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ABSTRACT The germ line is unique in that highly specialised cells must be formed while retaining
genomic totipotency. In mice, germ cells are derived from the pluripotent epiblast cells under the
influence of inductive signals. This specification event involves reactivation or maintenance of
core regulators of pluripotency, activation of germ line specific genetic programs, silencing of
somatic cell programs and strict epigenetic management. These programs are thought to allow
germ line specification while at the same time protecting underlying genomic totipotency. At this
stage germ cells do not exhibit overt pluripotency but are able to establish pluripotent embryonic
germ cells in culture. The primordial germ cells migrate to and populate the gonads at around
embryonic day 10.5 and then undergo further epigenetic reprogramming and sex determination.
Under the influence of the gonadal somatic cells the germ cells commit to male development and
enter mitotic arrest or commit to female development and enter meiosis. This process involves
down regulation of the core regulators of pluripotency, further differentiation of the germ cells,
tight cell cycle regulation and loss of the germ cells ability to form pluripotent cells in culture. If
this differentiation process is disrupted, germ cells can regain pluripotency and form tumours.
This review focuses on the formation and early differentiation of germ cells in mammals with
particular emphasis on the balance between germ cell differentiation and the maintenance of
underlying genomic totipotency.
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Introduction
The passage of genetic material from one generation to the
next is fundamental to perpetuation of a species. It is exclusively
the role of the germ cell lineage to deliver an individual’s DNA,
together with its accumulated mutations and epigenetic marks to
the next generation. In many species development of the germ
cell lineage is pre-determined; inheritance of maternal proteins
direct germ cell specification from the outset of development. By
contrast, in mammals all cells of the primitive ectoderm (the
epiblast) are capable of differentiating into all cell lineages of the
embryo including the germ line. It is from these pluripotent
epiblast cells that the mouse germ lineage is derived (Surani et al.,
2007). Germ cell specification in mouse involves inductive signals
from neighbouring extraembryonic tissues, which are required for
germ cell lineage recruitment from the pluripotent epiblast.
Not withstanding these differences in specification between
different classes, the germ cell lineages of all animals must

generate totipotency following fusion of the gametes at fertilisation.
In this context genomic totipotency refers to the capacity of the
genome to direct the differentiation of all cell lineages required for
viable development of an individual from a single cell. To achieve
this, germ cells must retain genetic programmes underlying
genomic totipotency, silence genetic programs promoting somatic differentiation and establish epigenetic patterns to support
these characteristics. In addition, the germ cells must reset
existing epigenetic patterns that are incompatible with transition
to the next generation. Following these changes the germ cell
lineage loses its developmental bipotentiality as it commits to
either spermatogenesis in the male or to oogenesis in the female
(Fig. 1). On rare occasions this balance between differentiation

Abbreviations used in this paper: BMP, bone morphogenetic protein; EG,
embryonic germ; TGCT, testicular germ cell tumor; TNAP, tissue nonspecific alkaline phosphatase.
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and underlying developmental totipotency is disrupted and germ
cell derived cancer ensues. This review will focus on the formation
and early differentiation of germ cells in mammals with particular
focus on the balance between germ cell differentiation and the
maintenance of underlying genomic totipotency.

