressed during mouse

germline development (Yamaji et al., 2008). The endodermal marker, SOX17, plays a critical role instead

(Figure 1.5), and is one of the most upstream factors in human germ cell development (Günesdogan &

Surani, 2016; Irie et al., 2015). In addition, some mechanisms of epigenetic reprogramming in the mouse

seem to be entirely unique, compared to both humans and even non-primate mammals, such as rabbits

(Irie et al., 2014).

PRDM14 appears to be downregulated during early human PGC development (Payer et al.,

2013) (Figure 1.5). However, an inducible degron system has revealed its still crucial role, downstream of

SOX17, in cooperatively upregulating germ cell and pluripotency genes and in downregulating somatic

genes, thereby consolidating later human germline development instead of being required in its initial

stages (Sybirna et al., 2020). PRDM14 has also been shown to maintain pluripotency and associate with

pluripotency factors, such as OCT4 (Chia et al., 2010), which, along with NANOG, KLF2 and STELLA,

among others, also shows similar expression dynamics as in mouse PGCs (Sugawa et al., 2015).

Human germline speci�cation occurs in response to BMP signalling (Irie et al., 2015; T. Kobayashi

et al., 2017), and both BLIMP1 and AP2
 have also been shown to be canonical human PGC markers

(Figure 1.5), as in the mouse, although they are activated downstream of SOX17. Collectively, SOX17,
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BLIMP1 and AP2 
 constitute the core set of transcription factor genes that are indispensable for the hu-

man germline (Irie et al., 2015), and are conserved in other non-human primates such as the Cynomolgus

monkey (Sakai et al., 2020; Sasaki et al., 2016). AP2
 , in particular, has been implicated in facilitating

germline speci�cation by preventing somatic and amnion di�erentiation among human PGC precursors

(D. Chen et al., 2019), as well as in re-establishing naive pluripotency (G. Hancock et al., 2021). OTX2

has been shown to block human germline entry (Figure 1.5), as evidenced by the fact that CRISPR

interference-mediated downregulation ofOTX2 leads to increased induction of the germline fate (Tang

et al., 2022), while expression of mesendodermal transcription factor genes, such asBRACHYURY and

EOMES, has also been shown to be crucial during early human germline speci�cation (D. Chen et al.,

2017; D. Chen et al., 2019; Kojima et al., 2017). Some mechanisms of epigenetic reprogramming, such

as global DNA demethylation through suppression ofde novo DNA methylation, have also been shown

to be conserved in humans (Gkountela et al., 2013; Sugawa et al., 2015). Collectively, mouse and human

germline development occur through divergent regulatory networks that may be in�uenced by di�erences

in their respective embryonic contexts, although they also share many conserved features.

In conclusion, PGC development proceeds in the mouse embryo in response to a hierarchy of

multiple, sequentially-activated transcription factors, which serve to regulate both the transcriptional

and epigenetic landscape of cells in the post-implantation epiblast. These confer a unique molecular

identity within a subset of cells, which di�er from the remaining, somatic-fated cells, and are subsequently

committed to contributing to the mouse germline.
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Figure 1.5: Schematic representation of the E14 human embryo. Solid green and red arrows show the

upregulation and downregulation of key genes, respectively, in PGCs. Double arrow-heads indicate the

P-D (vertical) and A-P (horizontal) axes. Courtesy of Marta Shahbazi. Adapted from (Shahbazi, 2020).
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4: Signalling mechanisms of PGC development

Bmp4 has long been identi�ed as the critical signalling determinant required for PGC speci�-

cation in the mouse embryo, with the ExE being the main source of Bmp4 (Lawson et al., 1999). BMPs

act on SMADs 1, 5 and 8 that, in complex with Smad4, translocate to the nucleus and modulate gene

transcription. They work in concert with co-activators or -repressors to regulate cis-regulatory elements

and chromatin accessibility, thereby acting at both the transcriptional and epigenetic levels. In E5.5-E6

post-implantation mouse embryos, all epiblast cells are competent to express the canonical PGC marker

genes,Prdm1 (Blimp1) and Prdm14, in response to Bmp4 signalling (Cooke & Moris, 2021; K. Hayashi

et al., 2011; Ohinata et al., 2009; Tam & Zhou, 1996). Indeed, Blimp1 expression occurs as a result of

Bmp4 signalling (Ohinata et al., 2005; Yamaji et al., 2008). Both Blimp1-mVenus (BV) and Prdm14-

mVenus (P14V) reporters were used inBmp4, Bmp8b and Smad1 homozygous KO mutants, where it was

revealed that PGCs were almost absent in all cases (Ohinata et al., 2009). In particular, homozygous loss

of Smad1 leads to failed PGC induction, even in the presence of exogenous Bmp (Ohinata et al., 2009).

Interestingly, Blimp1-positive cells subsequently become refractory to Bmp signalling, as evidenced by

having lower levels of phosphorylated Smad1/5/9 (p-Smad1/5/9) (Morgani & Hadjantonakis, 2021; Senft

et al., 2019). Acting through a negative feedback loop, it appears that Blimp1 goes on to transcription-

ally repress Smad1, presumably as a dampening mechanism for stopping the unchecked activation of

Bmp signalling in putative pre-PGCs, which could instead be fated for ExM under excessively high Bmp

stimulation (Senft et al., 2019). The Bmp signalling co-factor, Smad4, is not required for initial PGC

speci�cation, although it is required for PGC maintenance and migration (Senft et al., 2019).

The ExE acts in concert with surrounding tissues to modulate the timing, localisation and

concentration of various key signalling molecules, including Bmp4 (Irie et al., 2014). Critically, it is the

combined action of Bmp signalling from the ExE, as well as Bmp-antagonistic signalling originating from

the AVE, which localises high concentrations of Bmp4 to the proximal, posterior epiblast (De Sousa Lopes

et al., 2004; G. V. Hancock et al., 2021; Kurimoto et al., 2008), creating a signalling environment that is

fundamental for the speci�c induction of the PGC fate in this region (Ohinata et al., 2005). Both Bmp4

and Bmp8b are expressed uniformly in the ExE, with Bmp8b serving to both consolidate Bmp4 signalling

in the posterior region and restrict establishment of the AVE to the anterior region (Ohinata et al., 2009;

Senft et al., 2019). In fact, Blimp1 shows uniform levels along the entire A-P axis in the absence of
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AVE, con�rming that Blimp1 expression is only restricted to the posterior region due to inhibition by

the AVE (Ohinata et al., 2009). Additionally, all pre-streak epiblast cells can adopt germ cell fate in the

absence of the AVE, as long as Bmp signalling and/or ExE is present (Ohinata et al., 2009). Homozygous

Bmp8b KO revealed a role of Bmp8b in modulating the inhibitory activity of AVE against Bmp4. In

these KO mutants, AVE, along with its associated inhibitory signals, ectopically expands into more

distal and posterior regions of the VE, suggesting that Bmp8b from the ExE restricts AVE inhibition of

Bmp4 (Ohinata et al., 2009). For this reason, it is understood that the spatial positioning of germ cell

speci�cation is a function of both proximity to the ExE, as well as A-P axial position, which ultimately

leads to speci�cation at the proximal, posterior epiblast.

In vitro experiments have helped dissect the minimal requirements for PGC speci�cation. Dis-

sected E6 epiblasts can successfully induce PGCs in a serum- and feeder-free culture medium, as long as

the culture medium is supplemented with Bmp and leukaemia inhibitory factor (LIF). PGC induction

responds to Bmp in a dosage-dependent manner, further highlighting the critical role of Bmp (Ohinata

et al., 2009). Bmp2 is the second most potent inducer of PGCs in this system (Ohinata et al., 2009),

which is also endogenously secreted by the proximal VE (Irie et al., 2014; Senft et al., 2019). Thus, Bmp

signalling in the epiblast, transduced through Smad1, is required for germline induction (Senft et al.,

2019), with Bmp4 or Bmp2 being su�cient (Günesdogan & Surani, 2016), as well as to promote ExM,

allantois and yolk sac formation (Senft et al., 2019). Bmp4 signalling has also been shown to induce

expression of the pre-PGC transmembrane protein marker, Fragilis (Lange et al., 2003). In fact, four

other interferon-inducible Fragilis -related genes encoding transmembrane proteins, includingFragilis2

and Fragilis3, are highly expressed in nascent PGC and gonadal germ cells from E5.5 to E7.5, as well as

during hindgut migration in later-stage embryos. Together, this points to a potential role of interferon

signalling, as an additional signalling mechanism to Bmp, during this period of germline development

(Lange et al., 2003).

Beyond its role in AVE establishment, Nodal signalling leads to a positive feedback loop between

the posterior epiblast and ExE, driving Bmp secretion from the latter to the former, although it does

not play a role beyond E6 (Günesdogan & Surani, 2016). Loss ofNodal leads to a failure to reactivate

the important germline and pluripotency gene, Nanog, in pre-PGCs and PGCLCs (Senft et al., 2019).

The loss ofEomes, which acts downstream of Nodal signalling, has been shown to disrupt PGC develop-

ment, validating the essentiality of both Nodal and Eomes during PGC speci�cation (Senft et al., 2019).
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Nodal, like BMPs, belongs to the transforming growth factor (TGF)- � superfamily and therefore acts

through the Smad transcription factors, Smad2 and Smad3. The targeted regulatory sequences depend

on co-occupation with lineage-speci�c transcription factors, as well as variable phosphorylation levels

(Günesdogan & Surani, 2016; Senft et al., 2019).Gdf3 is another TGF-� superfamily gene, expressed

in the epiblast and distal VE, that antagonises Bmp signalling and is implicated in AVE establishment

through the intracellular e�ector, Smad2 (C. Chen et al., 2006; Levine & Brivanlou, 2006). Conditional

deletion of Smad2 in the VE leads to decreased expression of Gdf3, an expanded domain of active Bmp

signalling, as well as earlier pre-PGC speci�cation by as early as E5.5 (Senft et al., 2019). Taken together,

this supports a clear role for Smad2 in both controlling the timing of PGC speci�cation and restricting

Bmp signalling to the posterior side. Indeed, bothSmad2 and Foxh1 mutant embryos, through impaired

Nodal signalling and subsequent failed AVE establishment, show broader induction of Blimp1-positive

PGCs across the A-P axis (Ohinata et al., 2009).

Fibroblast growth factor (Fgf) and Wnt signalling, both well-characterised signalling pathways

that control the initiation of gastrulation, EMT and cell migration, have also been implicated in PGC

development (Morgani & Hadjantonakis, 2021). The canonical PGC marker, Prdm14, has been shown

to act in mouse embryonic stem cells (mESCs) by repressing the Fgf-activated mitogen-activate protein

kinase (MAPK) pathway, thereby maintaining naive pluripotency in cells that would otherwise be primed

for lineage-speci�cation (Grabole et al., 2013). The role of Prdm14 in naive pluripotency maintenance,

therefore, has clear parallels to its already demonstrated role in pluripotency reacquisition during PGC

speci�cation, primarily through the re-expression of Sox2 (Yamaji et al., 2008). Furthermore, known

negative regulators of Fgf/Erk signalling, such as Dusp6, Spry1, Spry2, and Spred1, are all expressed

under the control of the canonical PGC marker, Blimp1 (Kimura et al., 2014), showing the importance of

modulating Fgf signalling to regulate pluripotency in germline development. Critically, a balance must be

established in pre-PGCs to reacquire pluripotency needed for the germline cell fate, while simultaneously

preventing excessive pluripotency reacquisition that would revert these pre-PGCs back to an entirely

naive, pluripotent cell fate (Morgani & Hadjantonakis, 2021). Accordingly, PGCs at E7.25 have been

shown to have a lower MAPK signalling response than their somatic neighbours, although increased

Fgf signalling is subsequently needed for PGC maintenance, migration and development in the hindgut

endoderm (Morgani & Hadjantonakis, 2021).

Wnt3 signalling, along with Bmp, is known to induce mesodermal lineages during gastrulation
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(Kimura et al., 2014), as well as playing a major role during PGC speci�cation. Indeed, the Wnt signalling

regulators, Zfp296 and Nr5a2, were shown to be upregulated during germline induction, (Hackett et al.,

2018). Although Wnt3 and its intracellular e�ector, � -catenin, are not required for Bmp4 secretion from

the ExE (Irie et al., 2014), homozygousWnt3 mutants have severely impaired levels of both Blimp1

and Prdm14 in the epiblast and Blimp1 in the VE (Aramaki et al., 2013). Therefore, the expression of

Wnt3 and nuclear translocation of � -catenin, as early as E5.5, is required for the posterior epiblast to be

permissive to germline induction under Bmp4 (Cantú & Laird, 2013; Ohinata et al., 2009). It has been

shown that Wnt3 secreted downstream of Bmp signalling acts in an autocrine manner to trigger expression

of the Wnt-responsive mesodermal transcription factor gene,Brachyury (Bialecka et al., 2012), as well as

repressing the epiblast marker,Foxd3 (Bleckwehl & Rada-Iglesias, 2019; Respuela et al., 2016). In fact,

the same local signalling environment that triggers Brachyury expression is the one that drives formation

of the primitive streak (Rivera-Pérez & Magnuson, 2005). Brachyury is instrumental in the maintenance

of Blimp1 and Prdm14 in pre-PGCs upon exposure to Bmp signalling, with their respective genes shown

to be direct binding targets of Wnt-induced Brachyury, independently of Bmp4 (Aramaki et al., 2013;

Cantú & Laird, 2013). Accordingly, Smad1 and Tcf1, downstream of Bmp and Wnt, respectively, were

not enriched at either Prdm1 or Prdm14 loci, even though they were expressed with high copy number

and had clear ChIP-seq peaks at their usual downstream targets (Aramaki et al., 2013).

In the absence of both Bmp4 and Wnt3 signalling, addition of an exogenous Wnt ligand, Wnt3a,

failed to induce Blimp1 expression (Günesdogan & Surani, 2016), while overexpression of Brachyury un-

der the same conditions was found to be a su�cient e�ector of Blimp1 expression (Aramaki et al., 2013).

In the event of early exposure to Wnt3, on the other hand, cells became primed for somatic di�erentiation

and overexpressed Brachyury was no longer su�cient for germline induction. In this case, Bmp4 was also

required to create a permissive signalling environment for germline induction, by suppressing somatic dif-

ferentiation (Aramaki et al., 2013). In the context of PGC speci�cation, therefore, Wnt3 acts indirectly

through induction of its downstream target, Brachyury, while Bmp4 merely plays an indirect, permissive

role in allowing PGC speci�cation to occur under Wnt3-mediated Brachyury induction, presumably by

maintaining germline competence (Morgani & Hadjantonakis, 2021). This highlights the importance of

signal timing in regulating germline induction, as well as emphasising the ongoing cross-talk between

multiple signalling pathways such as Bmp and Wnt. Importantly, the post-implantation epiblast marker

and germline transcriptional repressor gene,Otx2, is one of the key downstream targets that is down-
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regulated by Bmp4-mediated Wnt signalling (Bleckwehl & Rada-Iglesias, 2019), and Wnt inhibition has

been shown to lead to ectopic expression of Otx2 (J. Zhang et al., 2018).

