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Abstract

The germ line is a crucial cell lineage that is distinct from somatic cells, and solely responsible for
the trans-generational transmission of hereditary information in metazoan sexual reproduction.
Primordial germ cells (PGCs) — the precursors to functional germ cells — are amongst the first cell
types to be allocated in embryonic development, and this lineage commitment is a critical event in
partitioning germ line and somatic tissues. Classically, mammalian PGC development has been
largely informed by investigations on mouse embryos and embryonic stem cells. Recent findings
from corresponding non-rodent systems, however, have indicated that murine PGC specification may
not be fully archetypal. In this review, we outline the current understanding of molecular
mechanisms in PGC specification, emphasising key transcriptional events, and focus on salient
differences between early human and mouse PGC commitment. Beyond these latest findings, we
also contemplate the future outlook of inquiries in this field, highlighting the importance of
comprehensively understanding early fate decisions that underlie the segregation of this unique

lineage.

Introduction
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Reproduction is a defining feature of life, allowing for the survival and propagation of a species.
Among metazoan systems, the germ line constitutes a critical cell type that permits reproduction and
heredity. Germ cells — encompassing primordial germ cells (PGCs) and subsequently derived mature
gametes — are set aside early in embryonic development, and represent the means through which
genetic and epigenetic information are passed on to the next generation. The early segregation of the
germ lineage portends a delineation between the germ line and the soma/somatic tissues, a concept
anticipated by August Weissmann more than a century ago (Weismann et al., 1893), and indeed

germ cells are the only known agents of hereditary transmission, to the exclusion of somatic cells.

The PGC state is the first overt commitment of the embryonic germ line, serving as the precursor cell
type to functional gametes. In female embryos, PGCs mature into oogonia, which terminally
differentiate into oocytes; in males, germ line counterparts are known as spermatogonia and
spermatocytes respectively. Gametes in the terminally differentiated state can then fuse during
fertilisation to reconstitute a totipotent zygote of the next generation. Over the course of germ cell
specification, maturation, and differentiation, several processes must occur before functional gametes
arise. First, an early PGC transcriptional network is established to specify PGC fate. Second, a naive
pluripotent state re-emerges and any somatic programmes are shut down. Third, global epigenetic
changes occur to re-set the epigenome and re-activate quiescent sex chromosomes. Work on germ
cell developmental dynamics and mechanisms has gathered at pace in the past decade, with a number
of significant findings spotlighting the critical step of PGC commitment. Here we focus on current
molecular knowledge of PGC specification, with emphasis on recent advances reported in the human

PGC (hPGC) system.

An anatomical perspective of embryonic PGCs

The early identification and molecular investigation of PGCs in developing embryos centred around
the mouse model, with murine embryos being a pre-eminently accessible and convenient model
organism of choice. Mouse PGCs (mPGCs) can be first reliably detected by TNAP (tissue non-
specific alkaline phosphatase) staining at around embryonic day 7.0 to 7.25 (E7.0-E7.25) in the
extra-embryonic mesoderm just posterior to the primitive streak (Fig. 1A). mPGCs then appear as a
cluster above the amnion by about E7.25 (Ginsburg et al., 1990; Lawson and Hage, 1994). The
mPGCs then migrate through the hindgut into the genital ridge and gonadal anlage where they
continue maturing (Fig. 1B) (Tam and Snow, 1981; Molyneaux et al., 2001). The PGC stage
concludes when male cells mitotically arrest upon genital ridge colonisation and female cells enter

meiosis from about E13.5 (Saitou and Yamaji, 2012).
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Figure 1 | Anatomical observations of embryonic PGCs.
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The embryonic study of hPGCs is unfortunately not as comprehensive as in the mouse embryo. Due
to inaccessibility and unavailability of very early human embryonic material, there are no reports of
human equivalents to the earliest TNAP-positive mPGCs in the epiblast (De Felici, 2013). It is,
however, speculated that hPGCs are probably specified in the peri-gastrulation period at about week
2 of development (De Felici, 2013). The earliest hPGCs to be observed occurred in week 3 to week 4
embryos as morphologically distinct cells in the extra-embryonic yolk sac wall that were also
positive for TNAP (Fig. 1C) (McKay et al., 1953; De Felici, 2013). Thereafter, hPGCs undergo
processes similar to that in the mouse embryo, migrating through the nascent gut to the genital ridge
by about week 6 (Fig. 1D), and marking the end of the PGC stage of development, when male and
female cells begin mitotic arrest and meiotic entry respectively (Kurilo, 1981; Culty, 2009; De Felici,

2013).

The mouse paradigm for inducing embryonic PGCs

Metazoan germ lines are established through two major modes: preformation and induction.
Preformation occurs in model organisms such as C. elegans, zebrafish, and Xenopus, among others,
and involves the inheritance of maternally supplied germ lineage determinants by specifically located
germ cell precursors. Induction occurs in species such as certain amphibians and insects, mice, and
humans, and depends on extrinsic cell-to-cell signalling that induces the specification of PGCs from
competent precursors (Extavour and Akam, 2003; Johnson et al., 2003; Johnson and Alberio, 2015;
Whittle and Extavour, 2017). While induction is commonly viewed to be the more evolutionarily
basal trait compared to preformation, all mammalian lineages studied so far utilise the inductive

mode (Extavour and Akam, 2003; Johnson et al., 2003).

Given the relative ease of obtaining and analysing murine embryos from all stages of development, it
is no surprise that the earliest investigations laying groundwork for future advances were performed
in this tractable system. The initial specification of mPGCs may be abridged to three major processes
occurring in and around the posterior proximal epiblast: (i) signalling pathways that impinge upon (ii)
competent epiblast cells, which respond by (iii) upregulating key transcription factors that are the

molecular drivers for germ line fate.