Male/Female
Specification

the induction of germ cells (Tam and Zhou, 1996). The specification of these cells from the proximal epiblast is dependent on
extracellular signals including BMP4, BMP2 and BMP8b, which
emanate from the extraembryonic ectoderm (Lawson et al., 1999;
Ying et al., 2001; Ying and Zhao, 2001; Zhao and Garbers, 2002;
de Sousa Lopes et al., 2004; Itman et al., 2006). During gastrulaOrigin of mouse germ cells: establishing and maintain- tion, the putative germ cells become localised to the proximal
ing underlying totipotency
posterior region and become located at the base of the developing
allantois (Saitou et al., 2002; Ohinata et al., 2005). At the time of
In mouse, germ cells are derived from the pluripotent cells of
specification, a population of approximately 40 founding germ
the proximal epiblast (Gardner and Rossant, 1979). Early expericells are detected (Lawson and Hage, 1994). From the base of the
ments showed that between E7.5-8.5 (embryonic day) the naallantois, the PGCs migrate through the developing hindgut and
scent germ cells could be visualised at the base of the allantois
finally enter into the developing gonads–(Wylie, 1999) (Fig. 1).
due to their high levels of tissue non-specific alkaline phosRecent work has substantially extended the understanding of
phatase (TNAP) (Snow, 1981; Ginsburg et al., 1990; McLaren,
the molecular processes underlying specification of germ cells in
2003) (Fig. 1). Lineage tracing experiments of single E6 – E6.5
mouse. To this end, gene expression screens were employed to
epiblast cells in mice have shown that the germ cells originate
identify key genes expressed in early germ cells. In an elegant
from the region of the epiblast proximal to the extraembryonic
series of experiments tissue containing the nascent PGCs and
ectoderm. At this stage these cells are not committed to germ cell
neighbouring somatic cells was dissected from E7.5 embryos and
development but can give rise to other cell lineages (Lawson and
single cells were used to prepare cDNA libraries (Saitou et al.,
Hage, 1994). In addition, cells from more distant locations such as
2002). Libraries that exhibited high levels of the somatic marker
the distal tip of the epiblast can give rise to PGCs provided they
Hoxb1 were designated as belonging to the neighbouring “soare transplanted to the proximal epiblast, which is important for
matic” cells while those exhibiting high levels of TNAP were
designated as being “germ” cell in origin.
Comparisons between these libraries reProliferation
Proliferation
Mitotic
Mitotic
sulted in the identification of two novel genes,
arrest
arrest
Fragilis and Stella, which were expressed in
nascent germ cells (Saitou et al., 2002). At a
Male
similar time screening of gonadal germ cells
also resulted in identification of these genes
BMPs
(Sato et al., 2002; Tanaka and Matsui, 2002).
Fragilis (also known as Mil1 or Inftn3) encodes an interferon inducible transmembrane
protein important for cell-cell adhesion of
germ cell progenitors (Saitou et al., 2002;
Tanaka et al., 2002; Lange et al., 2003;
Migration
Germ line
Tanaka et al., 2004; Tanaka et al., 2005).
specification
Female
Stella (also known as Pgc7) encodes a protein containing a putative SAP domain, which
Meiotic
may function in the regulation of chromatin
prophase
(Saitou et al., 2002; Sato et al., 2002). Stella
Epigenetic reprogramming
is expressed in pre-implantation embryos, in
EG derivation
embryonic stem cells and in primordial germ
cells from E7.2. Despite its striking expresE7.5
E8.5
E9.5
E11.5
E12.5
E14.5 sion in nascent germ cells, Stella does not
have a detectable effect on germ cell speciFig. 1. Overview of early germ line development in the mouse. Germ cells are recruited from fication (Payer et al., 2003; Bortvin et al.,
the proximal epiblast under the influence of signalling molecules expressed in the extraembryonic 2004), but is required during pre-implantaectoderm. Germ cell specification involves the reactivation or maintenance of pluripotent tion development where it may function in
regulators and the expression of proteins that repress genetic programs leading to somatic maintaining DNA methylation patterns
differentiation. The germ cells then migrate to the gonads through passive and active means. (Nakamura et al., 2007). Nevertheless, the
Epigenetic reprogramming occurs within the genome of germ cells during their migration and Stella promoter region has been used to
population of the gonads. This process is thought to be required for reaffirming underlying make Stella–eGFP transgenic mice that have
genomic totipotency. Once in the gonad, the germ cells are subject to significant active epigenetic
been valuable in the analysis of germ cell
reprogramming which involves DNA demethylation and imprint erasure. Also at this stage, in
specification (Payer et al., 2006; Seki et al.,
response to signals from the somatic cells, germ cells are recruited to the spermatogenic (male)
or oogenic (female) lineages and arrest in either mitotic G0 or meiotic prophase respectively. This 2007)
The isolation of single nascent germ cells
stage of differentiation coincides with the loss of germ cells ability to establish pluripotent
embryonic germ (EG) cell colonies in culture. During this phase germ cells must maintain a balance also allowed analysis of gene expression
programs during the early specification of
between appropriate differentiation and their retention of underlying totipotency.
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the mouse germ cell lineage. Establishment of genetic
Proliferation
Proliferation
Mitotic
programmes promoting germ cell specification involves
arrest
the establishment of unique epigenetic states within the
nascent germ cells (Saitou et al., 2002; Ohinata et al.,
BMPs
2005; Seki et al., 2005; Seki et al., 2007; Surani et al.,
2007) (Fig. 2). In addition, a striking feature of nascent
germ cells is their ability to silence expression of genes
that may otherwise lead to somatic differentiation (Saitou
et al., 2002; Ohinata et al., 2005; Yabuta et al., 2006)
(Fig. 2). Similar silencing of genetic programs that promote somatic differentiation is a common feature of germ
Dnmt1
Dnmt1
cell specification in many species and is thought to be
Dnmt3b
required to maintain germ cell identity and underlying
pluripotency (Seydoux and Braun, 2006; Strome and
H3K9me2
H3K27me3
Lehmann, 2007). In mouse, a critical protein in this
process is BLIMP1 (also known as PRDM1), which
Transcriptional silencing
contains an N-terminal proline rich region and a SET
(Suv39, Enhancer of Zeste, Trithorax) domain. Although
Silencing of somatic programmes
the molecular function of Blimp1 is not well understood,
Sox2
its expression is first detected in a population of approxiOct4
Nanog
mately 6 proximal epiblast cells that are in contact with
the extraembryonic ectoderm at E6.25. This Blimp1
X-reactivation
positive population eventually produces around 40 founding nascent germ cells at approximately E7.25. Loss of
Xist
Blimp1 function results in loss of the founder population
of primordial germ cells with only a few aberrant cells
E7.5
E8.5
E9.5
E11.5
remaining, which fail to suppress somatic gene expression programs, cease to proliferate and cannot migrate Fig. 2. Mouse germ cell specification, epigenetic modification and affirmation
(Ohinata et al., 2005). BLIMP1 has been shown to of underlying totipotency. BMPs expressed in the extraembryonic ectoderm
associate with PRMT5, an arginine methyltransferase induce germ line development in a population of proximal epiblast cells. These cells
with the ability to catalyse the dimethylation of arginine 3 activate expression of Fragilis, which is involved in homotypic adhesion of germ
on the N-terminal tails of histones H2A and H4. BLIMP1 cells and their somatic neighbours. Blimp1, a SET domain containing transcriptional
and PRMT5 are co-expressed in nascent germ cells repressor is expressed in founding germ cells and is required to suppress genetic
indicating that the role of BLIMP1 in assuring germ cell programs associated with somatic cell development, such as homoeobox genes.
identity and survival may depend on this complex (Ancelin The nascent germ cells maintain or reactivate expression of core regulators of
pluripotency, Oct4, Sox2 and Nanog. During migration germ cells undergo a
et al., 2006).
transient period of G2 mitotic arrest, suspension of RNA polymerase dependent
After specification and during their migration to the
transcription and epigenetic reprogramming that establishes marks associated
developing gonads, germ cells undergo further epige- with underlying totipotency, such as H3K27 methylation. X-inactivation is initiated
netic modification (Fig. 2). Initially, at around E8.0 germ early with down-regulation of Xist and is completed in gonadal germ cells. During
cells and their somatic neighbours appear to be relatively migration germ cells require various signals, including SCF that sustain their survival
epigenetically similar. Both exhibit Histone H3 Lysine 9 and proliferation until they enter the developing gonads. SDF is required to direct germ
dimethylation (H3K9me2), which is associated with re- cell entry into the gonads. Germ cells that fail to enter the gonad lose expression of SCF
pressive chromatin, both contain DNA methylation pat- and activate BCL dependent apoptotic pathways leading to cell death.
terns that are comparable and both have initiated Xchromosome inactivation (Tam et al., 1994; Seki et al., 2007;
At approximately E8.5-9.0 there is an increase in H3K27me3
Sugimoto and Abe, 2007). However, these patterns begin to
within germ cells, but not in the surrounding somatic cells.
change specifically in germ cells from E8.0. DNA methylation
H3K27me3 is prominent in pluripotent embryonic stem cells. The
levels become reduced, the maintenance DNA methyltransferase,
histone methyltransferase, Ezh2 (Enhancer of Zeste 2), is reDNMT1 (DNA methyltransferase 1) is transiently down regulated
quired for establishing H3K27me3 modifications in ES cells and
and the de-novo DNA methyltransferases DNMT3b and DNMT3a
early embryos where it is essential for normal embryonic developare suppressed or absent respectively (Seki et al., 2005; Yabuta
ment (O’Carroll et al., 2001; Erhardt et al., 2003; Silva et al.,
et al., 2006; Seki et al., 2007). In addition, a recent study has
2003). EZH2 is strongly expressed in migrating germ cells indicatshown bi-allelic expression of some genes that are not normally
ing that EZH2 is likely to establish H3K27me3 patterns within the
expressed from the inactive X-chromosome at E7.75 (Sugimoto
developing germ cells at this time (Yabuta et al., 2006). Interestand Abe, 2007). Consistent with this, the critical regulator of Xingly, the phase of epigenetic remodelling occurring in E8-9.5
inactivation, Xist (Inactive X-specific transcript), is not expressed
germ cells coincides with transient G2 arrest in the cell cycle,
in approximately 5% of germ cells by E7.75 and is lost in all germ
repression of RNA polymerase 2 transcription and germ cell
cells by E10.5.
specific repression of the histone methyl-transferase EHMT1
Histone methylation patterns also change in early germ cells.
(euchromatic histone-lysine N-methyltransferase 1, also known
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as G9a like protein GLP), which is required for the establishment
of H3K9me2 methylation (Tachibana et al., 2005; Seki et al.,
2007). Together, these experiments indicate that extensive epigenetic reprogramming occurs in migrating PGCs and that these
epigenetic modifications are consistent with the maintenance of
underlying genomic totipotency/pluripotency within the developing germ lineage (Seki et al., 2007; Surani et al., 2007) (Fig. 2).
Another unique feature of PGCs is their expression of genes,
which either mark or are required by pluripotent cell types. The
best understood of these genes is Pou5f1 / Oct4 (Pou domain
class 5 transcription factor 1 or Octamer binding transcription
factor 4), which encodes a POU domain containing transcription
factor that is required to maintain pluripotency in pre-implantation
embryos and embryonic stem (ES) cells (Nichols et al., 1998;
Niwa et al., 2000). Oct4 is expressed during cleavage stages and
becomes restricted to the pluripotent cells of the inner cell mass
and epiblast. Oct4 expression is then maintained in the developing germ cells during their specification and throughout primordial
germ cell development (Scholer et al., 1990; Yeom et al., 1996;
Saitou et al., 2002; Yabuta et al., 2006). Continued Oct4 expression is required by primordial germ cells to maintain their survival,
as Oct4 null germ cells undergo apoptosis (Kehler et al., 2004). In
some contexts OCT4 functions with another transcription factor
SOX2 (SRY BOX protein 2), which is up-regulated prior to Stella
in nascent germ cells and is then maintained in PGCs (Yabuta et
al., 2006). Sox2 is expressed in PGCs until after they have
populated the genital ridges and been specified to develop along
the spermatogenic or oogenic pathway. Sox2 expression is downregulated thereafter (Maldonado-Saldivia et al., 2007). A third
important transcriptional regulator of pluripotency, Nanog, is also
re-activated in nascent germ cells and maintained in PGCs in a
pattern which is very similar to that observed for Sox2 (Yamaguchi
et al., 2005; Yabuta et al., 2006). Recent data shows that Nanog
is required for maturation of PGCs as they reach the genital ridge
(Chambers et al., 2007). Although both NANOG and SOX2 are
required for maintaining the inner cell mass in pre-implantation
embryos and are important in pluripotency and self-renewal of ES
cells (Avilion et al., 2003; Chambers et al., 2003; Mitsui et al.,
2003), their functions in the germ line remain to be fully determined. However, on the basis of their key functions in early
embryos and pluripotent ES cells it seems likely that OCT4, SOX2
and NANOG perform functions in maintaining underlying germ
line totipotency/pluripotency and preventing differentiation of the
developing germ cells (Fig. 2).
This conclusion is supported by the recent finding that ectopic
expression of Oct4 and Sox2 in conjunction with the transcription
factors Klf4 (Krupple like factor 4) and cMyc (myelocytomatosis
oncogene), or Nanog and LIN28 (lin 28 homologue) can induce
pluripotency in differentiated mouse and human fibroblasts
(Takahashi and Yamanaka, 2006; Okita et al., 2007; Takahashi et
al., 2007; Wernig et al., 2007; Yu et al., 2007). In mice these
induced pluripotent cells are not only capable of contributing to all
germ layers during development but can also form the germ line,
indicating that these cells can gain genomic totipotency. Therefore, based on their role in initiating and controlling pluripotency
in vivo and in vitro Oct4, Sox2 and Nanog can be viewed as “core
regulators” of pluripotency.
In addition to Oct4, Sox2, and Nanog, PGCs activate several
other markers of pluripotent cells including Esg1 (embryonic stem