Taken together, it is therefore the convergence of both high Bmp and Wnt signalling that leads

to spatially robust induction of the germline fate. Since Wnt response genes are biased towards mesoderm

induction, it is only in combination with su�ciently high levels of Bmp4 that the action of these mesoderm-

speci�c genes can be repressed (Cantú & Laird, 2013). Accordingly, epiblast cells in close proximity to

the ExE will become germline-fated, due to higher levels of Bmp4, while cells in the distal posterior

epiblast, with lower levels of Bmp4, instead adopt a mesodermal cell fate. Even though Blimp1 may be

seen at low levels in the absence of Wnt, perhaps through the auxiliary activity of Eomes, Blimp1-positive

cells will not progress further in development without Wnt (Günesdogan & Surani, 2016). Interestingly,

although PGCs show increased Wnt signalling response compared to their somatic neighbours up to

E7.25, this di�erence is no longer noticeable by E7.75 (Morgani & Hadjantonakis, 2021). In parallel,

Blimp1 activated downstream of Brachyury establishes a self-reinforcing network that suppresses further

Wnt and Bmp activity (Hackett et al., 2018), thereby acting as a safeguard against excessive somatic cell

di�erentiation and preserving an early PGC population that can proceed to the germline fate. Blimp1 and

Prdm14 will then go on to activate germline-speci�c genes and initiate epigenome resetting, as previously

described. In e�ect, mesoderm-inducing signals do indeed specify PGCs, but the transient induction of

downstream mesodermal genes must quickly be followed by rapid repression of those same mesodermal

genes in nascent PGCs (Kimura et al., 2014). The converse to this is that pro-PGC genes are selectively

downregulated in somatic-fated cells, as is the case withPrdm1, Sox2 and Stella (Aramaki et al., 2013;

Kurimoto et al., 2008).

Another factor linked to Wnt signalling is Cdx2, which is encoded by a member of the Para-Hox

gene family and is required for the generation of various tissues along the A-P axis of the primitive streak,

including PGCs and the posterior ExM progenitors that specify the allantois (Bialecka et al., 2012). In

fact, the early expression domain of Cdx2 coincides with, but is not exclusive to, the late-streak stage

PGC niche within the posterior ExM (Beck et al., 1995; Van Nes et al., 2006). At this stage, Wnt3a

plays a role in maintaining axial progenitors within the posterior growth zone, coincident with the time

in which PGCs undergo proliferative expansion (Takada et al., 1994). The link between Cdx2 and Wnt

signalling during this window of development became apparent when observing that the homozygous KO

of Cdx2 phenocopies aWnt3a loss-of-function mutation, which expectedly showed a signi�cant defect in
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PGC speci�cation at the late head fold stage (Bialecka et al., 2012). Interestingly, supplementation of

homozygousCdx2 KO mutants with exogenous Wnt3a in in vitro embryo culture appeared to rescue this

defect. Taken together, these observations support the role of Cdx2 as part of a niche that stimulates

canonical Wnt signalling in the proximal posterior epiblast, leading to the expansion and proliferation of

PGCs in this region, although it is not directly expressed in PGCs themselves. In fact, Cdx2 has been

shown to be cell-autonomously downregulated in PGCs during their development, as one of the direct

targets of Blimp1-mediated somatic gene repression (Bialecka et al., 2012).

In conclusion, various cell signalling pathways, most notably Bmp, Wnt and Nodal, have demon-

strated roles in regulating PGC speci�cation within the mouse embryo, acting through both short and

long-range signalling mechanisms to build morphogenetic gradients that localise germline induction to

the correct region within the embryo. Interestingly, the same signalling pathways have been implicated

in human PGC development as well (Irie et al., 2015; Jo et al., 2022; T. Kobayashi et al., 2017). Crit-

ically, these signalling pathways are only able to act on cells that are competent to respond to those

signals, allowing the embryo to encode additional levels of spatiotemporal regulation on germline devel-

opment. However, the precise mechanisms that control the robust segregation of the germline from the

soma remain not well-understood, particularly when noting that cells in the proximal, posterior epiblast,

exposed to potentially similar levels of signalling activity, still go on to acquire di�erent cell fates. This

implies that there are further, unidenti�ed mechanisms regulating cell fate decisions in the context of the

germline-soma lineage bifurcation.
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5: Cell-cell and cell-ECM interactions in PGC

development

Cell-cell interactions between PGC precursors are required for their early speci�cation (Cooke

& Moris, 2021; Okamura et al., 2003). In particular, cell-adhesion molecules such as E-cadherin and

Fragilis have been shown to play an important role in the homotypic aggregation of pre-PGCs, clustering

and de�ning the earliest population of germline precursors (Lange et al., 2003). Indeed, high cell packing

in the proximal posterior epiblast is crucial for high PGC speci�cation e�ciency (Felici, 2005). This

clustering acts as a symmetry-breaking event that segregates germline cells from otherwise somatic-

fated cells, in what will eventually become the primitive streak (Okamura et al., 2003). In e�ect, E-

cadherin sequesters PGC precursors to a PGC-speci�c niche at the proximal end of the posterior epiblast

(Felici, 2005), preventing them from migrating to the distal end of the ExM, where they would instead

succumb to allantois di�erentiation under the changing signalling environment (Okamura et al., 2003).

While both E6.5 pre-PGCs and adjacent mesodermal cells initially co-express Brachyury and E-cadherin,

mesodermal cells go on to lose E-cadherin expression (Senft et al., 2019). In this context, E-cadherin is

postulated to act by sequestering� -catenin to prevent somatic di�erentiation, by tightly clustering the

cells to increase responsiveness to inductive extracellular signalling, such as Bmp, or by shielding them

from somatic di�erentiation cues in the rest of the epiblast (Felici, 2005). In fact, E-cadherin-blocking

antibodies (ECCD-1) have been shown to abrogate PGC development (Okamura et al., 2003). E-cadherin

inhibition also impairs the ability of PGCs to aggregate and grow in culture (Di Carlo & De Felici,

2000), highlighting the overall criticality of E-cadherin for PGC development. Importantly, E-cadherin is

speci�cally implicated in clustering PGCs together, not in mediating adhesion with neighbouring somatic

cells (Okamura et al., 2003), and is downregulated after initial speci�cation (Cooke & Moris, 2021).

E6.5 pre-PGCs also speci�cally express the cell-cell adhesion gene,Fragilis (Lange et al., 2003;

Okamura et al., 2003), while later PGC genes, such asStella, are not expressed until E7.25 (Okamura

et al., 2003). It has also been shown that Fragilis-positive pre-PGCs undergo migration from the posterior

epiblast to the ExM between E6.5 and E6.75. Indeed, E6.5 epiblast explants cultured for 72 hours with

recombinant human Bmp4 induce Stella-positive PGCs, while only E6.75 ExM fragments under the same

conditions, but not epiblast explants, give rise to PGCs. Taken together, both Fragilis expression and
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pre-PGC migration appear to precede commitment to the PGC fate, suggesting a potential functionally-

important role for Fragilis-mediated cell-cell contacts in co-ordinating the collective migration of pre-

PGCs from the posterior epiblast to the ExM. Furthermore, it has been observed that trypsinised E6.75

ExM explants fail to specify PGCs entirely (Okamura et al., 2003), which is also in line with another

report showing the inhibitory e�ect of E6.5 cell dissociation on in vitro PGC derivation (Yoshimizu et al.,

2001). On the other hand, PGCs were not a�ected when E7.5 ExM explants were trypsinised, uncovering

a narrow temporal window from E6.75 to E7.5 during which cell-cell contact is required in PGCs, and

beyond which this requirement is relieved (Okamura et al., 2003).

As PGCs subsequently proceed to migrate and home through the endoderm of the developing

hindgut into the gonadal ridges, additional cell interactions become prevalent (Felici, 2005). This mi-

gratory stage is collectively regulated by inter-PGC adhesion, attraction to the developing gonads and

signalling by contact with substrates in the extracellular matrix (ECM), highlighting a stage where both

cell-cell and cell-ECM adhesions play a major role (Felici, 2005). Cells unpack and are linked together

through long, adhesive �lopodia (García-Castro et al., 1997). Cytoskeletal remodelling, polarisation and

chemotaxis all play a role in driving this directional migration of speci�ed PGCs, through the action

of TGF- � and stromal-cell derived factor-1 (SDF-1) (Felici, 2005). Interestingly, while canonical Wnt

signalling acting through � -catenin has an extensive role in PGC speci�cation, non-canonical Wnt sig-

nalling seems to be the predominant Wnt pathway that regulates PGC migration (Chawengsaksophak

et al., 2012; Laird et al., 2011). Speci�cally, the Wnt5a receptor gene,Ror2, has a demonstrated role

in suppressing canonical Wnt signalling beyond PGC speci�cation (Mikels et al., 2009), as well as in

polarity establishment within migrating PGCs to enhance their response to chemotactic signalling (Laird

et al., 2011). Beyond the established role of E-cadherin during PGC speci�cation, it has also been shown

to play a role during migration from the hindgut endoderm by mediating inter-PGC adhesions, as it is

re-expressed around E10.5 (Cooke & Moris, 2021).

Other regulators of PGC migration include the IgG superfamily, the oligosaccharide, stage-

speci�c embryonic antigen 1 (SSEA-1), which is highly expressed on PGCs (García-Castro et al., 1997),

growth factor receptors such as c-Kit, the stem cell factor (SCF) receptor, as well as integrins (Felici,

2005). Cell-cell adhesion of PGCs with surrounding somatic cells seems to serve a functional role in

directing migrating PGCs towards their gonadal target. c-Kit, in concert with its ligand, SCF, is both

important for PGC survival (Pesce et al., 1997) and plays a role in directing PGC migration (Felici,
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2005), as well as being a canonical marker of human PGCs (Robinson, 2001). This role of SCF in

regulating the migration and development of post-migratory PGCs could also underpin its ubiquitous

use in in vitro PGC di�erentiation medium (K. Hayashi et al., 2011; Ohinata et al., 2009), which has

been shown to induce a post-migratory, E9.5 PGC state (K. Hayashi et al., 2011). Perhaps the action

of SCF both mediates survival and simulates the somatic cell niche that is able to drive this level of

maturation in vitro . Furthermore, successful PGC migration relies heavily on the proper formation of the

underlying endodermal somatic tissue, with PGCs failing to develop in the absence of correctly-formed

hindgut (Anderson et al., 2000; Cooke et al., 2023; Hara et al., 2009). P- and N-cadherins have also been

implicated in mediating adhesions of PGCs with neighbouring somatic cells, while the haematopoietic

adhesive molecule, PECAM-1, mediates interactions with blood vessels necessary for migration (Felici,

2005).

PGCs also express various sub-chains of integrin proteins, namely� 3, � 5, � 6, � V, � 1 and � 3

integrins, with particularly high expression of � V and � 3 (Felici, 2005). They have also been shown to

adhere to the ECM glycoproteins, �bronectin, laminin and collagen IV (Anderson et al., 1999), all of which

are extracellular substrates enriched in the pre-gastrulatingin vivo basement membrane (Kyprianou et

al., 2020), as well as the discontinuous basal lamina forming the PGC migratory track (Felici, 2005;

García-Castro et al., 1997). To a lesser extent, hyaluronan, collagens I, III and V, and tenascin have also

been identi�ed in this track (Felici, 2005).

The ECM is thought to be necessary for providing both directionality and a substrate to support

the growth and survival of migrating cells (Felici, 2005). Along the PGC migratory track, it has been

shown that the cell adhesion repertoire of the PGCs themselves changes, causing changes in their a�nities

to di�erent components of the underlying ECM, as a function of their maturation and migratory stage

(García-Castro et al., 1997). At E8.5in vivo, only PECAM-1 is expressed, while by E10.5-11.5, 6 integrins

(� 3, � 5, � 6, � V, � 1, � 3), 2 cadherins (E- and P-cadherin), PECAM-1, SSEA-1, SCF and Ep-CAM are

all expressed. By E12.5 onwards, all further integrin sub-chains, with the exception of� 3 integrin, are

expressed, as well as N-cadherin (Felici, 2005). Of note, PGCs appear to exhibit continuous expression of

the �bronectin-binding dimers, � 5� 1 and � V� 3, throughout all stages of their migration (Felici, 2005),

and �bronectin is recognised as an important component in PGC migration (Ffrench-Constant et al.,

1991).
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Critically, expression of the integrin sub-chain, � 1, is absolutely required for e�cient PGC

migration, colonisation of the gonads and di�erentiation of mouse germ cells (Felici, 2005). Homozygous

Itgb1 knockouts are embryonic lethal at implantation, although functional germline cells can still be

generated from KO ESCsin vitro (Anderson et al., 1999). Laminin is one of the key ECM substrates

for � 1 integrin binding (Chastney et al., 2021), and is increasingly enriched along the migratory track

and at the region of the genital ridge where migrated PGCs align. This alignment, where PGCs adhere

most strongly to the heparin-binding GD2 peptide in the C-terminal of the laminin � 1 chain, may be

what drives the proper formation of the coelomic epithelium, covering the outer layer of the gonads, and

the primary sex cords, which undergo sex-speci�c di�erentiation from the genital ridge (García-Castro

et al., 1997; Satoh, 1991). Interestingly, other integrin sub-chains enriched in the migratory track, such

as � V, � 3 and � 6, do not seem to cause any major defects in PGC migration, perhaps due to functional

redundancy or compensatory upregulation of other sub-chains (Anderson et al., 1999). Collectively, this

clearly highlights an instrumental functional role for the ECM in regulating PGC migration.