The posterior EXE and visceral endoderm of the peri-implantation mouse embryo express various
Bone Morphogenetic Protein (BMP) isoforms that signal to the underlying proximal epiblast (Fig.
2A) (Beddington and Robertson, 1999; Ying and Zhao, 2001). A flurry of reports more than a decade
ago indicated that genetic perturbations in the BMP pathway — be it through the loss of signalling
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molecules such as Bmp2 and Bmp4, or of downstream signal transducers like the A/k2 receptor, and
Smad transcriptional effectors of various isoforms — abrogated the mPGC lineage (Lawson et al.,
1999; Ying et al., 2000; Chang and Matzuk, 2001; Tremblay et al., 2001; Ying and Zhao, 2001; Chu
et al., 2004; de Sousa Lopes et al., 2004). This strongly hinted at the involvement of the BMP
pathway in mPGC induction, which was confirmed by the robust induction of PGC fate from E6.0
epiblast cultured in the presence of Bmp ligands, and by the blockage of said induction through
application of Cer1, a notable inhibitor of the BMP pathway (Ohinata et al., 2009).

Figure 2 | A molecular paradigm for mouse PGC specification.
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Another major signalling pathway heavily involved in early mouse embryo patterning is the
Wingless/INT-1 (WNT) pathway (Fig. 2A) (Liu ef al., 1999). Having ascertained the role of BMP
signalling in mPGC emergence, Ohinata et al. additionally revealed that Wnt3 mutant embryos
neither showed mPGC induction nor functional BMP signal transduction (Ohinata et al., 2009).
Coupled with the observation that the Wnt3a cytokine was insufficient for PGC induction from ex
vivo epiblasts (Ohinata et al., 2009), this suggested that WNT signalling in and around the posterior

proximal epiblast conferred competence to respond to the BMP induction signal. A putative
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molecular basis of this competence was thereafter uncovered as 7T (also known as Brachyury), one of
the classical targets of canonical WNT signalling (Arnold et al., 2000). Genetic disruption of 7
indicated a failure in sustaining expression of the early mPGC marker Prdm [ in mouse embryos, and
also led to absence of expression of other mPGC markers in vivo (Aramaki et al., 2013). It is notable,
however, that 7-null embryos were shown to retain Prdm 1 expression at the earliest stages of mPGC
emergence, and that 7-null cells induced in vitro for PGC differentiation did not exhibit complete
loss of PGC markers (Aramaki et al., 2013), indicating that while 7 contributes to PGC development,

it may not be a requisite factor for specification.

The exact mechanisms of mPGC induction by the combination of BMP and WNT signalling remains
to be elucidated. However, there is now extensive knowledge of the main molecular drivers of
mPGC specification (Fig. 2B). Studies on knockout mice have identified the transcription factors
Prdm1l (also known as Blimpl), Prdm14, and Tfap2c (also known as AP2y) as a potent triumvirate
that are expressed in early mPGCs from E6.25 onwards, and whose loss results in embryos with
impaired PGC specification and maintenance (Ohinata et al., 2005; Vincent et al., 2005; Yamaji et
al., 2008; Weber et al., 2010). Further to this, these transcription factors also serve to repress somatic
gene regulatory programmes, to facilitate re-expression of pluripotency genes, and to kickstart
reprogramming of the epigenome — all fundamental processes of PGC commitment (Ohinata ef al.,
2005; Kurimoto ef al., 2008; Yamaji et al., 2008; Weber et al., 2010; Grabole et al., 2013).
Consequently, it is now a common consensus that Prdm 1, Prdmi4, and Tfap2c are the major players

in molecularly specifying the early mPGC lineage (Fig. 2B).

Pluripotency-associated transcription factors, such as Oct4 (also known as Pou5f1), Nanog, and Sox2,
are upregulated in nascent mPGCs in an environment contemporaneous with the pro-PGC Prdm 1,
Prdmi4, and Tfap2c axis (Fig. 2B). While Oct4 embryonic expression persists in epiblast cells
through their commitment to PGC fate, that of Nanog and Sox2 first show downregulation in the
epiblast by the peri-implantation stage, then are later re-expressed in the PGCs (Scholer et al., 1990;
Avilion et al., 2003; Chambers et al., 2003). In agreement with this, single-cell analysis of inchoate
mPGCs around the stages of their specification indicated that pluripotency genes like Sox2 are first
repressed in the developing epiblast, then upregulated in mPGCs (Yabuta et al., 2006). Besides their
distinct role in ensuring mPGC reversion to a pluripotent/totipotent state, are these pluripotency

factors also involved in PGC specification and/or development?

John Wiley & Sons
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Earlier studies reported that conditional/constitutive disruption of each of the pluripotency factors
Nanog, Oct4, and Sox2 resulted in mPGC loss mainly through aberrant apoptosis or failure to
proliferate (Kehler et al., 2004; Yamaguchi et al., 2009; Campolo et al., 2013), indicative of a role of
these pluripotency factors in PGC development and survival. Additionally, whereas Oct4 may play a
role in PGC specification, Nanog appears to be dispensable (Chambers et al., 2007; Okamura et al.,
2008). Indeed, Nanog-null mouse embryonic stem cells (mESCs) could still form PGCs at E11.5 in
chimeric embryos, but exhibited reduced viability thereafter (Chambers et al., 2007). Notably, this
compromised development of Nanog-null PGCs could be rescued by introducing exogenous Esrrb
(Zhang et al., 2018), a key downstream target of Nanog (Festuccia et al., 2012), providing evidence
for a Nanog-Esrrb hierarchy in mPGC development and highlighting functional conservation of the
naive pluripotency network in both ESCs and PGCs (Fig. 2B). Intriguingly, while Nanog is not
strictly essential for germline development in vivo, its forced induction can enhance the formation of

PGC-like cells (PGCLCs) in vitro, as detailed below (Murakami ef al., 2016).