cell specific gene 1 also known as Dppa5), Dppa2 (developmental
pluripotency associated gene 2) and Dppa4 during their migration
and eventual entry into the developing gonads (Western et al.,
2005; Tanaka et al., 2006; Yabuta et al., 2006; MaldonadoSaldivia et al., 2007). The function of these genes in PGCs (and
in other pluripotent cells) is as yet unknown, however since Esg1
null mice are fertile, Esg1 is not essential for germ cell specification or survival (Tanaka et al., 2006). In addition, although Dppa2
and Dppa4 are not expressed in migratory germ cells prior to their
entry into the gonads (Maldonado-Saldivia et al., 2007), it is
possible to derive pluripotent embryonic germ (EG) cells from
these migratory germ cells (Durcova-Hills et al., 2001). However,
while Dppa2 and Dppa4 are not expressed in early PGCs, they
appear to be up regulated during the derivation of EG cells in
which their expression is readily detected. Therefore, although
Dppa2 and Dppa4 do not appear to be required for underlying
pluripotency in PGCs, it remains possible that they are required
for EG cell formation.
Despite germ line re-acquisition of the transcriptional machinery underlying pluripotency, PGCs are not overtly pluripotent
(McLaren, 2003; Durcova-Hills et al., 2006). This lack of pluripotency has been demonstrated using various assays. When PGCs
are injected into mouse blastocysts or aggregated with morula
they are incapable of differentiating or indeed of making any
contribution to the host embryo. Similarly, they do not contribute
to chimaeric ICM outgrowths in a comparable in vitro assay
(McLaren, 2003; Durcova-Hills et al., 2006). Despite this it is
possible to derive pluripotent EG cells from pre-migratory, migratory and gonadal PGCs (Matsui et al., 1992; Resnick et al., 1992;
Labosky et al., 1994; Stewart et al., 1994; Tada et al., 1998;
Durcova-Hills et al., 2001; Durcova-Hills et al., 2003; DurcovaHills et al., 2006). Pluripotent EG cells have also been derived
from human PGCs (Shamblott et al., 1998). Consistent with this,
when transplanted under the kidney capsule or grafted into adult
testis, PGCs form pluripotent embryonal carcinoma (EC) cells
that are regarded as the stem cells of teratocarcinoma (Stevens,
1967; Stevens, 1984; Matin, 2007). The formation of EG cells
from PGCs is reliant on specific culture conditions and the
presence of the growth factors SCF (Stem Cell Factor), FGF2
(Fibroblast Growth Factor 2 or basic FGF) and LIF (Leukemia
Inhibitory Factor) (Matsui et al., 1992; Resnick et al., 1992;
Durcova-Hills et al., 2006). EG cells are very similar to ES cells in
that they are potentially immortal and pluripotent, however, they
possess a more pronounced ability to reprogram certain epigenetic marks, which is best demonstrated in their erasure of
genomic imprints (Tada et al., 1998; Tada et al., 2001). This
quality reflects their germ line origin as PGCs possess this activity
in-vivo.

Survival and proliferation: key aspects of early germ
cell development
While germ cells are considered mono-potential and can only
develop into gametes, they must be programmed to generate a
totipotent zygote. This involves a very specialised process of
differentiation. To this end, germ cells must not only regulate
underlying genomic totipotency and protect themselves from the
inductive signals of various somatic lineages, they must also
activate germ cell specific genetic programs which direct func-
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tions as diverse as cell migration, epigenetic erasure and establishment, spermatogenic or oogenic specification, meiosis and
ultimately gamete production. To achieve these goals, specific
genetic programs must be activated in germ cells at various
stages of their development. Although the function of some of the
genes required for some of these processes are understood, a
great deal remains unknown. Two key aspects of germ cell
biology that affect their ability to establish pluripotent cell populations are cell survival and proliferation.
Crucial to PGCs are the ligand SCF and its tyrosine kinase
transmembrane receptor cKIT. The function of this pathway was
initially discovered in the steel (which encodes SCF) and the
dominant white spotting (which encodes cKIT) mouse mutants in
which germ cells are lost during the migratory phase. SCF/cKIT
signalling is required for proliferation and survival of germ cells
and aberrant function of this pathway has been associated with
abnormal proliferation and transformation of germ cells (Dolci et
al., 1991; Godin and Wylie, 1991; Matsui et al., 1991; Dolci et al.,
1993; Pesce et al., 1993; Donovan and de Miguel, 2003; Sakuma
et al., 2003; McIntyre et al., 2005; Goddard et al., 2007). Two
members of the NANOS family of RNA binding proteins, NANOS2
and NANOS3 are also required for survival of foetal germ cells
(Tsuda et al., 2003; Suzuki et al., 2007). Nanos3 is expressed in
migrating germ cells and functions to maintain early germ cell
survival, at least partly through suppression of apoptosis (Suzuki
et. al. 2008), while Nanos2 is male specifically expressed and
required for survival and differentiation of gonadal germ cells
(Suzuki et. al. 2007; Suzuki and Saga 2008). Another group of
molecules, which affect PGC migration and proliferation are the
fibroblast growth factors. Treatment of migrating germ cells in
embryo slice cultures indicate that while FGF2 affects germ cell
motility, FGF7 is required for germ cell survival and proliferation.
Consistent with this, loss of function of the receptor for FGF7,
FGFR2-3b results in reduced germ cell numbers (Takeuchi et al.,
2005). In addition, BMPs regulate PGC numbers and motility in
culture (Dudley et al., 2007; Ross et al., 2007). BMPs are also
required for regulation of pluripotency in ES cells (Ying et al.,
2003) and for recruitment of PGCs from the proximal epiblast
during germ line specification (Lawson et al., 1999; Ying et al.,
2001; Ying and Zhao, 2001; de Sousa Lopes et al., 2004). Several
members of the interleukin family, including IL4 (Interleukin-4),
IL6, IL11, IL2 and LIF have also been shown to enhance PGC
survival and proliferation (De Felici and Dolci, 1991; Cheng et al.,
1994; Cooke et al., 1996; Koshimizu et al., 1996; Eguizabal et al.,
2007).
Clear associations have been made between the action of LIF,
BMP4, SCF, and FGF2 and the acquisition and maintenance of
pluripotency and self-renewal in ES cells and EG cells. For
example the derivation of EG cells requires a cocktail of SCF,
FGF2 and LIF to facilitate the reprogramming of PGCs (which are
not overtly pluripotent) to pluripotent EG cells (Matsui et al., 1992;
Resnick et al., 1992). In this context it is of particular interest that
other TGFβ (transforming growth factor β) family proteins such as
ACTIVIN and NODAL are also involved in regulation of pluripotency in human ES cells and maintaining Oct4 and Nanog in the
inner cell mass of the mouse epiblast (Vallier et al., 2004;
Mesnard et al., 2006). However, whether these signalling molecules function in germ cell proliferation, survival and EG cell
derivation is currently unknown. Finally, SDF (stromal cell derived

factor 1) is required for directing PGC migration and has been
implicated in promoting survival of migrating germ cells until they
enter the gonad (Stebler et al., 2004).
Although maintaining germ cell survival is critical, it is sometimes necessary for the embryo to promote germ cell death. This
occurs when germ cells lose their way due to loss of contact with
migratory cues such as SDF (Stebler et al., 2004). These mislocalised germ cells can provide an undifferentiated germ cell
substrate that can transform and establish extra-gonadal germ
cell tumors. It has recently been shown that a key mechanism in
eliminating these mis-localised germ cells is the down-regulation
of SCF and the activation of intrinsic cell death that is mediated
through the pro-apoptotic gene Bax (Stallock et al., 2003; Runyan
et al., 2006). Finally, TGFβ1 and ACTIVIN limit PGC proliferation
in various tissue culture systems (Godin and Wylie, 1991; Richards
et al., 1999). Collectively, it is clear that the proliferation and
survival of PGCs is strictly monitored and controlled during
migration to the developing gonads and that failure of these
mechanisms can lead to loss of germ cells and sterility or to extragonadal germ cell cancers.