Taken together, both cell-cell and cell-ECM interactions play critical roles in sequestering

germline-fated cells from their somatic neighbours during PGC development, as well as in driving the

migration and maturation of germline-fated cells, which are ultimately destined for the embryonic go-

nads. Throughout this process, cells are constantly responding to their surrounding environment, and it

is the changes in their environment that are instructive to how these cells develop. This shows a clear

interplay between the extracellular environment and cellular decision-making, having profound e�ects on

the robust development of the germline.
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6:In vitro PGC development

Sincein vivo PGCs represent a very rare cell type in the embryo, particularly at early stages of

their development, they are often not amenable to study by various assays and established experimental

techniques (Cooke & Moris, 2021). Coupled with the general intractability and, often, di�culty of using

embryos for studying development,in vitro models of PGC development have become a practically-viable

alternative. Since PGCs arisein vivo in the post-implantation epiblast, attempts have been made to

develop in vitro stem cell models of PGC development using cells that mimic post-implantation epiblast

(K. Hayashi & Surani, 2009). The �rst such attempts were made with `epiblast stem cells' (EpiSCs)

primed pluripotent stem cells derived from the post-implantation epiblast (Brons et al., 2007; Guo et

al., 2009; Tesar et al., 2007) (Figure 1.6). The transcription factors Oct4, Sox2 and Nanog collectively

comprise the same core transcriptional network required for pluripotency maintenance in both ESCs and

EpiSCs (Chambers & Tomlinson, 2009), although Nanog is expressed at lower levels in EpiSCs compared

to ESCs (Silva et al., 2009). However, there are a number of molecular and functional di�erences between

ESCs and EpiSCs. EpiSCs are routinely cultured in Activin and FGF-supplemented medium (Samanta

& Kalantry, 2020). Under this condition, they tend to grow heterogeneously in culture, unless a Wnt

inhibitor is present in the medium (Sugimoto et al., 2015). Molecularly, EpiSCs have active histone

marks at putative enhancer elements and promoters of somatic di�erentiation genes (Günesdogan &

Surani, 2016), and express a distinct class of active transposable elements that confer speci�city to their

pluripotent state (Hackett et al., 2017). EpiSCs do not express naive pluripotency genes such asKlf2 ,

Klf4 and Rex1 (Tesar et al., 2007), show no chimeric contribution when injected into mouse blastocysts

(K. Hayashi et al., 2011), are marked by pre-established XCI (K. Hayashi & Surani, 2009), preferentially

use glycolytic metabolism (Teslaa & Teitell, 2015), have distinct histone methylation signatures (Marks

et al., 2012), have a globally hypermethylated genome (Ficz et al., 2013; Habibi et al., 2013), and present

an epithelial phenotype with low clonogenic potential (Kumari, 2016).

EpiSCs have a demonstrated capacity to spontaneously generate Blimp1-Stella-double-positive

putative germline cells in EpiSC culture (West et al., 2009). These cells can both sustain pluripotency

and self-renewal, as well as readily revert to EpiSCsin vitro (K. Hayashi & Surani, 2009; West et al.,

2009). Key hallmarks of PGC development, such as DNA demethylation, increased global H3K27me3,

decreased H3K9me2, reactivation of the inactive X chromosome in female cells, and re-expression of
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key pluripotency genes (Günesdogan & Surani, 2016), are all observed in these cells. Isolated Stella-

positive cells can also dedi�erentiate into naive pluripotent EGCs under retinoic acid culture (Kimura

et al., 2014), through the downregulation of the germline factor gene,Prdm1 (Blimp1), and nuclear-

to-cytoplasmic translocation of the Blimp1-associated histone methyltransferase, Prmt5 (Ancelin et al.,

2006; K. Hayashi & Surani, 2009). Nonetheless, this process of spontaneous germline di�erentiation in

EpiSCs occurs with very low e�ciency and, indeed, EpiSCs show an enrichment of repressive 5mC and

H3K9me2/3 marks, as well as a lack of permissive H3K4me1 methylation marks at germline enhancers,

underscoring their lack of germline competence (Bleckwehl et al., 2021).

ESCs have di�erent growth factor requirements to EpiSCs, requiring LIF to inhibit di�eren-

tiation by acting through the JAK/STAT3 pathway, MEK inhibition, and activation of the Bmp and

Wnt signalling pathways (Ten Berge et al., 2011; Ying et al., 2008; K. Zhang et al., 2010). Most fa-

mously, the `2i + LIF' culture has been established as a gold standard for naive ESC culture (Ying et al.,

2008), exhibiting a highly uniform, naive pre-implantation E4.5 epiblast state (T. Boroviak et al., 2014).

ESCs express naive pluripotency markers (Tesar et al., 2007), are able to contribute to chimeras when

injected into mouse blastocysts (K. Hayashi et al., 2011), preferentially use oxidative phosphorylation

(Teslaa & Teitell, 2015), have a globally hypomethylated genome (Ficz et al., 2013; Habibi et al., 2013),

and form compact, dome-shaped colonies of apolar cells with high clonogenic potential (Kumari, 2016).

Even though ESCs collectively have lower global methylation levels than EpiSCs, female ESCs have even

lower global methylation levels than their male ESC counterparts, due to the presence of two active X

chromosomes (Shirane et al., 2016).

Much like EpiSCs, previous attempts relying on spontaneous germline di�erentiation of ESCs,

such as in 3-dimensional embryoid body (EB) aggregates, have seen very limited success (Geijsen et al.,

2004; Hübner et al., 2003; Toyooka et al., 2003). In line with this, self-renewing ESCs cultured with

LIF highly express the naive pluripotency gene,Klf4 , which has been shown to strongly downregulate

Blimp1 activation (Hackett et al., 2017). Indeed, homozygousKlf4 KO ESCs have the same high levels

of Blimp1-positive cells in the presence or absence of LIF, showing that Klf4 is the critical mediator of

PGC repression in the naive pluripotent state (Hackett et al., 2017). Interestingly, ESCs cultured in

the absence of LIF have been shown to acquire a more lineage-primed, germline-competent state that

di�erentiates into mesoderm under active Erk signalling, or instead into germline if Erk signalling is

subsequently inhibited (Kimura et al., 2014). Taken together, both EpiSCs and ESCs are regarded as
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refractory to germline di�erentiation in vitro (K. Hayashi et al., 2011; Magnúsdóttir et al., 2013). This is

entirely consistent with what is already known about in vivo germline competence, whereby only epiblast

cells in a state of formative pluripotency, not primed or naive, are competent for germline induction (A.

Smith, 2017).

In an alternative in vitro model of PGC development, ESCs are �rst di�erentiated into so-

called `epiblast-like cells' (EpiLCs), which resemble the E5.5-E6.5 pre-gastrulating, post-implantation

epiblast in a state of formative pluripotency (K. Hayashi et al., 2011; Shirane et al., 2016; A. Smith,

2017) (Figure 1.6). Critically, EpiLCs capture a pluripotent state that is competent to directly induce

germline cells under the appropriate signalling cuesin vitro (K. Hayashi et al., 2011), unlike EpiSCs

and ESCs. EpiLCs are induced from ESCs upon naive pluripotency exit. After 2-3 days of Activin and

FGF culture, they acquire a �attened, epithelial morphology akin to the E5.5 epiblast, although they

represent an unstable, transient cell state that undergoes extensive cell death (Günesdogan & Surani,

2016). Molecularly, Sox2 and Nanog, as well as other key ICM genes, are downregulated in EpiLCs, while

still retaining a high responsiveness to reactivation upon germline induction (Bleckwehl et al., 2021). The

histone mark, H3K4me1, associated with primed enhancers, has been shown to be instrumental during

this process, and is retained on germline gene-associated enhancers during the ESC to EpiLC transition

(Bleckwehl et al., 2021). In fact, it is thought that this histone mark underpins the speci�c germline

competence of EpiLCs, since it is absent in EpiSCs, and the capacity for germline di�erentiation is lost

in H3K4me1-de�cient EpiLCs (Bleckwehl et al., 2021). The persistence of H3K4me1 in the germline-

associated enhancers of EpiLCs may protect them from repressive 5mC DNA methylation, which is

abundant in the mouse genome, as well as H3K9me2/3, thereby creating permissive chromatin features

for germline di�erentiation within a signi�cant fraction of germline-associated enhancers (Bleckwehl et

al., 2021).
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Figure 1.6: Schematic showing di�erent in vitro pluripotent states and their in vivo counterparts.

Courtesy of Marta Shahbazi. Adapted from (Shahbazi, 2020).
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The temporary decommissioning of naive pluripotency genes during the ESC to EpiLC transition

is mediated by the post-implantation epiblast marker, Foxd3, which is crucial for transiently maintaining

the EpiLC state, and its target genes are not expressed in naive ESCs (Respuela et al., 2016). Indeed,

homozygousFoxd3 KO ESCs fail to di�erentiate to EpiLCs due to ectopic H3K27ac and H3K4me2

levels at naive pluripotency enhancers, leading to failed naive pluripotency exit (Respuela et al., 2016).

Oct4 also plays a critical role in regulating pluripotency and acquiring germline competence during the

ESC to EpiLC transition, and was shown to be enriched near naive pluripotency genes in ESCs and

post-implantation epiblast genes in EpiLCs. In addition, Oct4 binding appears to be modulated by cell

type-speci�c transcription factors, most notably Otx2 in EpiLCs (Buecker et al., 2014; S.-H. Yang et al.,

2014). Oct4 redistribution between ESCs and EpiLCs correlates with the acquisition of active histone

marks such as H3K27ac marks and its co-activator, p300, at relevant gene regulatory elements (Kurimoto

et al., 2015). During this time, DNA methylation is seen to sharply increase, naive pluripotency regulators

undergo de novomethylation and active H3K27ac marks are removed (Bleckwehl et al., 2021).

Upon successful naive pluripotency exit, the resulting EpiLCs are subsequently aggregated and

grown in low-adhesion suspension culture as EBs, robustly inducing PGC-like cells (PGCLCs) using

a de�ned cocktail of cytokines (K. Hayashi et al., 2011) (Figure 1.7). The selection of cytokines was

adapted from a report, which had identi�ed BMP8b and epidermal growth factor (EGF), along with

BMP4, LIF and SCF, as constituting the optimal culture condition for PGC yield when culturing embryo

fragments in vitro (Ohinata et al., 2009). Such in vitro culture-derived PGCs, or so-called `EpiPGCs',

formed functional sperm in vivo upon co-culture with gonadal somatic cells and subsequent seminiferous

tubule injection, showing a capacity for partial genomic imprinting erasure during culture, as well as full

erasure upon transplantation (Ohinata et al., 2009). It is interesting to note that only EpiLCs cultured

for 2 days prior to PGCLC induction were competent to induce Blimp1-positive cells under in vitro

PGCLC conditions (K. Hayashi et al., 2011). PGCLCs derived in this way are marked by co-expression

of the surface markers CD61 (� 3 integrin) and SSEA-1, which can be FACS-sorted to yield a pure,

teratogenic-free population of Blimp1-positive PGCLCs with spermatogenic capacity (K. Hayashi et al.,

2011). In addition to Blimp1, they also show high upregulation of PGC genes such asPrdm14, Tfap2c

and Stella, as well as downregulation of somatic mesodermal genes such asHoxa1, Hoxb1 and Snai1, and

transcriptionally resemble E9.5 PGCs by day 6 of PGCLC induction (K. Hayashi et al., 2011; Kurimoto

& Saitou, 2018), capturing a pre-gonadal state evidenced by the absence of active piRNA biogenesis
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(Ramakrishna et al., 2022).

Oct4 binding sites become re-established and enriched with H3K27ac marks in PGCLCs, while

Blimp1 antagonistically binds pluripotency transcription factor targets to limit excessive pluripotency

reacquisition during germline speci�cation (Günesdogan & Surani, 2016). Interestingly, the cytokines

used for PGCLC induction have been shown to downregulate the PGC transcriptional repressor gene,

Otx2, in EpiLC cultures, clearly demonstrating their permissive role in germline induction (J. Zhang et al.,

2018). Foxd3, implicated in inducing naive pluripotency exit and formative pluripotency maintenance

in EpiLCs, is also known to block EpiLCs from undergoing the EpiLC to PGCLC transition. Gene

set enrichment analysis showed that genes most signi�cantly di�erentially upregulated in E9.5 PGCs,

compared to E5.75 epiblast, as well as a considerable fraction of genes in PGCLCs, are direct repression

targets of Foxd3 in ESCs. In fact, there is a dramatic regain of active H3K27ac marks at these genes

in PGCLCs, and Foxd3 overexpression led to higher inactive H3K27me2 marks and a concurrent 4-

fold decrease in PGCLC speci�cation e�ciency. Reciprocally, a more than 2-fold increase in PGCLC

speci�cation e�ciency was observed in homozygousFoxd3 KO ESCs (Respuela et al., 2016). Global

DNA demethylation is also observed during the EpiLC to PGCLC transition and subsequent H3K27me3

deposition to repress developmental regulators, occurring in a manner that quite precisely recapitulates

in vivo demethylation dynamics (Shirane et al., 2016). Tet1 and Tet2 expression is not needed in the

�rst phase of global DNA demethylation, but serves loci-speci�c functions at later stages (Vincent et al.,

2013).

36



Figure 1.7: Schematic showing the EB PGCLC di�erentiation protocol, according to (K. Hayashi et al.,

2011). Courtesy of Marta Shahbazi.
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Using the PGCLC model, it has been shown that overexpression of the three canonical germline

transcription factors, Blimp1, Prdm14 and Ap2
 , is su�cient to induce PGCLCs, even in the absence of

cytokines (Irie et al., 2014; Nakaki et al., 2013), and these PGCLCs are transcriptionally very similar to

cytokine-induced PGCLCs (Nakaki et al., 2013). Noteworthy is the fact that these same transcription

factors did not induce PGCLCs when overexpressed in ESCs, further emphasising the importance of

the germline-competent EpiLC state in vitro (Nakaki et al., 2013). Blimp1-bound regions in PGCLCs

accumulate polycomb repressive complex (PRC)-catalysed H3K27me3, a repressive histone mark globally

enriched in PGCs (Mallol et al., 2019; Yamaji et al., 2008). Whether Blimp1 directly or indirectly

recruits PRC2 to trigger histone methylation is not yet clear, but these results do support a partial role

for Blimp1 in epigenetic reprogramming during germline development, a role that is otherwise taken up

almost exclusively by Prdm14. While it has been shown that H3K27me3 marks show dosage-dependency

on Prdm14 expression in both hetero- and homozygous knockouts (Mallol et al., 2019), the question

of whether Prdm14 acts speci�cally through PRC-mediated transcriptional repression at this histone

methylation site has been strongly contested, and has been proposed to act through a PRC-independent

mechanism (Nady et al., 2015; Tu et al., 2016).