Extending the mouse paradigm to in vitro germ line specification

Detailed knowledge of the three principles of mPGC specification uncovered by studying the early
embryo — extrinsic signalling, competence of receptive cells, and initiation of a specific germ line
transcriptional regulatory programme — have recently been used to guide the establishment of
protocols generating PGCLCs in vitro. In turn, these cell-based investigations have provided further
corroboration of in vivo data to reinforce what we know of germ line specification. The earliest in
vitro efforts endeavoured to differentiate murine germ cells from mESC cultures. These reported the
formation of cells resembling PGCs, oocytes, and spermatids, which seemed to be capable of re-
constituting blastocysts (Hubner et al., 2003; Toyooka et al., 2003; Geijsen et al., 2004). BMP
signalling also seemed to enhance the derivation of these mouse PGCLCs (mPGCLCs) (Toyooka et
al., 2003). However, the method of choice for generating these cells was random spontaneous

differentiation, and the efficiency of differentiation proved to be very low.

The observation that the early peri-implantation embryonic epiblast (around E5.5 to E6.0) was
competent for mPGC induction offered an initial clue to setting up a directed differentiation system
for mPGCLCs (Ohinata et al., 2009). Pluripotent murine cells in vitro have been derived either as
mESCs reflecting early embryonic cells of the inner cell mass with naive pluripotency (E3.5 to E4.5),
or as mouse epiblast stem cells (mEpiSCs) that mirror later post-implantation epiblast cells endowed
with a primed pluripotent state (E5.75 to E6.5) (Brons et al., 2007; Nichols and Smith, 2009).

Speculation that mEpiSCs, exhibiting a developmental state similar to germline-competent epiblast,

John Wiley & Sons
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might provide a more permissive state for PGC induction, led to an attempt at mPGC generation
from mEpiSCs; this however resulted in fairly low conversion efficiencies as well (Hayashi and
Surani, 2009), perhaps attributable to the acquisition of later primitive streak characteristics at the

expense of early epiblast traits (Kojima ef al., 2014).

A breakthrough emerged with the finding that a short, controlled duration of pre-priming converted
naive mESCs into mouse epiblast-like cells (mEpiLCs), which proved to be a competent state
allowing up to about 50% induction efficiency when exposed to BMP-containing inductive
conditions (Fig. 2B) (Hayashi et al., 2011). Saliently, the mPGCLCs thus obtained could
differentiate into functional gametes that gave rise to fertile offspring (Hayashi et al., 2011). The
resulting stepwise differentiation procedure therefore had two main thrusts — (i) priming for an
EpiLC state, followed by (ii) PGCLC induction with BMP signals. Where embryonic mPGC
material was once a highly limiting resource, the burgeoning possibility of recapitulating the first
stage of germ lineage formation in vitro now offered an abundance of biological material for

investigations into the molecular mechanistics of germ cell specification,.

Notably, overexpressing the trio of pro-PGC transcription factors Prdmli, Prdmli4, and Tfap2c, either
individually or in various combinations in mEpiLCs, gave rise to similar mPGCLC differentiation
efficiencies as BMP-based inductive conditions, confirming that these three factors are sufficient in
committing the early mPGC (Fig. 2B) (Magnusdottir et al., 2013; Nakaki et al., 2013). The
availability of mPGCLCs also permitted chromatin immunoprecipitation-sequencing (ChIP-seq) of
these factors, revealing that they form an interdependent gene regulatory network that represses the
somatic gene programme and activates germ line-associated genes (Magnusdottir ez al., 2013).
Curiously, the overexpression of Nanog in mEpiL.Cs also led to mPGCLC differentiation, and Nanog
was found to bind and activate Prdm1 and Prdmi4 expression (Murakami et al., 2016); conversely,
differentiation of Nanog-null cells revealed a reduction in mPGCLC yield which could be rescued by
ectopic Nanog or Esrrb expression (Murakami et al., 2016; Zhang et al., 2018). As the molecular
details of BMP/WNT signalling crosstalk for competence and specification have yet to be clarified, it
may be possible that Nanog acts in tandem with a defined signaling/transcriptional environment to
promote germ lineage specification. Additional scrutiny of gene regulatory events downstream of
BMP/WNT signalling will likely shed more light on auxiliary factors in mPGC specification
pathways.

Mammalian PGC induction: beyond the murine narrative

John Wiley & Sons
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While the accessibility of the mouse embryo has made it amenable to observational, genetic, and
lineage tracing studies, leading to extensive knowledge of the molecular pathways responsible for
mPGC commitment, the same cannot be said for human embryos. Due to ethical and moral
considerations, coupled with a very limiting amount of embryonic material, it has been nigh on
impossible to dissect mechanisms of early human PGC (hPGC) specification in vivo (De Felici,
2013). Critically, there is a paucity of information describing the earliest origins of hPGCs, with the
earliest observations performed on week 3 to week 4 embryos, and the earliest molecular
characterisations done on week 4 to week 7 embryos (De Felici, 2013; Gkountela et al., 2013;

Gkountela et al., 2015; Guo et al., 2015; Tang et al., 2015).