Gonadal germ cells
By about E11 the developing germ cells have entered the
developing genital ridge and will soon be subject to sex specific
signalling processes. At this stage germ cells are sexually bipotential and can commit to either the spermatogenic pathway or
the oogenic pathway (Adams and McLaren, 2002) (Fig. 1). This
choice is strongly influenced by the somatic cells of the developing testis and ovary respectively (Adams and McLaren, 2002;
McLaren, 2003; Bowles et al., 2006; Koubova et al., 2006). At
E11.5 - E12.5 PGCs are also highly proliferative (Tam and Snow,
1981; Western et al., 2008) and can establish pluripotent EG lines
in culture (Matsui et al., 1992; Labosky et al., 1994; Tada et al.,
1998; Durcova-Hills et al., 2003; Durcova-Hills et al., 2006).
These features of PGCs begin to alter dramatically soon after
E11.5. Between E11.5 and E12.5 germ cells in both male and
female environments undergo extensive epigenetic reprogramming, that appears to be equivalent in both sexes. This involves
widespread de-methylation of DNA at imprinted loci, single gene
loci and the inactive X-chromosome but within IAP (Intracisternal
A particle) elements and Line1 repeated elements, DNA methylation exhibits substantial resistance to erasure (Hajkova et al.,
2002; Lane et al., 2003; Sato et al., 2003). Reprogramming of
germ cells within the gonad occurs in the absence of nuclear
DNMT3A and DNMT3B but in contrast to the re-programming of
E8.0-9.5 PGCs (Seki et al., 2007) DNMT1 remains expressed in
the nucleus of gonadal germ cells undergoing reprogramming
(Hajkova et al., 2002). Reprogramming of germ cells during this
phase is thought to be necessary for the developing germ cells to
re-set their epigenetic status in preparation for the production of
gametes. The gametes confer totipotency and supply crucial
epigenetic information to the next generation, including parent of
origin specific marks such as genomic imprints. This reprogramming activity is qualitatively different from that observed in ES
cells and the oocyte in that EG cells erase genomic imprints,
whereas at other developmental stages reprogramming leaves
genomic imprints intact (Tada et al., 1997; Tada et al., 1998;
Surani et al., 2007). After their erasure many of these critical
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Establishment of appropriate epigenetic patterns subsequent to reprogramming is essential for normal development and in some
cases (for example genomic imprints) these
epigenetic patterns will be maintained in all
somatic cells throughout the life of an individual.
Coincident with epigenetic reprogramming
and germ cell exposure to the somatic environment of the developing gonad, the germ
cells lose their ability to establish pluripotent
EG cells in culture (Fig. 1). This change in
developmental potential also coincides with
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Fig. 3. Meiosis vs mitotic arrest in female and male foetal germ cells. After entering the
gonad, germ cells are subject to sex specific inductive signals which originate in the somatic
tissues and recruit germ cells to the male (spermatogenic) and female (oogenic) pathways. In
females RA induces expression of Stra8, which is required for passage of germ cells through premeiotic S phase. Consistent with their passage through G1-S-phase, female germ cells maintain
expression of inactivated (hyper-phosphorylated pRB) during their entry into meiosis. In males,
CYP26B1 metabolises RA preventing entry into meiosis and permitting male germ cell differentiation and cell cycle exit. An unknown signal induces expression of p27kip1 and p15INK4b at the
initiation of mitotic arrest. Activity of the E and D type cyclins is presumably inhibited, pRB is
transiently activated (hypo-phosphorylated) and the germ cells arrest in G0.

Germ cell sex determination
Arrival of the germ cells into the developing gonads results in
their exposure to inductive signals that promote either male or
female development. Male sex determination is initiated by expression of the Y-chromosome gene, Sry (Sex Determining
Region Y chromosome), within the bi-potential somatic presupporting cells of the undifferentiated gonad (Gubbay et al.,
1990; Sinclair et al., 1990; Koopman et al., 1991). Through a
complex series of events the pre-supporting cells differentiate into
Sertoli cells which are thought to act as a signalling centre to
induce various aspects of testis development, including male
germ cell development (Brennan and Capel, 2004; Wilhelm and
Koopman, 2006; Wilhelm et al., 2007b). Organ culture experiments have shown that association of germ cells of either XX or
XY chromosomal constitution with the somatic cells of the developing testis results in germ cell commitment to spermatogenesis
(McLaren and Southee, 1997; Adams and McLaren, 2002). Alternatively, if the same germ cells are associated with the somatic
cells of the developing ovary they commit to oogenesis. This
indicates that it is the surrounding environment, not the germ cells
genetic content (i.e. XX or XY) that primarily influences germ cell
sex determination. This influence is presumably mediated through
signalling between the surrounding somatic cells and the germ
cells. Supporting this conclusion recent experiments have shown
that Sdmg1 (sexually dimorphic, expressed in male gonads 1 also
known as Tmem184a) is up regulated in male somatic cells during