Surprisingly, even Prdm14 overexpression, in isolation, has been su�cient to induce PGCLCs in

a cytokine-free manner (Nakaki et al., 2013). This could be explained by the fact that PGCLCs induced

in this manner were shown to do so while entirely bypassing thein vivo intermediate mesodermal state,

thereby obviating the need for somatic repression by Blimp1 as occursin vivo (Mallol et al., 2019; Nakaki

et al., 2013). HomozygousPrdm14 KO in ESCs shows loss of pluripotency and increased sensitisation to

di�erentiation stimuli, as well as signi�cant reduction in PGCLC speci�cation (Shirane et al., 2016), which

is also phenocopied by homozygous KO of the Prdm14 co-repressor,Cbfa2t2 (Nady et al., 2015). Uhrf1,

involved in maintenance methylation by recruiting Dnmt1, is repressed by Prdm14, andPrdm14 KO

PGCLCs do not undergo successful demethylation due to failed repression ofde novomethyltransferases

(Kimura et al., 2014; Shirane et al., 2016). Tfcp2l1, an essential pluripotency marker with conserved roles

in both mouse and human PGCLC induction, as well as inin vivo PGC development, has been shown

to act through the direct induction of Prdm14 (M. Zhang et al., 2021). In addition, Prdm14 is a direct,

Nanog-responsive gene in both ESCs and EpiLCs, highlighting the importance of Nanog as a regulator

of Prdm14 expression (M. Zhang et al., 2018).

Accordingly, Nanog overexpression has also been shown su�cient to induce PGCLCs in EpiLCs,
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independently of both Bmp4 and Wnt, although its activity is potentiated by the presence of Bmp4

(Murakami et al., 2016). In the absence of Blimp1, however, Nanog overexpression instead induces somatic

cell fate speci�cation, showing that Nanog-mediated PGCLC induction acts through Blimp1 (Murakami

et al., 2016), while PGCLCs proliferate less and undergo more caspase-3-positive apoptosis in the absence

of Nanog (M. Zhang et al., 2018). Indeed, Nanog has a demonstrated capacity to bind and activate

Prdm1 and Prdm14 enhancersin vitro , and Nanog-induced PGCLCs show all the expected hallmarks of

epigenetic reprogramming, as well as a potential to dedi�erentiate into pluripotent, EGC-like cells with

chimeric potential (Murakami et al., 2016). While Sox2 has been shown to antagonise Nanog-induced

PGCLC speci�cation, it subsequently plays a supportive role in PGCLC proliferation (Murakami et al.,

2016). Importantly, Nanog-induced PGCLC induction will not occur without prerequisite downregulation

of the PGC transcriptional repressor gene,Otx2 (Vojtek et al., 2022). Along similar lines, homozygous

Otx2 KO ESCs have shown 5-10-fold higher levels ofin vitro PGCLC induction, and the ectopic induction

of Otx2, speci�cally within the �rst two days of PGCLC di�erentiation, blocked PGCLCs (J. Zhang et al.,

2018).

Taken together, this in vitro model of PGC development seems to recapitulate key features of

germline transcriptional repression dynamics seenin vivo. Within the same model, Otx2 was shown to

negatively regulate expression of PGC transcription factors, most notably Nanog, and the loss of Otx2

expanded germline competence, allowed PGCLC speci�cation in the absence of Blimp1 expression, and

made cells permissive to cytokine-free PGCLC induction (J. Zhang et al., 2018). Otx2 expression has

been shown to repress Nanog during the ESC to EpiLC transition, through cis-acting binding sites that

also repress Oct4, while Nanog expression has been shown to repress Otx2 during the EpiLC to PGCLC

transition by depositing repressive H3K27me3 marks at theOtx2 promoter, as well as activating PGC

e�ectors (Vojtek et al., 2022). On the other hand, expanded germline competence in the absence of Otx2

is thought to be related to higher retention of the bivalent and active marks, H3K4me1, H3K4me2 and

H3K27ac, on PGCLC enhancers (Bleckwehl et al., 2021).

Surprisingly, overexpression of the downstream Nanog target, Esrrb, does not induce PGCLCs

in the absence of cytokines. However, in the presence of cytokines (M. Zhang et al., 2018), or in a

heterozygousOtx2 KO background, Esrrb overexpression does induce PGCLCs, although with some

delay, pointing to a critical role of cytokines in creating a permissive environment for Esrrb to act

independently of Nanog (Vojtek et al., 2022). Furthermore, the di�erential capacity of Nanog and Esrrb
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to drive PGCLC induction can be attributed to a di�erential ability to repress Otx2, with Nanog having a

higher capacity to do so. Unlike Nanog, Esrrb overexpression both failed to increasePrdm1 and Prdm14

mRNA levels after 4 days, as well as failing to repress Otx2 in the �rst 6-12 hours of PGCLC induction.

Accordingly, Esrrb cannot downregulate Otx2 on its own and requires inductive cytokines to facilitate

this process (M. Zhang et al., 2018). It is only through the timely, rapid downregulation of Otx2, within

an early window of competence, that the PGC-speci�c gene regulatory network can be activated, with

the Esrrb interactome appearing to function more prominently in transcriptional initiation of PGC target

genes, rather than the transcriptional repression of Otx2 (Vojtek et al., 2022). Collectively, unlike Esrrb

overexpression, both Nanog overexpression andOtx2 KO have emerged as two additionalin vitro models

for cytokine-free PGCLC induction (Murakami et al., 2016; Vojtek et al., 2022; J. Zhang et al., 2018)).

PGCLCs also present with some similar features of active signalling pathways as theirin vivo

counterparts, as both Id1 and Brachyury, canonical targets of Bmp and Wnt signalling, respectively, have

been shown to be active when EpiLCs are grown as EB aggregates in their characteristic, Bmp4-rich

culture medium (Aramaki et al., 2013). Brachyury has been shown to bind and regulate the expression

of pluripotency genes such asOct4, in both ESCs and EpiSCs, underscoring its capacity to selectively

drive pluripotency reacquisition during germ cell di�erentiation (Aramaki et al., 2021). Furthermore,

Brachyury overexpression is su�cient to induce PGCLCs in the absence of cytokines, but loses this

ability in the event of early exposure to exogenous Wnt3, unless Bmp is also present (Aramaki et al.,

2013). This is thought to be due to Wnt3-mediated induction of pro-somatic Wnt target genes that may

repress the germline program, with Bmp acting as a critical repressor of these unwanted Wnt outputs

(Cantú & Laird, 2013).

A genome-wide CRISPR screen of homozygous gene knockouts, facilitated by thisin vitro PG-

CLC model, revealed the potent roles of Nr5a2 and Zfp296 in regulating Wnt signalling during PGCLC

induction, both of which also showed similar expression dynamics to Blimp1 and Prdm14 during the

transitions from ESCs to EpiLCs to PGCLCs (Hackett et al., 2018). CRISPR KO of Nr5a2 led to ec-

topic upregulation of somatic Wnt target genes, while Zfp296 KO showed a block in the expression of

Wnt-dependent germline genes such asPrdm1, Prdm14, Cbfa2t2a and Tfap2c. Interestingly, both knock-

outs led to severe disruption of PGCLC induction (Hackett et al., 2018), revealing how di�erent Wnt

signalling outputs, independently regulating either somatic or germline genes, need to be coordinated in

order to achieve the correct balance for germline-speci�c induction. In fact, Nr5a2 overexpression was
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also shown to be su�cient for cytokine-free PGCLC induction, although at very low e�ciency (Hackett

et al., 2018).

Interestingly, some aspects of cell signalling appear to diverge between thisin vitro model and

what is known in vivo. For example, contrary to in vivo �ndings, homozygous Smad1 KO EpiLCs

can still di�erentiate into PGCLCs (Senft et al., 2019), suggesting that Bmp signalling in vitro may

be transduced via an alternative mechanism to Smad1. Furthermore, homozygous KO EpiLCs of the

Bmp receptor gene,Bmpr1a, show a slightly higher and earlier peak of expression of PGC markers. In

this system, it appears as though it is the low Bmp-response-cells that may be predisposed to forming

PGCLCs. Id1 levels were shown to be inversely correlated with Ap2
 , and chimeric EBs of wild-type

(WT) and Bmpr1a KO EpiLCs revealed that Ap2
 -positive cells were predominantly enriched in regions

of Bmpr1a KO (Morgani & Hadjantonakis, 2021). This model may therefore point towards a non-cell-

autonomous role of Bmp signalling during PGCLC induction, perhaps revealing how Bmp may act to

non-cell-autonomously dampen neighbouring Wnt cellular responses that would otherwise drive unwanted

mesodermal di�erentiation (Aramaki et al., 2013). Similarly, homozygous Eomes KO EpiLCs can still

di�erentiate into PGCLCs in vitro , in spite of the critical role of Nodal signalling demonstrated in

vivo (Senft et al., 2019). Collectively, these results highlight both the immense utility, as well as some

limitations, of using in vitro models to probein vivo germline development.

To enhance the use of PGCLCs in both research and clinical applications, protocols have been

developed that allow them to be expanded in culture without any signi�cant transcriptional or epigenetic

changes, using the cyclic AMP activators, forskolin and rolipram, and feeder cells expressing membrane-

bound SCF (Ohta et al., 2017). In fact, within this culture system, DNA demethylation is ongoing and,

by in vitro day 7, PGCLCs even better capture the demethylated genome of E13.5 germ cells (Kurimoto

& Saitou, 2018). Further to this, in vitro PGCLC technology has also facilitated signi�cant advances in

reconstituting both male and female in vitro gametogenesis (IVG). As demonstrated,in vitro PGCLCs

recapitulate many of the epigenetic hallmarks ofin vivo PGC speci�cation, which are needed in order for

them to ultimately acquire an epigenetic `blank slate' prior to gametogenesis (Ohta et al., 2017). Once

a blank slate is achieved, PGCLCs have to undergo further epigenome regulation for male-female sex

speci�cation to occur (Kurimoto & Saitou, 2018). PGCLCs initiate key epigenetic reprogramming events

including imprint erasure of maternally- and paternally-imprinted genes. They also show features of G2

cell cycle arrest and slow proliferation reminiscent of migratory PGCs, as well as high spermatogenic
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capacity upon seminiferous tubule injection in male mice (K. Hayashi et al., 2011).

In the case of male gametogenesis, a two-week co-culture of PGCLCs with neonatal testicular

somatic cells allows induction of functional, spermatid-like cells. Considering that PGCLCs are equivalent

to approximately E9.5 prenatal PGCs, and that spermatogenesis typically occursin vivo around postnatal

day 10, this suggests thatin vitro co-culture systems appear to slightly accelerate germ cell development,

when taking into account a normal gestation period of around 21 days. Critically, this acceleratedin vitro

development likely points to incomplete epigenetic reprogramming (K. Hayashi et al., 2011), even though

extensive epigenetic reprogramming events have been observed. Indeed, co-culture with E12.5 testicular

somatic cells for as much as 54 days, while successfully leading to Plzf-positive seminiferous tubule-

like structures, showed aberrant repression of meiosis and transposon-silencing genes due to incomplete

epigenetic reprogramming, as well as aberrant maternal imprinting and unwanted hypermethylation in a

subset of promoters (Kurimoto & Saitou, 2018). Collectively, these point to several critical limitations

of in vitro -derived PGCLCs, as well as pointing to a need for further improvements in currentin vitro

culture approaches, to generate cells more faithful to theirin vivo counterparts.

Nevertheless, a functional female germ cell fate has also been induced from PGCLCsin vitro ,

reaching the equivalent of E13.5 meiotic prophase by retinoic acid and Bmp culture (Miyauchi et al.,

2017), as well as by co-culture with E12.5 embryonic ovarian somatic cells known as granulosa cells

(Morohaku et al., 2016; Yamashiro et al., 2020). To eliminate the need for supportive embryonic tissues

in these co-cultures, a recent protocol has been established for deriving mouse granulosa cellsin vitro by

directed di�erentiation of ESCs (Yoshino et al., 2021). In addition, mouse oocytes have been successfully

induced directly from ESCs by transcription factor overexpression, without the need for PGCLC-gonadal

somatic cell co-culture at all, although these oocytes were not meiotic (Hamazaki et al., 2021). Most

recently, this system has remarkably been used to successfully generate functional mouse oocytes from

male-derived induced pluripotent stem cells (iPSCs) (Murakami et al., 2023).

In addition to mouse PGCLCs, successful attempts have been made to induce PGCLCs from

other species such as rats (Oikawa et al., 2022). Pig (H. Wang et al., 2016) and rabbit (T. Kobayashi

et al., 2021) PGCLCs have been successfully derived from pluripotent stem cells, while bovine PGCLCs

have also been induced, although with more limited success (Malaver-Ortega et al., 2016). Advances in

understanding primate germline development have occurred through successful derivation of Cynomolgus
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monkey (Sakai et al., 2020) and marmoset PGCLCs, the latter achieved through an entirely mRNA-based

transfection approach (Kubiura-Ichimaru et al., 2023).

Conventional human ESCs (hESCs) derived from the ICM of the human blastocyst surprisingly

do not capture a naive pluripotent state in vitro as do mESCs, but instead capture a primed pluripotent

state, similar to mouse EpiSCs (Tesar et al., 2007; Thomson et al., 1998). Although they are molecularly

distinct from mouse EpiSCs in some aspects of their active transcriptional networks (Chia et al., 2010),

hESCs generally share most morphological, molecular and epigenetic features with mouse EpiSCs (Y.

Chen & Lai, 2015). hESCs do not rely on LIF to sustain pluripotency and self-renewal in culture

(Dahéron et al., 2004; Humphrey et al., 2004; Thomson et al., 1998), unlike mESCs, and exogenous

BMP and WNT have actually been shown to stimulate hESC di�erentiation (Sumi et al., 2008; Xu

et al., 2002). Instead, hESCs require FGF and activated NODAL signalling through Activin, similar

to the growth factor requirements of mouse EpiSCs (Greber et al., 2010). Interestingly, non-rodent

ESCs have generally been shown to have a higher capacity for spontaneous di�erentiation to human

PGCLCs (hPGCLCs), likely owing to their primed pluripotent character, which, appears to more readily

access the germline-competent state (Irie et al., 2014; Park et al., 2013). Nonetheless, there have been

successful attempts at either deriving (Lengner et al., 2010) or reconstituting hESCs with features of

naive pluripotency by naive `resetting' (Bredenkamp et al., 2019; Gafni et al., 2013; Hanna et al., 2010).

hESCs cultured under de�ned conditions can capture stable, germline-competent statesin vitro ,

robustly generating hPGCLCs upon BMP induction that transcriptionally resemble PGCs from week 7

human embryos (Günesdogan & Surani, 2016; Irie et al., 2015; Sasaki et al., 2015). hPGCLC induction

can be achieved using the same growth factors as mouse PGCLC induction, namely BMP, but di�ers

from the mouse in the speci�c types of germline-competent states that are induced beforehand. Similar

to the mouse model, hESCs in a state of formative pluripotency can respond directly to the appropriate

PGC di�erentiation cues (Kinoshita et al., 2021; Yu et al., 2021). In one protocol that is distinct

to the human model, germline-competent, `naive-reset' hESCs, also known as `4i hESCs', are derived

from hESCs and subsequently pre-induced using FGF and TGF-� , prior to hPGCLC induction (Irie

et al., 2015; T. Kobayashi et al., 2017). In fact, this germline-competent state has been shown to be

bidirectionally accessible, both during resetting from primed to naive pluripotency, as well as during

so-called `capacitation' from naive to primed pluripotency under WNT inhibition (Alves-Lopes et al.,

2023; Rostovskaya et al., 2019). Using this system, hPGCLCs can be successfully induced in the absence
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of cytokines, by ectopic overexpression of only two of the three essential human germline transcription

factors, SOX17 and BLIMP1 (T. Kobayashi et al., 2017). Remarkably, a separate germline-competent,

so-called `mesendodermal precursor' (pre-ME) cell state (Loh et al., 2014), induced from hESCs, only

requires ectopic SOX17 overexpression to induce hPGCLCs in the absence of cytokines (T. Kobayashi

et al., 2017).