Conventionally, elucidation of human embryonic development and differentiation processes has
leaned heavily on extrapolation from the corresponding mouse pathways. While this has undoubtedly
been a success in deciphering the early development of many a tissue, we note that mammalian germ
lineage commitment initiates at the peri-gastrulation, peri-implantation stage, when murine and
human embryonic morphology diverges greatly. For instance, mouse embryos develop as a
cylindrical structure complete with a trophectoderm cap atop the epiblast, while human embryos
form a planar, bilaminar disk structure whose epiblast lies adjacent to the abutting amnion epithelium
(Behringer et al., 2000; Rossant, 2015). Given such major developmental differences at the timing of
germ line allocation, it is perhaps unsurprising that there are variations in the mechanisms behind

PGC emergence.

Owing to the lack of human embryo samples at the nascent stages of hPGC formation, inquiries into
human germ cell induction and differentiation have mostly relied on in vitro modelling thus far.
Similar to the murine system, early efforts randomly differentiated human ES cells (hESCs) in
aggregated cells and isolated a low percentage of cells expressing germ cell markers. The
supplementation of BMP ligands in culture conditions resulted in a small but consistent increase in
differentiation efficiency (Clark et al., 2004; Kee et al., 2006). This intimated that the BMP
signalling pathway was probably inductive as per the murine model (Fig. 3), and also that
conventionally cultured hESCs, like mESCs, possessed low competence for germ line specification.
Such non-permissiveness may likely be ascribed to the fact that hESCs are considered the equivalent
of mEpiSCs (Nichols and Smith, 2009); in other words, hESCs are in a primed pluripotency state
that may already have passed the window for germ line specification. To re-enable germ line
competence, it hence appears that the canonical hESC pluripotent state must be somehow modified,

just like in mouse pluripotent cells, and a series of recent publications has indeed shown this to be a

John Wiley & Sons
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key step in inducing germ cells in vitro (Irie et al., 2015; Sasaki et al., 2015; Sugawa et al., 2015;
von Meyenn et al., 2016 ; Irie and Surani, 2017).

Using a specific cocktail of small molecules supplemented to human pluripotent stem cell (hPSC)
culture, Irie and colleagues reported the generation of human PGCLCs (hPGCLCs) by directed
differentiation, and also showed that hiPSCs resembled hESCs in their capacity for germ line
differentiation (Gafni et al., 2013; Irie et al., 2015). Meanwhile, Sasaki and colleagues primed
hiPSCs with a small molecule WNT agonist and Activin A, activating an incipient mesoderm-like
cell state (iMeLC) that slightly upregulated early mesodermal genes and were capable of hPGCLC
induction (Sasaki et al., 2015). The possibility that a very early primitive streak/mesoderm-like state
could endow hPSCs with the ability to respond to pro-PGC signals was also explored by Sugawa et
al., who briefly stimulated hPSCs with Activin A to upregulate the primitive streak/early
mesodermal gene T in hPSCs, then induced the cells in BMP" conditions to obtain specified
hPGCLCs (Sugawa et al., 2015). Lessons from the murine in vitro model were also applied to hPSCs
—hESCs were converted to human epiblast-like cells (hEpiLCs) with a procedure similar to that used
for mouse counterparts, and hPGCLCs were generated upon subsequent addition of BMP" medium
(Hayashi et al., 2011; von Meyenn et al., 2016). The latest accounts of in vitro differentiation have
essentially replicated prior methodologies with slight modifications, if any, reinforcing the
robustness of directed hPGCLC differentiation (Kobayashi ef al., 2017; Mitsunaga et al., 2017,
Yokobayashi et al., 2017).

All of the differentiation strategies discussed above may differ to various extents, yet they all share
overarching principles that are also seen in the murine differentiation model. First, the only clear
signalling modality for hPGCLC induction thus far is the BMP pathway, similar to the mouse system.
The WNT pathway would be a logical alternative, but does not appear to be an inductive pathway as
exogenous WNT3A fails to enhance hPGCLC specification efficiencies (Sugawa et al., 2015).
Second, hPSCs must progress from a state of conventional pluripotency into a transitional state
primed for PGC competence, with such competence arising concomitantly with primitive
streak/nascent mesoderm traits that were explicitly reported in the intermediate cell types of Irie,
Sasaki, and Sugawa et al. (Irie et al., 2015; Sasaki et al., 2015; Sugawa et al., 2015). Although von
Meyenn and colleagues did not profile their intermediate cell type in detail, it would not be
unexpected that these hEpiLCs exhibit expression of primitive streak/mesoderm markers (von

Meyenn et al., 2016).
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Mechanisms in PGC development: the human perspective

What then, are the molecular and transcriptional mechanisms underlying human germ line
competence and subsequent commitment? A recent succession of analyses isolated migratory hPGCs
dissected from ethically obtained human embryonic genital ridges and showed that the expression
profile of week 4 to week 7 hPGCs were largely similar to their murine counterparts (Fig. 3). The
upregulation of key genes, such as the pluripotency factors OCT4 and NANOG, the early germ line
markers PRDM1, TFAP2C, and NANOS3, the late germ line markers DAZL and DDX4/VASA, and
the germ cell surface markers cK/T and TNAP, demonstrated that a core germ line transcriptional
programme is shared by both human and mouse early PGCs (Gkountela et al., 2013; Gkountela ef al.,
2015; Guo et al., 2015; Tang et al., 2015). However, closer inspection of these data revealed
noteworthy differences between species. For example, early hPGCs express the naive pluripotency
genes KLF4 and TFCP2L1, the mesendodermal lineage factor GATA4, and the extra-embryonic
trophectoderm regulator TEAD4, all of which are not seen, or expressed at relatively lower levels, in
mPGCs or mPGCLCs (Tang et al., 2015; Canovas et al., 2017). These observations suggested that
mechanistic findings from the murine model could not be imported wholesale into the human system,

and this was borne out by in vitro hPGCLC investigations which we discuss below.