male germ cell commitment (Svingen et al., 2007; Best et al.,
2008). Sdmg1 encodes a protein which functions in membrane
trafficking and inhibition of this secretory pathway results in male
to female germ cell sex reversal (Best et al., 2008). Despite this
the signalling mechanisms that promote male or female germ cell
commitment are poorly understood. From experiments where
mouse XY and XX germ cells of varying developmental age
(E11.5, E12.5 and E13.5) were aggregated with developing ovary
or testis respectively, it is apparent that male germ cells are
irreversibly committed to spermatogenesis between E11.5 and
E12.5, while female male germ cells are irreversibly committed to
oogenesis between E12.5 and E13.5 (Adams and McLaren,
2002) (Fig. 1).
Following commitment to oogenesis, female germ cells enter
meiosis during foetal life. This contrasts with males, where meiosis is initiated post-natally. Recently it has been shown that
retinoic acid (RA) stimulates activation of Stra8 (Stimulated by
retinoic acid gene 8), which is required for germ cells to enter
meiosis in both males and females (Baltus et al., 2006; Bowles et
al., 2006; Koubova et al., 2006). Although some aspects have
been debated (Best et al., 2008), currently the generally accepted
model for initiation of meiosis suggests that RA levels within the
foetal ovary and testis are strictly controlled, with the developing
ovary being exposed to high levels, and the developing testis to
low levels of RA. The repression of RA activity within the testis is
achieved in large part through the action of the enzyme CYP26B1,
which degrades RA (Bowles et al., 2006; Koubova et al., 2006).
Interestingly, this reduction of RA in the developing testis has
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been associated with differentiation of male germ cells and their
entry into mitotic arrest (Trautmann et al., 2008). By contrast the
developing ovary does not express Cyp26B1, RA enters from the
neighbouring mesonephric tissue and Stra8 expression is up
regulated resulting in the entry of female germ cells into meiosis
(Baltus et al., 2006; Bowles et al., 2006; Koubova et al., 2006). In
males Stra8 is not up regulated until prior to entry of the germ cells
into meiosis, which occurs post-natally. Interestingly, null mutation of Stra8 in mice results in accumulation of germ cells in the G1
phase of the cell cycle due to their failure to proceed through Sphase. Thus one role for STRA8 is to allow pre-meiotic DNA
replication and therefore progression into meiotic prophase (Baltus
et al., 2006) (Fig. 3). The mechanism underlying this activity is yet
to be investigated.
Although this data shows that RA activation of Stra8 is key for
pre-meiotic DNA replication and progression into meiosis in
males and females, it is not clear that the combination of these
factors is required for commitment of the germ cells to oogenesis.
It is possible that commitment is equivalent to induction of Stra8,
or that unknown molecular processes lead to female germ line
commitment and Stra8 is activated slightly later. This is currently
difficult to resolve in the mouse model as commitment of female
germ cells to oogenesis coincides with the function of STRA8 in
inducing pre-meiotic DNA synthesis and germ cell entry into
meiosis. However, two circumstantial observations indicate that
pre-meiotic DNA synthesis may not equal female germ cell sex
determination. First, progression of female germ cells into meiosis in other species appears to be delayed with respect to the
somatic sex-determining period (for example in chickens, rabbits,
humans or sheep; (Byskov, 1986; Bendsen et al., 2006) C. Smith
personal communication). Such species may provide opportunities to study female germ cell sex determination without the
complicating process of immediate entry into meiosis. Second, in
males RA and STRA8 are required for entry into meiosis during
post-natal development, indicating that control of pre-meiotic Sphase entry is conserved and controlled by STRA8 in both males
and females. If STRA8 is required for female germ cell commitment it must regulate both specification and pre-meiotic S-phase
entry or these two events must be biologically equivalent. A
simpler explanation may be that STRA8 regulates pre-meiotic Sphase commitment in males and females, and that this follows
commitment of male or female germ cells, which is regulated by
unknown mechanisms respectively.
In males germ cells are protected from exposure to RA, and
therefore entry into meiosis, through the metabolism of RA by
CYP26B1 (Bowles et al., 2006; Koubova et al., 2006). At the same
time the germ cells are subject to inductive signals that promote
their commitment to the spermatogenic pathway and entry into
mitotic arrest. The signals promoting these developmental choices
are as yet undefined, however, commitment of germ cells to
spermatogenesis in mice rapidly follows somatic sex determination, which involves commitment of the Sertoli cell lineage and
organization of the germ cells within the developing testis cords.
At this developmental stage the expression of the Fibroblast
growth factor family member Fgf9 is required for somatic sex
determination and germ cell survival in males (DiNapoli et al.,
2006). Similarly a member of the prostaglandin family prostaglandin D2 is male specifically expressed in somatic and germ cells
and plays a role in Sertoli cell recruitment and differentiation

(Adams and McLaren, 2002; Wilhelm et al., 2005; Wilhelm et al.,
2007a). The potential role of these signalling molecules to promote male development of the germ cell lineage is as yet unknown.
In mice, soon after the germ cells commit to the spermatogenic
pathway they change from a highly proliferative state and enter
mitotic arrest over a period of approximately twenty-four hours.
Initially in E11.5-E12.5 male mouse embryos, gonadal germ cells
are highly proliferative (Tam and Snow, 1981; Western et al.,
2008). However, various reports show that one day later (E13.5)
the germ cells are proceeding through or have completed mitotic
arrest (Hilscher et al., 1974, McLaren, 1984; Adams and McLaren,
2002; Western et al., 2008), while other studies indicate that germ
cells are not quiescent until as late as E16.5 (Sapsford, 1962;
Vergouwen et al., 1991). A recent study has analysed this
progression in more detail by employing flow cytometry to examine the cell cycle state of germ cells prior to, during and after their
entry into quiescence (Western et al., 2008). This study also
compared inbred with outbred mouse strains and a cross of the
two. In C57BL6 inbred mice, germ cells enter quiescence between E13.5 and E14.5, a day after seminiferous cord formation,
while in the outbred strain, CD1, germ cells enter quiescence
between E12.5 and E13.5, immediately after cord formation.
Interestingly, the cross of these strains showed that germ cells
enter quiescence between E13 and E14, at about the midpoint in
time between the inbred and outbred strains (Western et al., 2008;
P. Western, D. Miles, J. van den Bergen and A. Sinclair unpublished data). This data indicates that mitotic arrest in mice is a
relatively, (but not entirely) synchronised event that occurs in
approximately 24-36 hours between E12.5 and E14.5, that this
progression is strain dependent and that in some strains (eg
C57Bl6) there is a lag of up to 48 hours between the formation of
cords (indicating somatic sex determination has occurred) and
the final S-phase progression prior to mitotic arrest of the germ
cells (Fig. 4).
On the basis of this data it is tempting to speculate that
commitment of germ cells to spermatogenesis and their entry into
mitotic arrest may be regulated separately at the molecular level.
For example the signalling mechanisms responsible for initiating
male commitment of the germ cells may be different from the
molecular signals/pathways initiating mitotic arrest. This hypothesis is supported by observations in other vertebrate species. For
example, in humans mitotic arrest of germ cells occurs considerably later than somatic sex determination and cord formation (and
probably germ cell sex determination) in the foetal testis (Bendsen
et al., 2003; Gaskell et al., 2004). Human germ cells are enclosed
within the testis cords during the seventh week of development
and presumably undergo spermatogenic lineage commitment at
about this time. Germ cells proliferate from a population of
approximately 3000 at this time to 30000 by week nine and
apparently retain proliferative activity until about week eighteen
(Bendsen et al., 2003; Gaskell et al., 2004). During this time
accumulating numbers of germ cells appear to exit the cell cycle
in a relatively unsynchronised manner (Gaskell et al., 2004).
The molecular mechanisms underlying mitotic arrest are poorly
understood. Independent reports have shown that particular cell
cycle proteins are expressed in cycling mouse germ cells and not
in quiescent germ cells, or vice versa. For example Cyclin D3 was
detected, but Cyclin D2 and the Cyclin-Cdk inhibitor, p27Kip1 were
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not detected in germ cells at E14.5. By contrast Cyclin D2, Cyclin
D3 and p27Kip1 were present in quiescent germ cells at E17.5
(Beumer et al., 1999; Beumer et al., 2000). Recent work has
examined the progress of germ cells into quiescence by directly
examining all the members of the G1 cyclins, the CIP/KIP and
INK4 inhibitors, which regulate the activity G1-S cyclin complexes, and the pocket proteins that control the check-point for
G1-S phase transition. By analysing pure germ cell populations
prior to, during and after mitotic arrest, this work has shown that
the progression of germ cells into quiescence involves the regulation of a subset of cell cycle proteins that control G1-S phase
transition. This includes the up regulation of the Cyclin–Cdk
inhibitors p27kip1, p15INK4b and p16INK4a, suppression of Cyclin E1
and E2 and regulation of the phosphorylation state of the G1-S
phase checkpoint protein pRB (Western et al., 2008). pRB is
initially hyper-phosphorylated (inactive) in highly cycling germ
cells at E12.5, but then becomes de-phosphorylated (activated) in
arresting germ cells. Its expression is then down-regulated and
eventually lost in quiescent germ cells. Therefore it appears that
pRB is activated only transiently during the entry of germ cells into
mitotic arrest and this activity is likely to prevent G1-S phase
transition at this stage. However, since pRB is degraded after
E14.5, its activity does not appear to be required to maintain
quiescence in germ cells (Fig. 4).
Interestingly, in human foetal germ cells pRB expression was
absent in the majority of testicular germ cells at 28 weeks, while
it was expressed in adult testis, but not in testicular germ cell
tumors (TGCT) (Bartkova et al., 2003). This indicates that pRB is
lost in TGCT. pRB is absent in quiescent mouse germ cells after
E15.5. In humans germ cells have apparently exited the cell cycle
after 18 weeks, and therefore in week 28 testes pRB expression
may be repressed due to quiescence, as it is in mouse. This would
be consistent if the biology of mouse and human male germ cell
development is similar with respect to pRB function. Indeed,
supporting the notion that mitotic arrest in human and mouse
germ cells is similar p15INK4b and p16INK4a are present in quiescent
mouse germ cells (Western et al., 2008) and variably detected
human foetal male testicular germ cells at 28 weeks. However,
the role of pRB in mitotic arrest of human germ cells remains
undefined. Interestingly, both pRB and p16INK4a are both absent