In another protocol, hPGCLCs can be induced from primed hESCs through an incipient

mesoderm-like cell (iMeLC) state (Sasaki et al., 2015). Interestingly, overexpression of all three essential

human germline factors, SOX17, AP2
 and BLIMP1 (Irie et al., 2015), is not su�cient to induce iMeLC-

derived hPGCLCs in a cytokine-free manner, whereas overexpression of GATA2/3 instead of BLIMP1

has been shown to be su�cient in this system (Kojima et al., 2021). Taken together, the hPGCLC system

re�ects a much broader spectrum of germline-competent pluripotent statesin vitro , each with distinct

molecular and signalling requirements, compared to the mouse.

As in the mouse, similar e�orts have been made to allow the expansion of hPGCLCs in 2D

culture (M. Kobayashi et al., 2022; Murase et al., 2020). Excitingly, human IVG has also seen recent

advances through attempts to derive functional female hPGCLCs in EBsin vitro that, although failing to

undergo meiosis, showed many key features of mature germ cells (Abdyyev et al., 2020). More recently,

it has been shown that the subsequent culture of hPGCLCs culture under Activin and retinoic acid

can induce a more germline-committed, migratory hPGCLC state, showing global epigenetic resetting

mediated by the sex speci�cation transcription factor, DMRT1 (Huang et al., 2017; Irie et al., 2023).

In addition, a protocol has been developed for transcription factor-mediated di�erentiation of human

iPSCs into human granulosa-like cells that are capable of supporting hPGCLCs during ovarian follicle

maturation (Pierson Smela et al., 2023). Collectively, the PGCLC system has facilitated major advances

in germline biology, 2D PGCLC expansion, and IVG across multiple species (Kurimoto & Saitou, 2018).

In conclusion, in vitro stem cell models of PGC development have been established that reca-

pitulate key transcriptional, epigenetic and cell signalling features ofin vivo PGCs. However, they also

di�er in some key aspects to their in vivo counterparts, in particular pertaining to downstream epige-

netic reprogramming, which would currently restrict their use in a human clinical setting. Nonetheless,

in vitro -derived PGCs have demonstrable functionality and gametogenic capacity and may, potentially,

have profound therapeutic implications for treating infertility in the future. Critically, they continue to
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serve as useful research tools for understanding biological mechanisms of germline development that are

otherwise intractable using in vivo models.
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7: Aims of this work

Based on the current state of the literature, much has already been characterised with regards

to the genetic and epigenetic bases of germline speci�cation (Aramaki et al., 2013; K. Hayashi et al.,

2011; Ohinata et al., 2009; Ohinata et al., 2005; J. Zhang et al., 2018). Other cell-extrinsic mechanisms,

predominantly acting through cell signalling pathways, have also been extensively studied, where di�usible

chemical signals facilitate both intra- and inter-cellular communication among germline-fated cells and

their surrounding tissues (Morgani & Hadjantonakis, 2021; Senft et al., 2019).

On the other hand, cell-cell and cell-ECM interactions, instead relying on direct physical contact

with the extracellular environment, have been shown to enable cellular communication for the coordina-

tion of developmental decisions in the germline (Anderson et al., 1999; Felici, 2005; Okamura et al., 2003).

However, studies on these mechanisms have predominantly been restricted to later stages of germline de-

velopment, namely within the context of PGC migration and maturation, highlighting an unaddressed

gap in the current literature. As of yet, not much is currently known about the role of the direct extracel-

lular environment in controlling early developmental decisions in the germline, particularly with regards

to how it might instruct the segregation of germline and somatic lineages.

Given the demonstrated interplay between morphogenesis and cell fate decisions, it is conceivable

that a morphogenetic fate switch may exist in the embryo to control the initiation of the germline-

soma bifurcation at a speci�c time and place during mouse embryonic development. Coupled with the

well-characterised, regulatory role of the basement membrane during later stages of PGC development

(García-Castro et al., 1997), as well as the coincident changes in cell-ECM interactions occurring during

speci�cation of the germline lineage (Kyprianou et al., 2020), we hypothesised that changes in cellular

interactions of the proximal, posterior epiblast with the underlying basement membrane, at the onset of

germline speci�cation, could be orchestrating the lineage bifurcation between the germline and the soma.

As such, this project aims to:

1. Characterise the interaction between germ cells and the basement membranein vivo.

2. Understand the role of ECM in regulating germline entry.

3. Uncover the mechanistic link between ECM signalling and germline speci�cation.
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Chapter 2

Materials and Methods

1: Mouse work

All experiments involving mouse embryos were carried out in a UK Home O�ce-designated

facility following national and international guidelines, regulated by the Animals (Scienti�c Procedures)

Act 1986 following ethical review by either the LMB Animal Welfare and Ethical Review Body (AWERB)

or the University of Cambridge AWERB. Experiments were approved by the Home O�ce and carried

out under the project license of Marta Shahbazi (PPL number PP4259105).

For timed matings, the Blimp1::mGFP (Ohinata et al., 2005) line was used. Embryos were

recovered at E5.5-E6.5 by manual dissection from the decidua, followed by careful removal of the Reichert's

membrane. The morning of the day the copulation plug was found was counted as E0.5.

For ESC-embryo chimera generation (Figure 2.1), WT Tyr mice were used. 5-6-week old females

were superovulated by injecting 5 IU of pregnant mare serum gonadotropin (PMSG, hor-272-b, Prospec).

48 hours later, females were injected with 5 IU of human chorionic gonadotropin (hCG, C1063-10VL,

Sigma) and mated with stud males. Embryos were recovered at the early blastocyst stage (E3.5) by

�ushing the uterine horns with M2 medium. 4-8 ESCs were injected into the blastocoel cavity following

standard procedures for chimera generation (Larson, 2020), using an inverted Leitz Labovert FS micro-

scope with Leitz mechanical manipulators, two CellTram 4r Air pneumatic micro-injectors and a cool

injection chamber. Capillaries for injection were made in-house. After injection, chimeric blastocysts were

transferred into recipient pseudo-pregnant E2.5 CD1 females, which were rendered pseudo-pregnant by

mating with vasectomised males. Embryo transfers were performed using a non-surgical embryo transfer
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(NSET) device (NSETTM) following standard procedures (Stone, 2020). Brie�y, 8-20 chimeric blasto-

cysts were washed through 8 drops of M2 and loaded into the NSET device. A speculum was placed into

the vagina, and the tip of the NSET was inserted into the speculum and through the cervix to release the

embryos. Once embryos were transferred, embryonic age was determined based on the copulation date

of the recipient female. Embryos were recovered at E6.5 or E7.5 by manual dissection from the decidua.
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Figure 2.1: Schematic showing ESC-embryo chimera generation by blastocyst injection. Courtesy of

Nanami Satoh and Marta Shahbazi.
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2: Embryo culture

Blimp1::mGFP embryos (Ohinata et al., 2005) were used for all embryo cultures. Dissection

medium and ex utero embryo culture medium were pre-equilibrated at 37°C (21% O2 and 5% CO2),

at least one hour prior to embryo recovery. Dissection medium comprised DMEM (11054020, Thermo

Fisher Scienti�c) and 10% EmbryoMax® fetal bovine serum (FBS) (ES-009-B, Merck Millipore).

For Matrigel treatment, E6-E6.5 embryos were recovered and the visceral endoderm was re-

moved, as previously described (Ohinata et al., 2009). Brie�y, embryos were incubated with 0.5% trypsin

(15400054, Thermo Fisher Scienti�c) and 2.5% pancreatin (P3292, Sigma) dissolved in Eagle's balanced

salt solution (EBSS, 14155063, Thermo Fisher Scienti�c) for 7 minutes on ice. Embryos were then care-

fully pipetted with a narrow glass pipette matching the thickness of the epiblast to remove the VE. The

remainder of the embryo (ExE and epiblast) was cultured in vitro for 48 hours, with or without 5%

growth factor-reduced Matrigel® (354230, Corning) dissolved in PGC induction medium.

For collagenase IV treatment, ex utero embryo culture medium comprised 1 � g/ml human

bone morphogenetic protein 2 (hBMP2) (Marko Hyvonen lab, University of Cambridge), 50 ng/ml

mouse leukaemia inhibitory factor (mLIF) (Cambridge Stem Cell Institute), 100 ng/ml mouse stem

cell factor (mSCF) (78064, STEMCELL Technologies), and 50 ng/ml mouse epidermal growth factor

(mEGF) (PMG8043, Gibco) in GK15 base medium. GK15 base medium comprised GMEM (11710035,

Thermo Fisher Scienti�c), 15% KnockOut serum replacement (KSR, 10828028, Thermo Fisher Scien-

ti�c) penicillin-streptomycin (15140122, Gibco), GlutaMAX (35050061, Thermo Fisher Scienti�c), MEM

non-essential amino acids (11140035, Thermo Fisher Scienti�c), sodium pyruvate (11360070, Thermo

Fisher Scienti�c) and 100 � M � -mercaptoethanol (31350010, Thermo Fisher Scienti�c). E6.5 embryos

were recovered and culturedin vitro for 24 hours, with or without 1.5 mg/ml collagenase IV (17104019,

Gibco).

PGC medium comprised 500 ng/ml hBMP2 (Marko Hyvonen lab, University of Cambridge),

50 ng/ml mLIF (Cambridge Stem Cell Institute), 100 ng/ml mSCF (78064, STEMCELL Technolo-

gies), and 50 ng/ml mEGF (PMG8043, Gibco) in GK15 base medium. GK15 base medium comprised

GMEM (11710035, Thermo Fisher Scienti�c), 15% KSR (10828028, Thermo Fisher Scienti�c), penicillin-

streptomycin (15140122, Gibco), GlutaMAX (35050061, Thermo Fisher Scienti�c), MEM non-essential
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amino acids (11140035, Thermo Fisher Scienti�c), sodium pyruvate (11360070, Thermo Fisher Scienti�c)

and 100� M � -mercaptoethanol (31350010, Thermo Fisher Scienti�c).

For MMP inhibitor (MMPi) treatment, an established ex utero embryo culture medium was

used (Aguilera-Castrejon et al., 2021). It comprised 25% DMEM (11054020, Thermo Fisher Scienti�c),

50% rat serum (provided by Charles River Laboratories), 25% human cord blood serum (provided by

the Cambridge Blood and Stem Cell Biobank), penicillin-streptomycin (15140122, Gibco), GlutaMAX

(35050061, Thermo Fisher Scienti�c) and HEPES bu�er solution (15630056, Gibco). E5.5 embryos were

recovered and culturedin vitro for 24 hours with or without two MMP inhibitors; 20 � M prinomastat

hydrochloride (PZ0198, Sigma-Aldrich) and 100� M NSC 405020 (4902, Tocris Bioscience), as previously

described (Kyprianou et al., 2020). All embryos were cultured at 37°C (21% O2 and 5% CO2).

3: Mouse ESC culture

Mouse ESCs (mESCs) were cultured in Fc base medium supplemented with `2i + LIF' (Fc2iL) on

gelatin-coated plates. `2i + LIF' comprised 1 � M MEK inhibitor (PD0325901, Cambridge Stem Cell In-

stitute), 3 � M glycogen synthase kinase 3 (GSK3) inhibitor (CHIR99021, Cambridge Stem Cell Institute),

and 10 ng/ml mLIF (Cambridge Stem Cell Institute). Fc base medium comprised DMEM (41966, Thermo

Fisher Scienti�c), 15% FBS (10270-106, Gibco), penicillin-streptomycin (15140122, Gibco), GlutaMAX

(35050061, Thermo Fisher Scienti�c), MEM non-essential amino acids (11140035, Thermo Fisher Scien-

ti�c), sodium pyruvate (11360070, Thermo Fisher Scienti�c) and 100 � M � -mercaptoethanol (31350010,

Thermo Fisher Scienti�c). mESCs were routinely passaged with Trypsin-EDTA (produced in-house) at

a ratio of 1 to 10. Fc base medium was used to neutralise the trypsin and cells were centrifuged at 300g

for 4 minutes. The following mESC lines were used: Blimp1::mGFP (Ohinata et al., 2005) (generated

in-house), Prdm14::mVenus (Yamaji et al., 2008) (courtesy of Alexander Meissner, Max Planck Insti-

tute for Molecular Genetics Germany), Itgb1 �/� and Itgb1 � / � (Molè et al., 2021; Potocnik et al.,

2000) (Figure 2.2) (courtesy of Magdalena ›ernicka-Goetz, University of Cambridge, UK), IBRE4::CFP

(Serup et al., 2012) (courtesy of Kenneth Zaret, University of Pennsylvania, US), TCF/Lef::H2B-GFP

(Ferrer-Vaquer et al., 2010) (generated in-house), WT E14 (courtesy of Jenny Nichols, MRC Human

Genetics Unit, UK), Otx2 KO (Buecker et al., 2014) (courtesy of Christa Buecker, Max Perutz Laborato-

ries, Austria), doxycycline (Dox)-inducible E-cadherin-GFP (generated in-house), AN3-12 (haploid WT),
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Ptk2;I+ null (haploid Ptk2 KO) and Src;I+ null (haploid Src KO) (Haplobank, Institute of Molecular

Biotechnology - IMBA), and Itgb1 �/� H2B-GFP and Itgb1 � / � H2B-GFP (generated in-house). The

MycoAlertTM Mycoplasma Detection kit (LT07-118, Lonza) was used to routinely test all mouse cell

lines for mycoplasma. All mESCs were cultured at 37°C (21% O2 and 5% CO2).
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Figure 2.2: Schematic showingloxP sites �anking exons 2 and 7 of theItgb1 gene in ESCs (Molè et al.,

2021), covering the full coding and 3' non-coding sequence. These ESCs, herein referred to as `Itgb1 �/�',

were derived from homozygous embryos carrying �oxedItgb1 alleles (Potocnik et al., 2000). Addition of

recombinant Cre generatesItgb1 knockout (KO) ESCs, by mediating deletion of the �oxed Itgb1 alleles,

herein referred to as Ìtgb1 � / � ' ESCs.
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4: Human ESC culture

Experiments with human ESCs (hESCs) were approved by the UK Stem Cell Bank Steering

Committee and comply with the regulations of the UK Code of Practice for the use of human stem cell

lines. hESCs were cultured in mTeSR Plus medium (100-0276, STEMCELL Technologies) on Matrigel-

coated plates. Plates were coated by dissolving 16� l of growth factor-reduced Matrigel® (354230,

Corning) in 1 ml cold DMEM/F-12 (21331020, Thermo Fisher Scienti�c) and incubating at 37 °C for at

least 30 minutes. hESCs were routinely passaged with EDTA at a ratio of 1 to 5. The following hESC

lines were used: H9 (courtesy of Madeline Lancaster, with approval from WiCell) and SHEF-6 (UK Stem

Cell Bank). The MycoAlertTM Mycoplasma Detection kit (LT07-118, Lonza) was used to routinely test

all human cell lines for mycoplasma. All hESCs were cultured at 37°C (21% O2 and 5% CO2), unless

otherwise stated.