Figure 3 | Current outlook of human PGC specification.
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differentiations with EOMES mutant cells showed drastic reduction in hPGCLC specification,
hinting that early mesoderm-associated transcription factors are necessary at least for the initial step
of hPGCLC commitment (Fig. 3) (Chen et al., 2017). Exactly how the presence of factors such as T
and EOMES engenders permissiveness of BMP-responding cells remains to be clarified. With a
multitude of differentiation options available, investigations of 7 mutant hPSCs and of genomic
binding events of relevant primitive streak/mesoderm factors are surely not far off, and it would be
instructive to tease apart the confluence of BMP/WNT pathways with T and EOMES in the hPGC

precursor.

While the basis of hPGC competence remains less understood, the molecular events of hPGC
specification are more comprehensively documented. In a surprising landmark discovery, the
transcription factor SOX17 was implicated as a crucial upstream regulator of the early human germ
lineage (Fig. 3) (Irie et al., 2015). The orthodox consensus view of SOX/7 is that it is a classical
specifier of endodermal fate, and indeed it is extensively utilised as one of the earliest markers for
endoderm lineage differentiation (Kanai-Azuma et al., 2002; D'Amour et al., 2005). This canonical
role, coupled with the observation that murine Sox/7 is required not for mPGC specification but only
for proper migration along gut endoderm, made its hPGC regulatory function unanticipated (Hara et
al., 2009). Previous observations noted the presence of SOX17 protein and RNA in gonadal hPGCs
between week 4 to week 8, but these samples were too advanced to represent the commitment phase
of hPGC development (de Jong et al., 2008; Gkountela et al., 2015; Guo et al., 2015; Tang et al.,
2015).

The pivotal finding that SOX17 is one of the earliest genes to be specifically upregulated in nascent
hPGCLCs in vitro was key to pinpointing its early role. SOX17 is expressed in differentiating
hPGCLC:s after T and before PRDMI and TFAP2C, while SOX17 knockout cells fail to induce
hPGCLCs. Furthermore, this failure of induction can be rescued by conditional SOX77 expression
(Irie et al., 2015). Convincingly, overexpressing SOX17 in wildtype hESCs could also activate germ
cell programmes generating hPGCLCs at appreciable efficiencies even without BMP-based
induction, reminiscent of analogous murine experiments overexpressing the Prdmi, Prdmi4, and
Tfap2c trio of pro-mPGC factors (Magnusdottir et al., 2013; Nakaki et al., 2013; Irie et al., 2015).
These data robustly demonstrated that SOX/77 is necessary and sufficient for hPGC specification,
placing it at the top of a genetic hierarchy driving hPGC fate in a competent milieu. Just as
importantly, most other reports of in vitro hPGCLC differentiation thus far have independently

verified early SOX17 expression, which has now positioned SOX17 as a major molecular footprint of
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nascent hPGC identity (Sasaki et al., 2015; von Meyenn et al., 2016; Chen et al., 2017; Kobayashi et
al., 2017; Mitsunaga et al., 2017).

The axis of Prdmi, Prdmi4, and Tfap2c is recognised as the fundamental murine germ lineage
specifier, as reviewed above. In humans, PRDM1 is similarly a signature gene for hPGC
commitment (Fig. 3). PRDM1 is expressed in vivo in migratory and gonadal hPGCs (Gkountela et al.,
2013; Gkountela et al., 2015; Guo et al., 2015; Tang et al., 2015), and is also among the earliest
germ lineage factors upregulated upon in vitro hPGCLC induction, validating its common usage as a
definitive hPGC fate marker (Irie et al., 2015; Sasaki et al., 2015; Sugawa et al., 2015; von Meyenn
et al., 2016; Chen et al., 2017, Irie and Surani, 2017; Kobayashi et al., 2017; Mitsunaga et al., 2017).
Attempts to differentiate PRDM 1 knockout/knockdown hESCs into hPGCLCs revealed their
inability to adopt germ line fate, and in particular, other germ line genes like NANOS3 were
completely uninduced (Irie et al., 2015; Sugawa ef al., 2015). While the PRDM [-deficient cells still
produced a small number of TNAP" cells that could potentially indicate remnant hPGCLC
commitment, analysis of this rare population showed low expression of the hPGC markers TFAP2C,
OCT4, and NANOG, but significant activation of somatic genes like mesoderm and endoderm
lineage factors (Irie et al., 2015; Tang et al., 2015). Could PRDM1, a known transcriptional
repressor, thus act to suppress somatic activation in humans, equivalently to the murine system

(Magnusdottir et al., 2013)?

The interpretation of this data in light of SOX17 involvement is intriguing. SOX17 is a classical
endoderm specifier, yet is now also known to be a hPGC lineage driver — this dichotomy may be
reconciled by latest reports showing that overexpression of SOX17 in over-primed hESCs beyond a
PGC-competent window indeed upregulated endoderm genes instead of hPGC genes (Kobayashi et
al., 2017). In the absence of PRDM1, hPGC precursor factors such as T, EOMES, and SOX17 could
possibly activate their respective canonical mesoderm and endoderm programmes without PRDM 1-
mediated suppression. Accordingly, high dosage of ectopic SOX17 in germ line-differentiating
hPSCs leads to aberrant expression of endoderm markers, which is corrected by simultaneously
applying a comparable dose of PRDM1 (Kobayashi et al., 2017). Taken together, PRDM1 can be
considered as an early pro-hPGC factor, but unlike its counterpart in the mouse system, it is likely
not a specifying factor for hPGC fate, as PRDM1 overexpression in primed hPSCs failed to
efficiently generate hPGCLCs (Kobayashi et al., 2017). That early specification role has probably