in TGCTs, although p15INK4b expression was widely detected
(Bartkova et al., 2003)
Choice between meiosis and mitotic arrest in female and male
foetal germ cells provides a unique juxtaposition of two alternative
paths for cell cycle progression. As discussed earlier, entry into
pre-meiotic S-phase is dependent on Stra8 (Baltus et al., 2006).
However, neither progression through mitotic S-phase or the
arrest of foetal male germ cells in G0 is dependent on Stra8.
Despite this, RA and Stra8 expression can induce pre-meiotic Sphase in foetal male germ cells, indicating that RA and STRA8 are
sufficient to promote premature meiotic entry. The progression of
germ cells into mitotic arrest in males or meiosis in females are
also associated with quite different regulation patterns of the G1S phase check point protein pRB. In males pRB becomes dephosphorylated and presumably activated, while in females this
activation is apparently robustly blocked and pRB becomes
hyper-phosphorylated (Western et al., 2008; P. Western, D.
Miles, J. van den Bergen and A. Sinclair unpublished data). This
raises the interesting possibility that the choice of terminal differentiation and entry into meiosis or entry into the transient and nonterminal period of mitotic arrest could be mediated by controlling
pRB activity (Fig. 3). Since STRA8 activity is required for premeiotic S-phase entry and pRB is present but apparently inactive
during this process, it is also tempting to speculate that STRA8
may play a role in regulating this developmental choice by
influencing pRB activity.
At the entry of male germ cells into mitotic arrest there are
many changes, which indicate that although these cells are not
actively dividing, many other developmental processes occur
during quiescence. These changes include aspects of epigenetic
programming, regulation of pluripotency, cell signalling and nuclear
import/export, sex specific development and regulation of gene
and protein expression. DNA methylation at imprinted loci is
regulated in quiescent germ cells through the activity of DNMT3A
and DNMT3L which are both up regulated early during male germ
cell differentiation and are required for establishing imprints
during this developmental phase (Bourc’his et al., 2001; Hata et
al., 2002; Bourc’his and Bestor, 2004; Kaneda et al., 2004; Sakai
et al., 2004; Webster et al., 2005; Kato et al., 2007; Lucifero et al.,
2007; Shovlin et al., 2007). Proteins such as, NANOS2, a member
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of the NANOS RNA binding protein subfamily, are also up regulated in arresting male germ cells and are required for further germ
cell development (Tsuda et al., 2003; Suzuki et al., 2007; Suzuki
and Saga, 2008; Suzuki et al., 2008). Nuclear import and cell
signalling pathways are regulated in quiescent germ cells (Hogarth
et al., 2005; Hogarth et al., 2007). GCNA (germ cell nuclear
antigen) decorates germ cells after they enter the gonad but
relocates from the cytoplasm to the germ cell nucleus during
quiescence (P. Western, D. Miles, J. van den Bergen and A.
Sinclair unpublished data). Transcriptional profiling in purified
germ cells indicates that many genes are activated and suppressed during the early stages of male germ cell development,
suggesting that substantial changes occur in the differentiation
status of these cells during this early differentiation down the
spermatogenic lineage (P. Western, D. Miles, J. van den Bergen
and A. Sinclair unpublished data). These changes are also
reflected in the loss of potential for germ cells to establish
pluripotent EG colonies, which occurs after E12.5 by which time
they have committed to male development. Finally, between
E12.5-E15.5 genes that control pluripotency are down regulated
in male germ cells (Yamaguchi et al., 2005; Maldonado-Saldivia
et al., 2007; P. Western, D. Miles, J. van den Bergen and A.
Sinclair unpublished data). Combined, these observations indicate that far from being a period of inactivity, many important
developmental changes occur in quiescent male germ cells. This
is also the case for male and female migratory germ cells, in which
extensive epigenetic reprogramming occurs during the transient
G2 cell cycle arrest that occurs at approximately E8.5 (Seki et al.,
2007).

Control of pluripotency in gonadal germ cells
Commitment of germ cells to the male lineage is associated
with the down regulation of the core pluripotent regulators, Oct4,
Sox2 and Nanog and other pluripotent markers such as Dppa2,
Esg1 and SSEA1 (stage specific embryonic antigen 1) (Yamaguchi
et al., 2005; Maldonado-Saldivia et al., 2007; P. Western, D.
Miles, J. van den Bergen and A. Sinclair unpublished data) (Fig.
4). In addition, the antigenic marker of pluripotency 4C9 is also
lost (Kimura et al., 2003). Control of the pluripotent regulatory
network in the early male germ cell lineage involves both the
regulation of transcription (for some genes) and regulation of
translation (for other genes) (Maldonado-Saldivia et al., 2007; P.
Western, D. Miles, J. van den Bergen and A. Sinclair unpublished
data). Down regulation of pluripotent markers has also been
observed during the early differentiation of foetal human germ
cells (Gaskell et al., 2004). Suppression of pluripotency appears
to be more stringently regulated in germ cells of the early female
germ cell lineage than in males as at commitment to oogenesis
and entry into meiotic arrest Oct4, Nanog, Sox2 and Dppa2 are all
stringently suppressed at the transcriptional level in females,
while in males this transcriptional control is more limited (P.
Western, D. Miles, J. van den Bergen and A. Sinclair unpublished
data). The role of the pluripotent regulators in the developing germ
line is not understood. However, based on their role in pluripotent
stem cells, it has been assumed that the core transcriptional
regulators of pluripotency, Oct4, Sox2 and Nanog are required to
maintain pluripotent potential in developing germ cells. This
hypothesis has yet to be tested experimentally. Since the normal

function of these genes in pluripotent stem cells, is to block
differentiation and maintain self-renewal, it has been proposed
that the suppression of pluripotent regulators may be required to
allow appropriate differentiation and cell cycle exit during the early
stages of male germ cell development (Maldonado-Saldivia et al.,
2007). In this context it is particularly interesting that, amongst
others, the core regulator of pluripotency, Oct4, is re-activated in
germ cell derived testis cancers (Gaskell et al., 2004; Rajpert-De
Meyts et al., 2004).

Germ cell cancer
Since this review is focussed on foetal germ cell development,
I will not attempt a detailed review of the formation of germ cell
cancer here. Amongst others, Rejpert-deMeyts et. al. 2003;
Almstrup et. al. 2005; Cools et. al. 2007; Oosterhuis and Looijenga
(2005) and Reuter (2005) provide more detailed reviews of the
topic of germ cell cancers (Rajpert-De Meyts et al., 2003; Almstrup
et al., 2005; Oosterhuis and Looijenga, 2005; Reuter, 2005; Cools
et al., 2006). However, it is relevant to briefly introduce germ cell
derived cancers and discuss this topic in the context of early germ
cell development. Testicular germ cell tumours (TGCT) in neonates, children and young males are derived from germ cells
exhibiting early developmental characteristics. Type1 TGCTs
occur with low incidence in neonates and children, and are
thought to be derived from relatively undifferentiated PGCs based
on their expression of genes active in PGCs and the limited
amount of DNA methylation erasure that has occurred at imprinted loci. These tumours occur in the testis and ovary as well
as various extra-gonadal regions within the body. Type 1 TGCTs
most closely resemble those of teratomas that are found in mice.
In humans these tumours are either classified as teratomas or
yolk sac tumours. Teratomas are usually chromosomally normal,
while yolk sac tumours are aneuploid. By contrast to the type 1
TGCTs, type 2 TGCTs are aneuploid with well characterised
chromosomal aberrations commonly occurring, particularly duplication of 12p.
Type 2 TGCTs are more complex than Type 1 TGCTs, however type 2 TGCTs are also believed to be formed from PGCs or
gonocytes. The majority of Type 2 TGCTs form in 15-40 year old
males from germ cells that are located within the testis tubules
and which retain foetal germ cell characteristics. These germ cells
are the precursor cells for TGCT and are described as Carcinoma
In situ (CIS) or Intra-tubular germ cell neoplasia unclassified
(ITGCNU) (Skakkebaek et al., 2001; Rajpert-De Meyts et al.,
2003; Oosterhuis and Looijenga, 2005). During the progression of
cancer these cells initially form seminoma and on occasion
progress to non-seminoma which include embryonal carcinoma
that is thought to represent the neoplastic equivalent of embryonic
germ cells. Consistent with this origin CIS, seminoma and embryonal carcinoma all exhibit aberrant reactivation or maintenance of OCT4 expression (Looijenga et al., 2003; Rajpert-De
Meyts et al., 2004) and express other markers of pluripotency
such as Nanog (Hoei-Hansen et al., 2005; Hart et al., 2005) and
specific microRNAs (Voorhoeve et al., 2007). Normally in humans
expression of Oct4 is repressed in the developing germ line after
about 18 weeks (Gaskell et al., 2004; Rajpert-De Meyts et al.,
2004). The activation of Oct4 in TGCT cells is not understood and
whether or not it has a role in driving oncogenesis in germ cells is