5: EpiLC and iMeLC induction

The �rst step of PGCLC induction involved conversion of mESCs into EpiLCs (K. Hayashi et al.,

2011), or hESCs into iMeLCs (Sasaki et al., 2015). mESCs were dissociated with Trypsin-EDTA (pro-

duced in-house) and neutralised with Fc medium, while hESCs were dissociated with TrypLE (12604021,

Gibco) and neutralised with DMEM/F-12 (21331020, Thermo Fisher Scienti�c). Cells were centrifuged

at 300g for 4 minutes, washed with PBS, and centrifuged again. mESCs were resuspended in EpiLC

medium and hESCs in iMeLC medium. Cells were seeded on �bronectin-coated plates, at a density of

50-100,000 cells/well (12-well plate). Plates were coated by diluting �bronectin (1918-FN, R&D Systems)

in PBS at 20 � g/ml and incubating for at least one hour at 37 °C.

EpiLC medium comprised 20 ng/ml Activin-A, 12 ng/ml basic �broblast growth factor

(bFGF) (Marko Hyvonen lab, University of Cambridge) and 1% KSR (10828028, Thermo Fisher Sci-

enti�c) in EpiSC base. EpiSC base comprised DMEM/F-12 (21331020, Thermo Fisher Scienti�c),

0.01% BSA (A3311, Sigma-Aldrich), 1% v/v B27 (10889-038, Thermo Fisher Scienti�c), 0.5% v/v N2

(homemade), 100� M � -mercaptoethanol (31350010, Thermo Fisher Scienti�c), penicillin-streptomycin

(15140122, Gibco), MEM non-essential amino acids (11140035, Thermo Fisher Scienti�c) and Gluta-

MAX (35050061, Thermo Fisher Scienti�c). Homemade N2 supplement comprised DMEM-F/12 medium
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(21331-020, Thermo Fisher Scienti�c), 0.75% bovine albumin fraction V (15260037, Thermo Fisher Sci-

enti�c), 2.5 mg/ml insulin (I9287, Sigma-Aldrich), 10 mg/ml Apotransferrin (T1147, Sigma- Aldrich), 2

� g/ml progesterone (p8783, Sigma-Aldrich), 0.6� g/ml sodium selenite (S5261, Sigma-Aldrich) and 1.6

mg/ml putrescine dihydrochloride (P5780, Sigma-Aldrich).

iMeLC medium comprised 50 ng/ml Activin-A (Marko Hyvonen lab, University of Cambridge),

3 � M GSK3 inhibitor (CHIR99021, Cambridge Stem Cell Institute), 10 � M ROCK inhibitor (Y-27632,

72302, STEMCELL Technologies) in GK15 base medium. GK15 base medium comprised GMEM

(11710035, Thermo Fisher Scienti�c), 15% KSR (10828028, Thermo Fisher Scienti�c),

penicillin-streptomycin (15140122, Gibco), GlutaMAX (35050061, Thermo Fisher Scienti�c), MEM non-

essential amino acids (11140035, Thermo Fisher Scienti�c), sodium pyruvate (11360070, Thermo Fisher

Scienti�c) and 100 � M � -mercaptoethanol (31350010, Thermo Fisher Scienti�c).

All cells were cultured for 2 days in EpiLC (mouse) or iMeLC (human) medium at 37 °C (21%

O2 and 5% CO2).

6: Human ESC naive resetting

hESCs were alternatively reset to a naive pluripotent state prior to PGCLC induction, according

to an established protocol (Gafni et al., 2013). Brie�y, hESCs were dissociated and expanded on irradiated

mouse embryonic �broblasts (MEFs) for at least 3 passages. They were grown using `4i' medium, which

comprised 20 ng/ml human LIF (hLIF) (Marko Hyvonen lab, University of Cambridge) (Cambridge Stem

Cell Institute), 12 ng/ml bFGF (Marko Hyvonen lab, University of Cambridge), 1 ng/ml transforming

growth factor (TGF)- � 1 (Qk010-0050, Qkine), GSK3 inhibitor (CHIR99021, Cambridge Stem Cell Insti-

tute), MEK inhibitor (PD0325901, 72184, STEMCELL Technologies), p38 kinase inhibitor (SB203580,

SM32, Cell Guidance Systems), JNK inhibitor (SP600125, SM41, Cell Guidance Systems), and 10� M

Y-27632 (72302, STEMCELL Technologies) in Knockout DMEM (10829018, Thermo Fisher Scienti�c),

20% KSR (10828028, Thermo Fisher Scienti�c), penicillin-streptomycin (15140122, Gibco), GlutaMAX

(35050061, Thermo Fisher Scienti�c), MEM non-essential amino acids (11140035, Thermo Fisher Scien-

ti�c), and 100 � M � -mercaptoethanol (31350010, Thermo Fisher Scienti�c). All cells were cultured at

37 °C under hypoxic conditions (5% O2).
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Prior to human (hPGCLC) induction, naive-reset hESCs were seeded on plates pre-coated and

incubated with 0.5 � g/ml vitronectin (A14700, Thermo Fisher Scienti�c) in 0.1% gelatin at 37 °C for one

hour. Cells were pre-induced for 2 days in medium comprising 12 ng/ml bFGF (Marko Hyvonen lab,

University of Cambridge), 1 ng/ml TGF- � 1 (Qk010-0050, Qkine), 1% KSR (10828028, Thermo Fisher

Scienti�c), and 10 � M Y-27632 (72302, STEMCELL Technologies) in N2B27 base medium (Ying et al.,

2008).

7: PGCLC induction

The second step of PGCLC induction involved conversion of EpiLCs (mouse), iMeLCs (human)

or pre-induced naive-reset hESCs (human) into PGCLCs. Cells were dissociated with TrypLE (12604021,

Gibco) and neutralised with DMEM-F/12 (21331020, Thermo Fisher Scienti�c). Cells were centrifuged

at 300g for 4 minutes, washed with PBS, and centrifuged again.

For the `3D Matrigel' protocol, a single-well of a � -Slide 8-well glass bottom plate (80827, ibidi)

was �rst covered in 40 � l of ice-cold growth factor-reduced Matrigel (354230, Corning) and incubated at

37°C for 10 minutes to allow the Matrigel to solidify. Cells were then resuspended in GK15 base medium,

seeded on the Matrigel bed and left to attach. 10 minutes after seeding, the GK15 base medium was

removed and replaced with PGC medium containing 5% dissolved Matrigel.

For the `EB' protocol, cells were resuspended in PGC medium and plated in 96-well, round

bottom, ultra-low attachment microplates (7007, Corning), at 2,000 cells/well. Cells were initially seeded

in 50 � l PGC medium per well and the plates were lightly centrifuged at 120 g for 5 minutes, in order for

the cells to sediment. Cells were left to coalesce for 1-2 hours at 37°C, forming so-called `pre-aggregates'.

After this, an additional 50 � l PGC medium was added, with or without dissolved, growth factor-reduced

Matrigel ® (354230, Corning), bringing the total volume per well to 100 � l. In order to achieve a �nal

dissolved Matrigel dilution of 5%, 10% Matrigel was dissolved in 50� l cold PGC medium, which when

added to the initial 50 � l PGC medium brought the �nal dilution down to 5% and the �nal volume to 100

� l. Plates were then centrifuged again at 120 g for 5 minutes, forming so-called `aggregates' or `embryoid

bodies' (EBs).

Mouse PGC medium comprised 500 ng/ml hBMP2 (Marko Hyvonen lab, University of Cam-
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bridge), 50 ng/ml mLIF (Cambridge Stem Cell Institute), 100 ng/ml mSCF (78064, STEMCELL Tech-

nologies), and 50 ng/ml mEGF (PMG8043, Gibco) in GK15 base medium.

Human PGC medium comprised 500 ng/ml hBMP2 (Marko Hyvonen lab, University of Cam-

bridge), 1 � g/ml hLIF (Marko Hyvonen lab, University of Cambridge), 100 ng/ml mSCF (78064, STEM-

CELL Technologies), 50 ng/ml human EGF (Qk011, Qkine) and 10 � M Y-27632 (72302, STEMCELL

Technologies) in GK15 base medium.

GK15 base medium comprised GMEM (11710035, Thermo Fisher Scienti�c), 15% KSR

(10828028, Thermo Fisher Scienti�c), penicillin-streptomycin (15140122, Gibco), GlutaMAX (35050061,

Thermo Fisher Scienti�c), MEM non-essential amino acids (11140035, Thermo Fisher Scienti�c), sodium

pyruvate (11360070, Thermo Fisher Scienti�c) and 100� M � -mercaptoethanol (31350010, Thermo Fisher

Scienti�c). All cells were cultured for 4 days in PGC medium, at 37 °C (21% O2 and 5% CO2).

8: Molecular cloning

For doxycycline-inducible, Cre-eGFP-mediated Itgb1 KO, a Tet-On-Cre-eGFP construct, as

well as a Tet-On-eGFP negative control, were made by Gateway recombination. The Tet-On-eGFP

construct was made by sub-cloning the eGFP sequence from a pEGFP-Podxl vector (courtesy of Arnaud

Echard, Institut Pasteur) and amplifying it with �anking attB recombination sites using the appropriate

PCR primers listed in the Appendix (Table S1). For PCR ampli�cation, the Phusion ® High-Fidelity

DNA Polymerase kit (M0530, New England Biolabs) was used on 0.2� l of plasmid DNA, at 200-400

ng/ � l. The run method consisted of an initialisation step (98 °C, 3 minutes), followed by 40 cycles of a

denaturation step (98 °C, 10 seconds), an annealing step (67°C, 30 seconds), and an extension step (72

°C, 30 seconds), before running a �nal extension step (72°C, 5 minutes). After ampli�cation, the attB-

eGFP PCR product was analysed by running a 2% agarose gel electrophoresis, at 100V for 45 minutes,

on 10 ng DNA, con�rming the presence of the expected 781 bp band.

Then, a BP reaction was set up, following the manufacturer's instructions (11789100, Invitro-

gen), using attB-eGFP with a pDONR221 donor vector (courtesy of Jose Silva, Guangzhou Laboratory)

to generate a Gateway recombination entry clone vector, pDONR221-eGFP, which was then transformed,

puri�ed and validated by sequencing. Subsequently, an LR reaction was set up, following the manufac-
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turer's instructions (11791020, Invitrogen), using either a pre-generated pDONR201-Cre-eGFP entry

clone vector (courtesy of David Paul, MRC Laboratory of Molecular Biology), or the in-house-generated

pDONR221-eGFP entry clone vector, with a doxycycline-inducible, pTetO-Dest-Hygro destination vec-

tor (courtesy of Jose Silva, Guangzhou Laboratory), to generate an expression vector, which was then

transformed, puri�ed and validated by Sanger sequencing using the appropriate primers listed in the

Appendix (Table S1).

All vectors were transformed into competent DH5� E.coli (18265017, Invitrogen). Selection

for ampicillin (Amp) or kanamycin (Kan) resistance was done using lysogeny broth (LB) + Amp/Kan

plates, respectively. Individual clones were subsequently inoculated in 2.5 ml LB + Amp/Kan medium,

respectively, and cultured overnight (37°C @ 220 rpm). Then, a QIAprep Spin Miniprep kit (QIAGEN)

was used to purify plasmid DNA, following the manufacturer's instructions, and the constructs were

validated by Sanger sequencing using the appropriate primers listed in the Appendix (Table S1).

9: ESC transfection

All vectors were transfected using Lipofectamine—3000 Transfection Reagent (Thermo Fisher

Scienti�c), following the manufacturer's instructions. In order to use the PiggyBac transposon system

for chromosomal integration in ESCs, all inserts were cloned into PiggyBac-compatible vectors prior to

transfection.

For E-cadherin-GFP overexpression (Figure 2.3a), doxycycline (Dox)-inducible E-cadherin-GFP

ESCs were made by transfecting WT E14 ESCs with the pZeo-TetO-ECAD-GFP vector, as previously

described (Shahbazi et al., 2020), along with a PBase vector and an rtTA3 vector containing a puromycin

resistance cassette (courtesy of Jose Silva, Guangzhou Laboratory). Antibiotic selection was done using

100 � g/ml zeocin and 2 � g/ml puromycin.

For doxycycline-inducible, Cre-eGFP-mediated Itgb1 KO, Tet-On-Cre-eGFP- Itgb1-�/� ESCs

(Figure 2.3b), as well as a Tet-On-eGFP-Itgb1-�/� negative control, were made by transfecting Itgb1

�/� ESCs with either the Tet-On-Cre-eGFP expression vector, or the Tet-On-eGFP expression vector,

respectively, along with a PBase vector and an rtTA3 vector containing a puromycin resistance cas-

sette (courtesy of Jose Silva, Guangzhou Laboratory). Antibiotic selection was done using 200� g/ml
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hygromycin and 2 � g/ml puromycin.

For Itgb1 KO ESCs and ESC-embryo chimeras (Figure 2.1),Itgb1 �/� H2B-GFP and Itgb1

� / � H2B-GFP ESCs (Figure 2.3c) were made by transfecting a pHygro-H2Bj-GFP vector intoItgb1

�/� and Itgb1 � / � ESCs, respectively, along with a PBase vector (courtesy of Jose Silva, Guangzhou

Laboratory). Antibiotic selection was done using 200� g/ml hygromycin and 2 � g/ml puromycin.