been taken over by SOX17 in a re-wiring of regulatory networks for human germ line specification.
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Prdm14 is critical for mPGC differentiation, but its human orthologue appears to have a diminished
role in hPGC commitment. /n vivo expression data from migratory hPGCs showed that PRDM 14
may be expressed at lower levels than the pluripotent epiblast or hPSCs, whereas extrapolation from
the murine model would predict equivalent expression between PSC and PGC states (Gkountela et
al., 2015; Guo et al., 2015; Sugawa et al., 2015; Tang et al., 2015). This was confirmed by hPGCLC
differentiations uncovering low expression levels of PRDM 14 during and after lineage specification
(Irie et al., 2015; Sasaki ef al., 2015; Sugawa et al., 2015; von Meyenn et al., 2016; Mitsunaga et al.,
2017). PRDM14 is a known, potent pluripotency-promoting factor in both mouse and human cells
(Tsuneyoshi et al., 2008; Gillich et al., 2012), and its downregulation at the cusp of hPGCLC
induction has been suggested as a means to facilitate germ line fate acquisition (Irie et al., 2015).
Subsequent maintenance of a low-PRDM 14 state could suggest that this transcription factor has been
made redundant for hPGC fate as opposed to the murine model. In support, knockdown of PRDM 14
in hPSCs induced for germ cell differentiation showed no effect on hPGCLC induction (Sugawa et
al., 2015), although we note that this knockdown was incomplete, implying that residual PRDM14
might still retain biological functionality. Therefore, without investigation on cells bearing complete

loss of PRDM 14, its role in hPGC specification remains uncertain (Fig. 3).

The human orthologue of the third factor in the murine pro-PGC axis, TFAP2C, is possibly the least
characterised among the trio. Like its murine counterpart, it is upregulated in migratory and gonadal
hPGCs in vivo (Gkountela et al., 2015; Guo et al., 2015; Tang et al., 2015), and is also regularly used
as a marker of hPGCLC commitment in vitro (Irie et al., 2015; Sasaki et al., 2015; Kobayashi et al.,
2017; Mitsunaga et al., 2017). Tracking the dynamics of TFAP2C expression over time in hPGCLC
specification revealed that it is activated slightly after PRDM1, placing it downstream of PRDM1 in
the hPGC genetic programme (Fig. 3) (Irie et al., 2015; Kobayashi et al., 2017). Recent preliminary
work also showed that forced expression of 7FAP2C in competent hPSCs did not lead to hPGCLC
generation at appreciable efficiencies, even in conjunction with PRDM1 overexpression (Kobayashi
et al., 2017). This seems to suggest that while TFAP2C is retained in the hPGC regulatory network,
it is insufficient on its own for germ line fate acquisition, warranting more in-depth study of this

factor.

Downstream of the core PGC specifying factors, the re-expression of pluripotency genes in the
human germ line is somewhat similar to that in mouse, albeit with one conspicuous difference. The
likes of OCT4 and NANOG - classical pluripotency genes — are well-known to be expressed in

migrating hPGCs and hPGCLCs undergoing germ line commitment, mirroring their behaviour in
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mPGCs and mPGCLCs (Fig. 3). Additionally, their upregulation is observed after the induction of
early hPGC factors like SOX17 and PRDM1, denoting their deployment downstream of the
SOX17/PRDM1/TFAP2C hPGC specification axis. However, another quintessential pluripotency
factor, SOX2, is virtually absent in hPGCs and hPGCLCs, contrary to its presence and necessity in
the murine system (Fig. 3) (de Jong et al., 2008; Gkountela et al., 2013; Gkountela ef al., 2015; Guo
et al., 2015; Irie et al., 2015; Sasaki et al., 2015; Sugawa et al., 2015; Tang et al., 2015; von Meyenn
et al., 2016; Chen et al., 2017; Kobayashi et al., 2017; Mitsunaga et al., 2017).

Most reports so far have only addressed the lack of SOX2 in a descriptive manner, and to our
knowledge, SOX2 has not been subjected to experimental manipulation in the hPGCLC setting.
Besides its role in maintaining the pluripotent state, SOX2 is also known for its role in neurectoderm
differentiation, postulated to be a default differentiation pathway of hPSCs (Vallier et al., 2004;
Sarkar and Hochedlinger, 2013). Speculation that SOX2 and PRDM 14 may be genetic interactors has
suggested that their low expression levels may be linked to a repressive programme for neural fate in
hPGCLC precursors (Sugawa et al., 2015), but this is far from certain, necessitating at least some

preliminary inquiries into the biology of SOX2 during germ cell specification.

Besides SOX2, attempts have recently been made to recapitulate the murine finding that
overexpression of Nanog alone can induce mPGCLCs without the introduction of core germ lineage
specifiers (Murakami et al., 2016), but the human system has proven refractory, with ectopic
NANOG expression unable to generate hPGCLCs (Kobayashi et al., 2017). Additionally, the very
recent finding of Esrrb acting downstream of Nanog in mPGCs/mPGCLCs seems to be irrelevant to
the human system, as £ESRRB has been shown to be absent from hPGCs/hPGCLCs (Tang et al., 2015;
Zhang et al., 2018). Although there is substantially less investigation into the roles of pluripotency
factors in hPGC fate allocation compared to mPGCs, it is clear that the pluripotency network in
hPGCs and hPGCLCs may deviate from the murine version. How extensive and significant this re-

configuration is remains to be investigated.