402

P. Western

yet to be determined. However, expression of Oct4 and other
markers of pluripotent cell lineages is typical of CIS, Seminoma
and Embryonal carcinoma and reflects functional pluripotency
that is often associated with EC.
Progression of CIS to the more advanced stages of seminoma
and non-seminoma is poorly understood at the molecular level.
Seminoma is characterised by the retained expression of markers
of foetal germ cells such as OCT4, cKIT and TNAP. cKIT is a
tyrosine type III receptor to which SCF binds and mediates
functions required for survival and migration of PGCs and enhanced EG cell formation in vitro. In humans, foetal germ cells coexpress cKIT, TNAP and OCT4 until several weeks after testis
cord formation indicating that these cells are relatively undifferentiated (Gaskell et al., 2004; Rajpert-De Meyts et al., 2004). During
neoplastic progression germ cells take on the overtly pluripotent
characteristics typical of embryonal carcinoma cells that act as
stem cells within the germ cell tumour. This progression involves
reprogramming steps, which convert the non-pluripotent germ
cells through CIS to seminoma or embryonal carcinoma (RajpertDe Meyts et al., 2003; Oosterhuis and Looijenga, 2005). This
process exhibits some similarities to the formation of pluripotent
EG cells from their non-pluripotent PGC precursors.
Occurrence of germ cell tumours is also associated with a loss
of contact of the germ cells with their micro-environment. One
example of this is the formation of extra gonadal germ cell
tumours, which are thought to be derived from PGCs and which
often activate germ cell markers and regulators of pluripotency
such as Oct4 (Oosterhuis et al., 2007). Similarly when differentiation of the somatic component of the developing testis is abnormal, formation of germ cell tumours can ensue. These developmental anomalies include androgen insensitivity syndrome, testicular dysgenesis (where the somatic component of testis development does not form appropriately), cryptorchidism and testicular atrophy all of which commonly lead to formation of germ cell
tumours (Skakkebaek et al., 2001). The formation of germ cell
tumours in these cases indicate that in order to differentiate
appropriately along the spermatogenic pathway, germ cells must
reside within the correct micro-environment and presumably
receive and interpret the appropriate differentiative cues. In the
absence of these regulatory mechanisms, the germ cells may
maintain or re-activate expression of foetal germ cell markers
such as Oct4 and other regulators of pluripotency and ultimately
if the appropriate conditions exist, they will form germ cell tumours.
Germ cell derived tumours are extremely rare in most strains
of mice. However, within mice of the inbred 129sv strain teratoma
occurs spontaneously at a frequency of 1-5%. This indicates that
strong genetic and/or epigenetic components underlie the formation of germ cell tumours in mice and that mice of the 129sv strain
carry modifier alleles that confer this susceptibility. More than 30
years ago a breeding program aimed at identifying germ cell
tumour susceptibility genes was performed. This work resulted in
the identification of the ter mutant which exhibits loss of PGCs in
a range of inbred and outbred mouse strains and PGC loss
combined with strong susceptibility to teratoma in the 129sv strain
(Stevens, 1973). EC cells, derived from transformed germ cells,
have been observed in 129sv or in 129 ter mice as early as E15 or
E16 respectively (Noguchi and Stevens, 1982; Rivers and
Hamilton, 1986) indicating that teratoma in these mice arise from
very early male germ cells.

Recently the gene that contains the ter mutation was identified
as Dnd1, which encodes a protein containing an RRM domain that
likely binds target RNAs and perhaps DNA (Youngren et al.,
2005). The DND1 protein shares homology with APOBEC1, a
protein known to function in RNA editing. 129 male mice heterozygous for ter exhibit a 17% incidence of TGCT, which is significantly increased on the normal incidence of up to 5% in this strain.
This incidence increases substantially to 95% when homozygous
ter mutants occur on the 129sv background (Youngren et al.,
2005). It has been hypothesised that the difference in incidence
of teratoma between 129sv and other strains may be due to
differences in survival of some DND1 null PGCs in this strain
allowing them to populate the developing testis and then subsequently transform under the influence of testicular growth factors
(Youngren et al., 2005; Matin, 2007). Recently a very interesting
study in fish has shown that DND1 inhibits access for miRNAs
(micro RNAs) to the three prime untranslated region (and therefore stabilises or allows translation) of the mRNA encoding the
germ cell survival factor NANOS and the cell cycle regulator
p27kip1 (Kedde et al., 2007). miRNAs can regulate cell cycle
progression through CIP/KIP family members, particularly p27kip1
(le Sage et al., 2007; Voorhoeve et al., 2007). Whether DND1
proteins bind p27 or Nanos mRNA to enhance their translation in
mouse foetal male germ cells is yet to be determined, however,
p27kip1 and NANOS 2 have been implicated in cell cycle regulation
and survival/differentiation respectively (Suzuki and Saga, 2008;
Western et al., 2008) (Fig. 5). Clearly, the interactions underlying
teratoma formation are complex and the gonadal environment
(e.g. production of growth factors) and germ cell susceptibility
factors in 129sv differ from those of other strains thus allowing
more efficient transformation and teratoma formation.
Other notable tumour suppressor genes that have been linked
with teratoma formation in mice are the regulator of cell cycle and
apoptosis, p53 (Harvey et al., 1993) and the regulator of cell
signalling, PTEN (phosphatase and tensin homolog from chromosome 10) (Kimura et al., 2003). Interestingly, p53 has been
associated in humans with TGCTs and is located within chromosome 12p, chromosomal anomalies of which commonly occur in
TGCT (Donovan and de Miguel, 2003). Conditional deletion of
PTEN in germ cells leads to over-proliferation of foetal germ cells
in males, formation of testicular teratoma and enhanced EG cell
production. PTEN is a phosphatase which functions to block PIP3
(phosphatidylinositol triphosphate) signalling through PIP3 dephosphorylation. The loss of sustained differentiation in PTEN
null germ cells and their propensity to form teratoma indicates that
PIP3 signalling is required for the maintenance of the immature
state of germ cells and underlies their ability to form EG cells.
However, the increase in EG colony formation in PTEN null mice
is still reliant on the growth factors LIF and FGF2 (Kimura et al.,
2003) indicating that activation of PIP3 signalling by these factors
is important for germ cell reprogramming and EG formation (Fig.
5). Although PTEN null germ cells initially express markers such
as Mvh that indicate acquisition of characteristics typical of
differentiating gonadal germ cells, expression of this marker is
lost from E16.5 in PTEN null germ cells which then go on to form
teratomas (Kimura et al., 2003). Therefore it appears that PTEN
null germ cells initiate germ lineage differentiation, but subsequently the germ cells de-differentiate and form teratoma. Since
germ cells in the PTEN mutant mice initially appear more differ-
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entiated than those in the DND1 mutants it is possible that PTEN
may either result in a weaker or later block of germ cell differentiation in the differentiating testis than does loss of DND1 activity
or that the small numbers of germ cells in the Dnd1 (ter) mutant
allow them to be more potently transformed at the onset of male
germ cell development than does the PTEN mutation.
It has been observed that in 129ter mice, teratoma foci can
occur in the testis cords of E15.5 mice (Noguchi and Stevens,
1982) and that the environment of the early differentiating testis
influences the incidence of teratoma. When E12.5 genital ridges
were transplanted to adult testes the incidence of teratoma was
high, but this incidence became substantially and progressively
lower when E13.5 and E14.5 genital ridges were transplanted the
same way (Stevens, 1964; Stevens, 1966). This is supported by
the observation that when E12.5 germ cells were combined with
E12.5 somatic cells and transplanted to adult testes the incidence
of teratoma was high, but when E12.5 germ cells are combined
with E15.5 or E17.5 somatic cells and transplanted into adult
testes the incidence of teratoma was low (Regenass et al., 1982),
implying that the E12.5 somatic cells produce factors that can
promote teratoma formation. However this transforming activity is
effective only on germ cells from a tumour susceptible background, as germ cells from non-susceptible strains did not form
tumours. It therefore appears that the germ cell transforming
activity in developing mouse gonads acts more potently at the
stage of male germ cell specification, when germ cells are still
proliferative and just prior to the period during which pluripotency
markers are suppressed. This occurs in strains that are susceptible to teratoma formation and exhibit relatively easy access to
pluripotency (eg 129sv).
Interestingly, in mice of the 129sv strain it was shown that male