All transfected cells were expanded for at least 2 days, prior to antibiotic selection for an

additional 7 days.
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Figure 2.3: (a) Schematic showing doxycycline (Dox)-inducible E-cadherin-GFP expression using a Tet-

On system, whereby random integration of a constitutively-expressed reverse tetracycline transactivator

(rtTA) cassette leads to expression of an E-cadherin-GFP fusion protein in the presence of doxycycline in

WT E14 ESCs. (b) Schematic showing Cre-eGFP-mediatedItgb1 KO using a Tet-On system, whereby

random integration of a constitutively-expressed rtTA cassette leads to expression of a Cre-eGFP fusion

protein in the presence of doxycycline, in ESCs described previously (Molè et al., 2021) (Figure 2.2).

Cre-eGFP then mediates deletion of theItgb1 gene, with loxP sites �anking exons 2 and 7 covering the

full coding and 3' non-coding sequence.(c) Schematic showingItgb1 �/� H2B-GFP and Itgb1 � / �

H2B-GFP ESCs, whereby random integration of an H2B-GFP cassette under a CAG promoter leads to

constitutive expression of H2B-GFP in ESCs described previously (Figure 2.2).
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10: Dilution cloning

In order to isolate individual clones of homogeneousItgb1 KO ESCs, 100, 200 and 400Itgb1

� / � ESCs were each plated in one well of a 6-well plate. After 2 days of culture in Fc2iL, the cells were

washed 2 times with PBS and then 1.5 ml of PBS were added to each well to dampen the surface, before

a cell scraper was used to detach individual colonies. Next, 8 single colonies were collected from the PBS

and each placed into an individual well of a 96-well plate with 50� l trypsin. The colonies were incubated

for 5 minutes at 37°C to dissociate them into single cells, before being inactivated with 200� l Fc2iL. The

cells from each well of the 96-well plate were each transferred to one well of a 24-well plate, coated with

gelatin and �lled with 500 � l Fc2iL. Clones were cultured and expanded according to normal procedure

for mESC culture. HomogeneousItgb1 KO was validated in each clone by immuno�uorescence.

11: EB treatments

The `Matrigel addition time-course' was carried out by adding growth factor-reduced Matrigel®

(354230, Corning) to di�erent samples on di�erent days of the 4-day time-course. Prior to adding Matrigel

to a given sample of EBs, 50� l of PGC medium were carefully aspirated from each well of the 96-well

plate. 10% Matrigel was dissolved in 50� l cold PGC medium and added to the remaining 50� l PGC

medium in each well. The EBs were then cultured at 37°C for the remainder of the 4-day culture.

The `Matrigel removal time-course' was carried out by adding growth factor-reduced Matrigel®

(354230, Corning) to all samples at day 0, and subsequently removing it on di�erent days of the 4-day

time-course. In order to remove Matrigel from a given sample of EBs, a partial ECM digestion was carried

out by washing the EBs with PBS, adding dispase in DMEM/F-12 (07923, STEMCELL Technologies)

and incubating for 3 minutes at 37 °C. The EBs were subsequently washed again with PBS, resuspended

in fresh PGC medium and plated in a 12-well suspension culture plate for the remainder of the 4-day

culture.

To activate Wnt signalling in Prdm14::mVenus EBs, recombinant Wnt3a (1324-WN, R&D Sys-

tems) was added to PGC medium at varying concentrations. Alternatively, a GSK3 inhibitor (CHIR99021,

Cambridge Stem Cell Institute) was added to PGC medium at 3� M. To induce E-cadherin-GFP overex-
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pression in doxycycline (Dox)-inducible E-cadherin-GFP EBs (Figure 2.3a), doxycycline hyclate (D9891,

Sigma) was added to PGC medium at 1 or 10� g/ml. To inhibit ILK signalling in Prdm14::mVenus EBs,

an ILK inhibitor (Cpd 22, 407331, Merck) was added to PGC medium at 100 nM. To inhibit Src and

focal adhesion kinase (Fak) signalling in Prdm14::mVenus EBs, a Src inhibitor (Dasatinib, 11498, Cay-

man Chemical) or Fak inhibitor (VS-4718, S7653, Selleckchem) were added to PGC medium at varying

concentrations. All treatments were carried out for the entire 4-day duration of PGCLC induction.

Various ECM components were added to pre-aggregated EBs, which were pre-seeded in 50

� l PGC medium per well, following the same protocol for PGCLC induction outlined above. These

components were added at 2-fold concentration in 50� l cold PGC medium, bringing the total volume

per well to 100� l and diluting them to their required �nal concentrations. The 2-fold concentrations used

in 50 � l cold PGC medium were 10% growth factor-reduced Geltrex—(A1413302, Gibco), 0.54 mg/ml

laminin-entactin (354259, Corning), 0.27 mg/ml collagen IV (354233, Corning), 0.018 mg/ml collagen I

(C3867, Sigma-Aldrich), and 0.018 mg/ml �bronectin (1918-FN, R&D System).

12: Cre recombination

For Cre-mediated Itgb1 KO (Figure 2.2), Itgb1-�/� ESCs were sparsely plated in a � -Slide 8-well

glass bottom plate (80827, ibidi), at a high passage (1:50-1:100), and cultured for 4 days. One day after

plating the cells, recombinant Cre was added at 3� g/ml in 900 � l Fc2iL medium and 400 � l PBS). Cells

were incubated with recombinant Cre for 6 hours, before subsequently being washed 3 times with PBS,

and then fresh Fc2iL medium was added and the cells were cultured and expanded according to normal

procedure for mESC culture. Cre-mediatedItgb1 KO was then validated by immuno�uorescence.

For doxycycline-inducible, Cre-eGFP-mediated Itgb1 KO (Figure 2.3b), Tet-On-Cre-eGFP-

Itgb1-�/� ESCs, as well as a Tet-On-eGFP- Itgb1-�/� negative control, were sparsely plated in a � -Slide

8-well glass bottom plate (80827, ibidi), at a high passage (1:50-1:100), and cultured in Fc2iL medium

for 4 days. Doxycycline hyclate (D9891, Sigma) was added at 2� g/ml for the duration of the culture.

Cre-eGFP-mediatedItgb1 KO was then validated by immuno�uorescence.
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13: Immuno�uorescence

Both embryos and cells were �xed using 4% paraformaldehyde (PFA) (15710, Electron Mi-

croscopy Sciences) diluted in PBS. Samples were �xed for 20-30 minutes at room temperature and then

washed three times with PBS-0.1% Tween. For permeabilisation, embryos were incubated in a permeabil-

isation bu�er (PBS, 0.5% Triton X-100 and 0.1 M glycine) for 30 minutes - 1 hour at room temperature.

Cells were incubated in a permeabilisation bu�er (PBS, 0.3% Triton X-100 and 0.1 M glycine) for 20

minutes at room temperature. For blocking, embryos were incubated in a blocking bu�er (PBS, 3% BSA

and 0.1% Tween) for at least 4 hours at room temperature or overnight at 4°C. Cells were incubated

in the blocking bu�er for only 30 minutes at room temperature. The samples were then incubated with

primary antibodies, diluted in the blocking bu�er, overnight at 4 °C. The following day, samples were

washed three times with PBS-0.1% Tween, and were then incubated with secondary antibodies, diluted

in the blocking bu�er, for 2 hours at room temperature or overnight at 4 °C. DAPI (D1306, Thermo

Fisher Scienti�c) was used as a nuclear DNA counterstain (1:1000).

All samples were cleared before imaging by incubating in 0.02 M phosphate bu�er for 5 minutes

at room temperature, before air-drying for 5-10 minutes. RIMS bu�er (B. Yang et al., 2014), comprising

2 g/ml Histodenz (D2158, Sigma) dissolved in 0.02 M phosphate bu�er (pH 7.4), was then directly added

and samples were incubated at 4°C for at least 1 hour prior to imaging. In cell lines with endogenous

�uorescent reporters, signal was enhanced by incubating cells with an anti-GFP antibody, capable of

both speci�cally and non-speci�cally binding the mGFP (Blimp1::mGFP) and mVenus (Prdm14::mVenus)

proteins, respectively.

Images were acquired on a TCS SP8 3X gated STED confocal inverted microscope (Leica Mi-

crosystems) with a `Leica 40x/1.1NA Water' objective. Image acquisition and laser power settings were

kept constant in each experiment, to allow comparisons across samples. All primary and secondary

antibodies used are listed in the Appendix (Table S2 and Table S3, respectively).

63



14: Flow cytometry

Flow cytometry analysis was performed on a CytoFlex LX (Beckman Coulter) �ow cytometer.

The EBs were dissociated into single cells by washing them with PBS, before adding TrypLE and in-

cubating them for 5 minutes at 37 °C. After incubation, agitation by pipetting allowed us to obtain a

single-cell suspension, which was centrifuged for 4 minutes at 300 g, washed with PBS and centrifuged

again. The pellet of single cells was resuspended in a FACS bu�er (PBS-2% FBS). Propidium iodide

(PI, 1304MP, Thermo Fisher Scienti�c) was added at 50� g/ml to the single-cell suspension as a viability

dye and used to gate live cells. Prdm14::mVenus or Blimp1::mGFP �uorescence intensity was measured

for all live cells and WT E14 ESCs were used as a negative control to gate �uorescent cells. PGCLC

speci�cation e�ciency was de�ned as the percentage of �uorescent cells in a given sample. All values

were normalised by the mean percentage of �uorescent cells in the M - samples for the same experiment.

For WT and Otx2 KO EBs, Zombie Violet (423113, BioLegend) was added (1:1000) to a single-

cell suspension concentrated in 100� l PBS. Cell were then incubated at room temperature, in the dark, for

15-30 minutes, before being washed one time with PBS + 0.1% BSA. After this, cells were incubated with

phycoerythrin-conjugated CD61 antibody (1:500) (104307, BioLegend) and Alexa Fluor 647-conjugated

SSEA-1 antibody (1:200) (562277, BD Biosciences) for 30 minutes at 4°C, before washing twice with

PBS + 0.1% BSA. Relevant FMO controls were set up using WT E14 ESCs.

15: RNA extraction and quantitative reverse

transcription PCR (qRT-PCR)

For day 2 and day 4 EBs, RNA was extracted using the PicoPure RNA Isolation Kit (KKIT0204,

Thermo Fisher Scienti�c), following the manufacturer's instructions. Subsequently, 500 ng RNA were used

to perform a reverse transcription reaction. The reaction comprised random primers (C1181, Promega),

dNTPs (N0447S, New England BioLabs), M-MuLV reverse transcriptase (M0253L, New England Bi-

oLabs), and RNase inhibitor (M0314L, New England BioLabs). qRT-PCR reactions were performed

using Power SYBRTM Green PCR Master Mix (4309155, Thermo Fisher Scienti�c) and run on a ViiA

7 Real-Time PCR machine (Thermo Fisher Scienti�c).
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The run method consisted of an initialisation step (95 °C, 10 minutes), followed by 40 cycles

of both a denaturation step (95 °C, 15 seconds) and an annealing and extension step (60°C, 1 minute).

Gene expression data were normalised to Gapdh. All gene expression levels were reported relative to

control (M -) levels. All primers used are listed in the Appendix (Table S4).

16: Live-cell imaging

Live-cell imaging was done using the Incucyte® Live-Cell Analysis System (Sartorius). Both

`Phase + Bright-�eld' and `Green' image channels were activated and image acquisition was done using

the `Spheroid' scan type and S3/SX1 GR optical module, at 4x magni�cation and 300 ms acquisition

time. Images were acquired at 6-hour intervals for 4 days. Images were then exported and analysed in

Fiji.

17: Image analysis

Percentage area coverage of Blimp1::mGFP-Nanog-double-positive cells in embryos was calcu-

lated by manually labelling regions of interest (ROIs) from 3D z-stacks in Fiji. To correct for di�erences

in size across embryos, we identi�ed a single plane with the largest area of Nanog-positive epiblast cells

and used this as a proxy for size in each embryo. The total Blimp1::mGFP-Nanog-double-positive area

was divided by the area of the epiblast for a given embryo. All values were normalised by the mean

percentage area coverage of all control samples in the same experiment. For the MMPi treatment, all

Blimp1::mGFP-negative embryos were excluded from the analysis. In all experiments, embryos with

abnormal morphologies were excluded from the analysis.

Normalised � 1 integrin and Otx2 levels in embryos were calculated by identifying

Blimp1::mGFP-Nanog-double-positive cells, speci�cally in planes where at least one of the cells was in

contact with the basement membrane. To calculate� 1 integrin levels for any given cell, a `smoothing'

function was applied to the image and a line segment was drawn perpendicular across the side of the

cell expressing the highest intensity of� 1 integrin. A �uorescence intensity plot was generated along

the line segment, using the `Plot Pro�le' function in Fiji, and the area under the peak of the curve was

taken as a measure of� 1 integrin levels for that cell. Otx2 levels were calculated for a given cell by
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manually labelling nuclear ROIs and calculating the mean Otx2 �uorescence intensity for each nuclear

ROI. Normalised � 1 integrin and Otx2 levels were then then determined by normalising� 1 integrin and

Otx2 levels for each cell, by the mean� 1 integrin and Otx2 levels, respectively, of all cells in the same

plane that were not in contact with the basement membrane.

Expression values in EBs were calculated from 3D z-stacks, by measuring the area of a binary

mask for the relevant marker across all planes, and dividing it by the area of the nuclear (DAPI) mask.

PGCLC speci�cation e�ciency in EBs was quanti�ed by calculating the expression value for the relevant

PGCLC marker(s) (Blimp1::mGFP, Oct4-Nanog-Ap2 
 or Nanog-Ap2
 ). In the case of multiple markers

(Oct4-Nanog-Ap2
 and Nanog-Ap2
 ), the expression value was calculated by �nding the overlap between

the masks of the individual markers. The nuclear (DAPI) mask was used to quantify the size of embryos

and EBs, by multiplying the size of the mask by the voxel depth, voxel width and voxel height. All EB

values were normalised by the relevant mean value of all M - samples in the same experiment, unless

otherwise stated.

Mean �uorescence intensity values in live-cell images were quanti�ed, for each sample and time-

point, by segmenting EBs in the bright-�eld image and overlaying the bright-�eld segmentation onto the

corresponding �uorescent image. The mean �uorescence intensity was calculated using Fiji, within the

area bounded by the bright-�eld segmentation.