The molecular basis of PGC commitment in an evolutionary perspective

Extensive recent utilisation of in vitro hPGCLC differentiation procedures has revealed that while
many pathways and factors critical to PGC/PGCLC development have been conserved, some notable
dissimilarities in deployment of PGC-associated factors have repeatedly been observed. Perhaps the
most significant finding is that a SOX17/PRDM]1 cascade has replaced the murine
Prdm1/Prdml14/Tfap2c trio as the major axis for hPGC induction (compare Fig. 2B to Fig. 3). Could
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this phenomenon be a reflection of morphogenetic divergence in the peri-gastrulating embryo? The
mouse peri-gastrulation embryo presents as an egg cylinder, while the human equivalent manifests as
a bilaminar disc. Importantly, the cylindrical morphology of rodent embryos appears to be quite
unique to that clade, as the embryos of many other mammalian lineages are disc-like (Irie ef al.,

2014).

Very recent work has looked at PGC origination around the timing of gastrulation in pig and non-
human primate embryos, whose embryonic morphologies are bilaminar and similar to human
embryos. Notably, early pre-migratory porcine PGCs (pPGCs) and cynomolgus monkey PGCs
(cyPGCs) bore a transcription factor signature essentially equivalent to that in hPGCs/hPGCLCs,
such as SOX17, PRDM1, TFAP2C, OCT4, NANOG, and lack of SOX2 (Sasaki et al., 2016;
Kobayashi et al., 2017). Additionally, initial reports of stepwise in vitro generation of porcine and
cynomolgus monkey PGCLCs from their respective pluripotent stem cells also demonstrated that
these factors are similarly involved in germ lineage induction in cells of these species (Wang et al.,
2016; Kobayashi et al., 2017). It is therefore probable that cylindrical and bilaminar embryos possess

dissimilarly wired transcriptional circuitry for promoting PGC fate.

From an evolutionary developmental perspective, what could be a likely reason behind alteration of
the early pro-PGC gene regulatory network? A school of thought in PGC development holds that
PGCs segregate very early from nascent mesoderm, and hence may be mesodermal derivatives
(Extavour and Akam, 2003; Johnson et al., 2003; Pilato et al., 2013). Molecularly, this may be
supported by the observation of 7 and EOMES expression preceding canonical pro-PGC factors,
where T and EOMES are traditionally considered to be mesodermal genes and reported as such (Guo

et al., 2015; Irie et al., 2015; Sasaki et al., 2015; Sugawa et al., 2015; Yokobayashi et al., 2017).

Another possible interpretation of 7/EOMES expression is that they delineate an early mesendoderm
precursor population, given that 7 and EOMES are widely reported as mesendoderm factors (Kubo et
al., 2004; Tada et al., 2005; Costello et al., 2015; Song et al., 2016; Wang et al., 2017). In this
scenario, it may be that 7/EOMES activity in nascent mesendoderm could have activated the
endoderm lineage factor SOX17 at some point in the evolutionary past, which was in turn co-opted
into a PRDM [ -based regulatory network for PGC fate. We note, on the other hand, that there
remains a lack of consensus on the nature of mesendoderm in mice (Tzouanacou et al., 2009), and
perhaps 7/EOMES may merely demarcate a more general pre-streak epiblast cell population. It is

nonetheless interesting that the loss of PRDM1 function in differentiating PGCs/PGCLCs increased

John Wiley & Sons



Page 19 of 32

oNOYTULT D WN =

Wiley Interdisciplinary Reviews: Systems Biology and Medicine

expression of mesoderm and endoderm factors, hinting that PRDM1 may suppress early somatic
programmes to switch cells into PGC fate, and that a co-opted SOX17 somewhat retains its original
endodermal function (Irie et al., 2015). Considering a recent account of SOX17 expression in PGCs
of the basal rodent Lagostomus maximus, it may even be plausible that the mouse specification
mechanism lacking SOX17 could be a derived trait, as the Muridae clade to which mice belong is

evolutionarily young among rodents (Fabre et al., 2012; Leopardo and Vitullo, 2017).

Besides the puzzling nature of SOX17 involvement, there remain plenty of mysteries surrounding
hPGC fate allocation. For instance, there are no ready explanations regarding the lack of necessity
for SOX2, and the curtailed expression of PRDM14. Additionally, the observation of SOX17-related
SOX15 expression in early-stage hPGCs/hPGCLCs (de Jong et al., 2008; Guo et al., 2015; Sasaki et
al., 2015; Mitsunaga et al., 2017) raises further possibilities — while it may be possible that SOX15
may be acting redundantly with SOX17 to ensure a robust fate transition, it may also be plausible that
SOX15 has uniquely important roles in hPGC commitment that have not been uncovered. Over and
above the still-uncertain individual roles of these transcription factors discussed above, there is an
acute lack of understanding of the ways in which these factors physically bind and regulate
expression of one another, and of downstream target genes, warranting a range of further

investigations.

Peculiarly, a recent finding that non-human primate PGCs seem to have origins in the amnion instead
of the epiblast introduces yet another enigma. While the earliest indications of non-primate
mammalian PGCs so far place their emergence at the posterior epiblast where the incipient primitive
streak forms, cynomolgus monkey PGCs clearly arise from the dorsal amnion that is physically
separate from the posterior epiblast. Even more curiously, this region of the dorsal amnion expresses
T prior to gastrulating epiblast (Sasaki et al., 2016). Murine 7 is known to be expressed early in
extra-embryonic tissue abutting the epiblast before the primitive streak forms, and is also implicated
in gastrulation-associated cell movement (Rivera-Perez and Magnuson, 2005; Turner et al., 2014).
Further to this, posterior epiblast ingressing through the primitive streak does contribute to the
amnion in the mouse (Tam and Beddington, 1987; Kinder et al., 1999). In light of the association
between the amnion, epiblast, and 7, a possible role of T could be to engage cell motility
programmes pertinent to the critical migratory behaviour of PGCs (Molyneaux and Wylie, 2004;
Turner et al., 2014).

The prospective outlook in PGC research
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To address knowledge gaps in early human/primate PGC commitment, we propose that a judicious
strategy would be to take extensive advantage of in vitro PGC directed differentiation techniques,
established for human/primate/porcine/murine systems, to generate abundant material at each stage
in pre-PGC and PGC development. Up until now, hPGCLCs appear to represent a transient cell state
that is incapable of in vitro maintenance, as these cells extinguish PGC features beyond about a week
in culture (Irie et al., 2015; Sasaki et al., 2015; Sugawa et al., 2015). Whether culture conditions can

be modified to indefinitely maintain the hPGCLC state is an open question.

Additional potential improvements that may be implemented include differentiation in monolayers
instead of aggregates, and transdifferentiation. All current differentiation approaches utilise
embryoid bodies as the starting point for induction; while this may have proven fairly successful, the
aggregate nature of the starting material may bring about issues such as diffusional non-uniformity of
inductive compounds and inconvenient manipulation steps (Bratt-Leal et al., 2009; Mummery et al.,
2012). Development of monolayer differentiation methods would likely enhance yields of hPGCLCs
while improving final purity, and increase the accessibility of such directed differentiations to more
investigators. In parallel, a second methodological improvement would be to enable
transdifferentiation of non-stem cells to hPGCLCs. Latest efforts have reported limited success
(Canovas et al., 2017), but these are still early days, and we expect that future breakthroughs may
allow convenient use of somatic cells for hPGCLC generation. For now, aggregate-based
differentiations remain as the prevailing protocol, and the rapid induction of hPGCLCs (within two

to four days) in such procedures still enables speedy procurement of material for experimentation.

Without constrictive limitation of sample material, genetic manipulation of signalling pathways and
transcription factors can be more easily achievable, and critically, ChIP-seq of key transcription
factors can be robustly performed to flesh out genetic linkages within the pro-PGC network, much
like comparable work in the murine system (Magnusdottir et al., 2013). The sum result of this would
be to unequivocally clarify if and how human germ lineage segregation differs from other mammals.
Such clarity, combined with advances in ex vivo pre-gastrulation embryonic culture (Deglincerti et
al., 2016; Shahbazi et al., 2016), opens up the real prospect that stepwise hPGC commitment may be
systematically confirmed in the embryo, setting forth a gold standard for hPGC differentiation.

Looking further ahead, these advances pave the way for modelling and understanding germ line-
associated diseases and syndromes, such as cancers arising from dysregulated germ cells and

infertility due to loss of germ cells. We anticipate that gene regulatory networks underpinning post-
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hPGC maturation into oogonia/spermatogonia, and thereafter functional gametes, will be elucidated
in the near future. While the clinical usage of laboratory-generated gametes will likely be ethically
and scientifically fraught (Ishii and Saitou, 2017), basic biological knowledge gleaned from gamete
differentiation could be used for purposes such as diagnostic screening, reproductive toxicology, and

even endangered species preservation through gamete banking.

Conclusion

August Weissmann's hypothesised germ line/soma barrier was first proposed more than a century
ago (Weismann ef al., 1893). In the modern era, with the aid of contemporary methodologies, the
germ cell field has begun to tease apart the molecular players that segregate the germ lineage and lay
the foundation of Weissmann's barrier. Although the barrier has been conceptually challenged to a
certain extent by the usage of reprogrammed somatic cells (iPSCs) to recapitulate the germ lineage,
this constitutes a laboratory phenomenon with no correlate in the natural world. Future work into
germ line sequestration will undoubtedly provide more clues uncovering the basis of the germ
line/soma barrier, and of the development and evolutionary history of this fascinating lineage that is

so vital for reproductive propagation.
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Figure Legends

Figure 1 | Anatomical observations of embryonic PGCs.

Fig. 1. (A) Schematic diagram of the peri-gastrulation mouse embryo, indicating nascent mPGCs

observed in the posterior embryo. (B) Schematic diagram of the mouse embryo at about E9.5,

showing migratory, committed mPGCs colonising the genital ridge. (C) Schematic diagram of the
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week 3 human embryo, with the earliest observed hPGCs in the yolk sac wall. (D) Schematic
diagram of the week 5 to 6 human embryo, indicating migratory hPGCs populating the genital ridge.

Diagrams are not to scale. EXE; extraembryonic ectoderm. PGC; primordial germ cell.

Figure 2 | A molecular paradigm for mouse PGC specification.

Fig. 2. (A) In the peri-gastrulation/implantation mouse embryo, BMP and WNT signals emanate
from the posterior EXE, visceral endoderm, and the proximal epiblast itself, impinging and acting on
the posterior proximal epiblast. These signals represent competence and inductive modalities to drive
receptive epiblast cells towards germ lineage fate. (B) A wealth of in vivo and in vitro data has
unveiled the molecular pathways and players through which the mPGC lineage is specified. This
flowchart demonstrates the major factors involved. EXE; extraembryonic ectoderm. PGC; primordial

germ cell.

Figure 3 | Current outlook of human PGC specification.

Fig. 3. Combined in vitro and in vivo findings have uncovered a hPGC specification mechanism
distinct from that of the mouse. This flowchart includes the main, best-characterised factors in pro-
hPGC pathways; factors in red are the key elements that differ between mPGC and hPGC
development. Of note, SOX17 lies upstream of PRDM1 in the PGC specification circuitry, and the
roles of PRDM14 and NANOG in specifying hPGCs are unclear. Additionally, FEOMES has yet to be
characterised as a molecular player in mPGC commitment, while SOX2 is not expressed in

committed hPGCs. PGC; primordial germ cell.
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