18: ESC-embryo chimera analysis

To quantify chimeric contribution to the germline in E6.5 ESC-embryo chimeras, a single plane

was selected going through the centre of the putative, pre-PGC (Nanog-high, Otx2-low) domain. A binary

mask was created in the GFP channel (marking H2B-GFP-positive ESCs), and the �uorescence intensities

of Nanog and Otx2, normalised by DAPI, were measured for each GFP-positive cell. GFP-positive cells

that had less than 0.5x the levels of normalised Otx2, set as an arbitrary cuto�, were selected as putative

pre-PGCs. Of these cells, only those located in the proximal posterior region of the embryo were selected,

and were used to calculate the percentage chimeric contribution to pre-PGCs among the GFP-positive

population. The percentage of chimerism was calculated by creating both GFP and DAPI masks, counting

the number of GFP-positive nuclei and dividing them by the total number of DAPI-positive nuclei. All

embryos were staged by measuring the length of the epiblast. E6.5 Blimp1::mGFP embryos were used as
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a reference and categorised based on the presence or absence of a clear Blimp1::mGFP-positive putative

pre-PGC cell cluster. The mean epiblast length was calculated for each category and used to determine

a `size threshold' of 160� m, below which embryos were deemed insu�ciently developmentally-advanced

to have speci�ed putative pre-PGCs in vivo. Any ESC-embryo chimera with an epiblast length below

the determined size threshold was excluded from subsequent analysis.

19: Statistical analyses

All statistical analyses were performed using GraphPad Prism. Embryos were randomly allo-

cated to control and experimental groups, while trying to maintain an equal representation of di�erent

sizes, stages and morphologies across both groups. The sample size was determined based on previous

experimental experience and investigators were not blind to group allocation. Qualitative data are shown

as a contingency bar graph and were analysed using a Fisher's exact test (two groups). Quantitative data

are shown as mean± SEM. The normality of the data was analysed using a Kolmogorov-Smirnov test.

Data that did not follow a Gaussian distribution were analysed with a Mann Whitney U test (two groups)

or a Kruskal-Wallis test (multiple groups). Data that followed a Gaussian distribution were analysed with

an unpaired Student's t-test (two groups) or an ordinary one-way ANOVA test (multiple groups). An

F test was used to determine if the variances between groups were signi�cantly di�erent, and a Welch's

correction was applied accordingly.

67





Chapter 3

Basement membrane signalling restricts
mouse PGC speci�cation in vivo

In order to characterise the spatial interaction of PGCs with the basement membrane during

in vivo PGC development, we analysed Blimp1::mGFP reporter embryos, on the basis that Blimp1 is

a canonical PGC marker representing the �rst lineage-restricted PGC precursors (Ohinata et al., 2005).

Based on immunostainings of embryos �xed at embryonic days E5.75 and E6 embryos (Figure 3.1a),

we �rstly noticed high variability across embryos in the absolute numbers of detectable Blimp1::mGFP-

positive putative pre-PGCs, which begin to appear at E6. This variability, ranging from as low as 4 to

as high as 48 Blimp1::mGFP-positive putative pre-PGCs at E6 (Figure 3.1b), is most likely attributable

to the inherent developmental asynchronicity between embryos, both within and across the di�erent

experimental groups.

By instead taking a percentage quanti�cation to account for this variability, we observed that

86% of Blimp1::mGFP-positive putative pre-PGCs specify in a region along the anterior-posterior axis

that is segregated from the basement membrane, with only approximately 14% of putative pre-PGCs

maintaining contact with the laminin-rich basement membrane at this stage of development (Figure

3.1c). This �nding was consistent for both embryos grown in vivo, as well as E5.5 embryos recovered

from the uterus and cultured in vitro for 24 hours (Figure 3.1a, c-d). Taken together, these observations

motivated the hypothesis that the basement membrane may be creating an environment that is prohibitive

to PGC speci�cation, and that cells can only acquire the germline fate if they detach from it.

Interestingly, we noted that there was no correlation between the absolute, total number of

Blimp1::mGFP-positive cells in an embryo and the percentage of those cells that were in contact with the
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basement membrane (Figure 3.1b). This suggests that the pool of Blimp1::mGFP-positive cells segregated

from the basement membrane most likely grows in proportion to the pool of epithelial Blimp1::mGFP-

positive cells maintaining contact with the basement membrane during this developmental window, rather

than there being a �xed, initial pool of Blimp1::mGFP-positive cells in contact with the basement mem-

brane that becomes progressively depleted.
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Figure 3.1: (a) Immunostaining of Blimp1::mGFP reporter mouse embryos developingin vivo. Dashed

lines denote the pro-amniotic cavity. (b) Scatter plot showing the total number of Blimp1::mGFP-

positive cells in E6 embryos, compared to the percentage of those cells in contact with the basement

membrane. n = 24 embryos. 6 independent experiments.(c) Percentage of Blimp1::mGFP-positive

cells in contact with the basement membrane in embryos from panels a and d. Data are shown as a

box-and-whisker plot (mean with minimum and maximum). n = 16 ( in vivo) embryos. 6 independent

experiments. n = 7 (in vitro ) embryos. 3 independent experiments. Welch's t-test. ns: non-signi�cant.

(d) Immunostaining of Blimp1::mGFP reporter mouse embryos cultured in vitro for 24 hours. Dashed

lines denote the pro-amniotic cavity. For all panels, yellow arrows indicate Blimp1::mGFP-positive cells

in contact with the basement membrane, and white arrows Blimp1::mGFP-positive cells not in contact.

Scale bars: 50� m, 20 � m (magni�ed regions, which are indicated with a dashed white box).
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Next, we analysed whether there were gene expression di�erences in Blimp1::mGFP-positive

cells, depending on whether or not they were in contact with the basement membrane.� 1 integrin is

the major laminin receptor that would mediate interactions with the laminin-rich basement membrane

(Chastney et al., 2021; Kyprianou et al., 2020), and Blimp1::mGFP-positive cells that lacked basement

membrane contact expressed lower levels of� 1 integrin on their surfaces (Figure 3.2a-b). Moreover,

Blimp1::mGFP-positive cells in contact with the basement membrane expressed signi�cantly higher levels

of the epiblast marker, Otx2 (Figure 3.2c-d), a known transcriptional repressor of the PGC program that

controls the soma-germline cell fate bifurcation (J. Zhang et al., 2018). The same spatial expression

pattern of Otx2 was observed in E5.5 embryos culturedin vitro for 24 hours (Figure 3.2e-f). These

results indicate that there is a subset of Blimp1::mGFP-positive cells, predominantly those still in contact

with the basement membrane, that have not yet downregulated Otx2, and therefore, Blimp1 expression

precedes Otx2 downregulation in these cells. We hypothesise that the subsequent downregulation of

Otx2 needed to fully commit to the PGC cell fate is contingent on their ability to lose interactions with

the underlying basement membrane. Collectively, these results showed that epiblast cells entering the

germline have reduced interactions with the underlying basement membrane, reduced levels of� 1 integrin,

and lower levels of Otx2, thereby corroborating the notion that basement membrane signalling may be

directly inhibiting PGC speci�cation by preventing the downregulation of Otx2.
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Figure 3.2: (a) Immunostaining of Blimp1::mGFP reporter mouse embryos. (b) Normalised � 1 integrin

levels in Blimp1::mGFP-positive cells classi�ed based on basement membrane contact in embryos from

panel a. Data are shown as mean± SEM. Each point represents an individual cell. n = 67 (No) and

n = 16 (Yes) cells. 6 embryos. 2 independent experiments. Mann-Whitney U test. ****p < 0.0001.

(c) Immunostaining of Blimp1::mGFP reporter mouse embryos. The dashed magenta line denotes the

basement membrane. (d) Normalised Otx2 levels of Blimp1::mGFP-positive cells classi�ed based on

basement membrane contact in embryos from panel c. Data are shown as mean± SEM. Each point

represents an individual cell. n = 36 (No) and n = 20 (Yes) cells. 6 embryos. 2 independent experiments.

Welch's t-test. ***p = 0.0004. (e) Immunostaining of Blimp1::mGFP reporter mouse embryos cultured

in vitro for 24 hours. (f ) Normalised Otx2 levels of Blimp1::mGFP-positive cells classi�ed based on

basement membrane contact in embryos from panel e. Data are shown as mean± SEM. Each point

represents an individual cell. n = 75 (No) and n = 63 (Yes) cells. 5 embryos. 2 independent experiments.

Mann Whitney U test. ****p < 0.0001. For all panels, yellow arrows indicate Blimp1::mGFP-positive

cells in contact with the basement membrane, and white arrows Blimp1::mGFP-positive cells not in

contact. Scale bars: 50� m, 20 � m (magni�ed regions, which are indicated with a dashed white box).
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To further test this hypothesis, we devised a series of experiments that would allow us to use

de�ned biochemical treatments to manipulate the basement membrane within an embryological context,

while culturing embryos in vitro , and observe how these treatments may play a causal role in PGC

speci�cation. In the �rst experiment, we decided to mimic basement membrane signalling in embryos

cultured in vitro , and asked whether this exogenous basement membrane signalling would inhibitin vitro

PGC speci�cation. To this end, we dissolved growth factor-reduced Matrigel (Aisenbrey & Murphy,

2020), a rich source of ECM proteins, at a dilution of 5% in PGC medium and cultured E6-6.5 embryos

for 48 hours in vitro (Figure 3.3a). To allow epiblast cells to interact with the exogenous ECM proteins,

we removed the VE, along with the basement membrane, and only cultured the remaining epiblast-

ExE fragments (Figure 3.3b). We cultured these embryo fragments for 48 hours, giving su�cient time

for appreciable numbers of PGCs to specify. Consistent with our hypothesis, the addition of Matrigel

completely blocked PGC speci�cation in a signi�cant subset of embryos (Figure 3.3a, c).

Among the embryo fragments that were exposed to 5% dissolved Matrigel, we saw no clear

di�erences in morphology nor size between the embryo fragments that speci�ed PGCs and those that

failed to. We note, however, that size, measured by epiblast length, is not always a robust measure of

developmental stage, particularly when embryos are culturedin vitro . As such, the precise distinguishing

feature that makes certain embryos sensitive to the apparent PGC-inhibitory e�ects of dissolved Matrigel

remains to be determined. Nevertheless, the fact that embryo fragments that went on to develop PGCs in

the presence of Matrigel appeared indistinguishable from controls (Figure 3.3d) implies that Matrigel may

only block PGC speci�cation within a speci�c time window, and that epiblast responsiveness to inhibitory

ECM signalling accordingly exhibits a binary or `switch-like' response. Accordingly, our experiments

demonstrated that basement membrane signalling inhibits germline entry in embryos culturedin vitro ,

implying the existence of a spatiotemporal morphogenetic checkpoint for mouse PGC speci�cation.
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Figure 3.3: (a) Immunostaining of Blimp1::mGFP reporter mouse epiblast-ExE fragments, which are

embryos devoid of visceral endoderm, culturedin vitro for 48 hours, without (M -) or with (M +)

5% dissolved Matrigel. Scale bars: 50� m. (b) Bright-�eld image of E6.25 Blimp1::mGFP reporter

mouse epiblast-ExE fragments, which are embryos devoid of visceral endoderm. Scale bar: 200� m. (c)

Number of epiblast-ExE fragments from panel a, which are embryos devoid of visceral endoderm, that

have (PGC+) or have not (PGC-) speci�ed Blimp1::mGFP-Nanog-double-positive PGCs. Data are shown

as a contingency bar graph. n = 29 (M -) and and n = 29 (M +) embryos. 10 independent experiments.

Fisher's exact test. ***p = 0.0009. (d) Normalised area coverage of Blimp1::mGFP-positive cells in

epiblast-ExE fragments, which are embryos devoid of visceral endoderm, culturedin vitro for 24 hours,

without (M -) or with (M +) 5% dissolved Matrigel. Only embryos that had PGCs were selected for this

analysis. Data are shown as mean± SEM. n = 29 (M -) and n = 20 (M +) embryos. 10 independent

experiments. Welch's t-test. ns: non-signi�cant.
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In the second experiment, we took an inverse approach and speculated whether the ectopic

degradation of the basement membrane, using a collagenase IV treatment (Kyprianou et al., 2020), would

lead to a higher number of PGCs forming when we cultured embryosin vitro . Since E6.5 embryos have

already started to specify PGCs, we therefore reasoned that all epiblast cells in this context, including

non-proximal, non-posterior epiblast cells, should be competent to specify PGCs, and that the spatial

restriction of PGCs to only the proximal, posterior side was simply a consequence ofin vivo Bmp gradient

establishment (Ohinata et al., 2009; Tam & Zhou, 1996). We validated the e�ects of collagenase IV

treatment on basement membrane integrity by culturing E5.5 embryos with collagenase IV, according

to an established protocol (Kyprianou et al., 2020), and staining them for laminin (Figure 3.4a-b).

Testing various incubation times and concentrations, we were �nally able to demonstrate that a sustained

concentration of 1.5 mg/ml collagenase IV during overnight culture was su�cient to induce ectopic

breakdown of the basement membrane (Figure 3.4b).

Having determined the required concentration of collagenase IV, we started by culturing E5.5

embryos in an establishedex utero embryo culture medium (Aguilera-Castrejon et al., 2021), which

has been shown to supportex utero embryo development up to and beyond gastrulation, for 24 hours.

We reasoned that this culture should be su�cient to capture the time window of PGC speci�cation in

vitro . Upon examination by immuno�uorescence, we concluded that the culture conditions set up for this

experiment were sub-optimal, as we were unable to reliably specify and maintain PGCs in the embryos,

even under control conditions, as evidenced by an absence of Blimp1::mGFP-Nanog-double-positive cells

(Figure 3.4c). To address this, we decided to prolong the culture to 36 hours, expecting that longer culture

would give more time for PGCs to specify, while hoping that prolonged exposure to collagenase IV in the

test group would not compromise the growth of the embryos. Indeed, under these updated conditions, we

were able to observe robust PGC speci�cation (Figure 3.4d), but also observed aberrant morphologies in

both control and treated embryos (Figure 3.4d-e). Speci�cally, we saw consistent `ballooning' in control

embryos (Figure 3.4d), leading to embryos with disproportionately large ExE compared to the epiblast,

while embryos under the test condition often failed to expand and elongate (Figure 3.4e). This made

comparisons under these conditions unreliable, particularly when noting the role of endogenous ExE

signalling in supporting the induction of PGCs in vivo, which could have confounding e�ects on the

analysis. We reasoned that these morphological abnormalities may be due to the inability of the current

ex utero embryo culture medium to support prolonged culture and normal growth of the embryos beyond
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24 hours.

For this reason, coupled with the ine�ciency and relative di�culty of recovering E5.5 embryos,

we decided to instead use E6.5 embryos and culture them for 24 hours, knowing that E6.5 embryos

would be su�ciently advanced to reliably induce PGCs during in vitro culture, but that 24 hours was a

su�ciently short period of time that would support normal growth in vitro . While reducing the culture

time to 24 hours indeed restored normal embryo growth in the control condition, we still observed the

same aberrant morphology in the collagenase IV-treated condition (Figure 3.4f), prompting a need to

consider an alternative medium for in vitro embryo culture.
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