germ cell proliferation was maintained longer and the incidence of
teratomas increased in some lines (Noguchi and Stevens, 1982).
Thus it appears that differentiation down the spermatogenic
pathway and cell cycle exit reduce the potential of germ cells to
establish teratoma. Differences have also been observed in the
timing of germ cell mitotic arrest in 129sv and C57BL6 mice
compared to outbred CD1 mice (Western et al., 2008; P. Western,
D. Miles, J. van den Bergen, R. Ralli, A. Sinclair unpublished
data). The variability of timing in mitotic arrest appears likely to be
due to differences in response of the germ cells to the male
gonadal environment or to the potency of the differentiative cues
supplied by the gonadal environment to the germ cells. This
possibility is of interest as the 129sv and C57B/6 strains represent
the most permissive strains for the derivation of ES cells, respectively (Brook and Gardner, 1997; Buehr and Smith, 2003) and the
most commonly used strains for EG cell derivation (Matsui et al.,
1992; Resnick et al., 1992; Labosky et al., 1994; Stewart et al.,
1994; Durcova-Hills et al., 2001; Durcova-Hills et al., 2003)
indicating that these strains have a greater ability to access
pluripotency in the inner cell mass and in germ cells.

Re-accessing pluripotency: Embryonic Germ Cells
The influence of molecular mechanisms (for example signalling, epigenetic programming) on the formation of teratoma in
mice is not understood. However, formation of teratoma from
untransformed germ cell precursors leads to some similar outcomes (pluripotency, proliferation, de-differentiation) as the reprogramming of germ cells to EG cells. Therefore I will briefly
discuss some of the current understanding of EG cell formation in
this context. It is possible to derive EG cells with reasonably high
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frequency from the 129sv strain. The ability of germ cells to form
EG lines is significantly reduced as they enter the genital ridge
and the gonad develops and organises. In males EG colonies are
easily formed at E11.5, considerably more rarely formed at E12.5
and are no longer formed by E13.5. In common with teratoma
formation from PTEN null germ cells, EG formation from gonadal
germ cells involves the loss of the germ line specific marker Mvh
(Kimura et al., 2003; Durcova-Hills et al., 2006) which is normally
expressed from E11.5 and is required for survival of male germ
cells at E11.5-E12.5 (Tanaka et al., 2000).
Formation of EG lines from male germ cells requires transient
exposure to FGF2 in conjunction with SCF and LIF. After 24 hours
of exposure to FGF2 the EG cells can remain pluripotent on feeder
cells in the presence of LIF. Therefore a short pulse of FGF2 in
combination with the other growth factors is sufficient to induce
germ cell de-differentiation (Donovan and de Miguel, 2003;
Durcova-Hills et al., 2006). This response can also be induced by
other FGFs, particularly, FGF5, FGF9 and FGF10, however the
action of FGF2 is apparently more potent in this context (DurcovaHills et al., 2006). FGFs function by binding to transmembrane
tyrosine kinase receptors of the FGF receptor family. These
ligand/receptor combinations are relatively promiscuous, with
each FGF binding and activating several different receptors
depending on the developmental context. However, DurcovaHills and colleagues found that expression of FGF receptors in
gonadal germ cells is restricted, with only FGFR3 (and not
FGFR1, FGFR2 or FGFR4) showing high levels of protein expression in E11.5 and E12.5 male (and female) germ cells. On this
basis it has been proposed that the action of FGFs (particularly
FGF2) is mediated through FGFR3 (Durcova-Hills et al., 2006)
(Fig. 5). This has yet to be confirmed through further functional
experiments.
Of interest in this context is the role of FGF9 in male somatic
sex determination and germ cell survival (Colvin et al., 2001;
Schmahl et al., 2004; DiNapoli et al., 2006). FGF9 null mice
exhibit male to female sex reversal due to a failure of male somatic
cell differentiation and loss of the developing germ cells through
apoptosis (DiNapoli et al., 2006). Similarly the disruption of
FGFR2 leads to aberrant male sex determination (Kim et al.,
2007), indicating that FGF9 signalling through FGFR2 promotes
male somatic cell development. In addition, the somatic sex
reversal phenotype was lost when FGF9 null gonads were cultured in foetal calf serum, suggesting that small amounts of FGF
activity in the serum could rescue the somatic cell phenotype.
Despite this, the germ cells were still lost in this culture system
indicating that FGF9 is required for both somatic sex determination and germ cell survival (DiNapoli et al., 2006). Therefore FGF9
is a candidate for directing the early stages of male germ lineage
development and maintaining the integrity of male germ cells in
this crucial early stage of development. Since germ cells do not
normally transform in vivo, the function of FGF9 in normal male
germ cell development could be expected to be restricted to their
differentiation and survival. However, since FGF9 can induce EG
formation in vitro, it is interesting to speculate that aberrant FGF9
function could contribute to germ cell transformation in vivo.
A striking feature of cell signalling mechanisms is that common
downstream components and pathways are often utilised to
mediate different ligand – receptor responses (Donovan and de
Miguel, 2003). This is the case for the SCF/cKIT, FGF/FGFR and

LIF/gp130 ligand receptor complexes. For example signalling
mediated by FGF and SCF involves transduction that is controlled
by interactions modulated by AKT (Protein Kinase B) and PTEN.
Loss of PTEN function leads to significantly increased teratoma
formation and enhanced EG cell formation and therefore swings
the developmental balance toward pluripotency at the expense of
differentiation. Similarly, hyperactivation of AKT enhances the
formation of EG cells (Kimura et al., 2008). It appears likely that
these common effectors activate/repress an intricate network of
down-stream pathways (eg miRNA expression, RNA regulation,
cell cycle regulators) to greater and lesser extent and alter the
balance of the message delivered to the developing germ cell
(Fig. 5). This effect is likely to be more profoundly disrupted if a
common effector of different signalling pathways is functionally
deficient (for example PTEN) than if function of a single signalling
molecule or receptor is lost. Clearly, for germ cells a choice
between further differentiation or proliferation may play a key role
in the potential for their progress along the normal developmental
pathway or teratoma / pluripotent cell formation respectively.

Conclusion
Further understanding of normal germ cell development promises to inform our understanding of the processes through which
germ cells are reprogrammed to form pluripotent cells (teratomas,
EG cells). This process clearly involves the maintenance or
reactivation of the key regulators of pluripotency, but whether
these factors are actively involved is yet to be determined.
However given the potential for these factors, together with
regulators of proliferation and apoptosis to reprogram differentiated somatic cells, a role for the key regulators of pluripotency in
germ cell reprogramming appears possible. If this is the case it is
clear that other factors that control differentiation, survival and
proliferation must also be involved as PGCs normally express
pluripotency markers but do not normally transform. These factors may include members of the FGF, BMP, IL and KIT signalling
pathways and their down-stream effectors. It is also clear that
interaction of epigenetic modifiers and epigenetic patterns
favouring the establishment of genomic totipotency play important roles in controlling the input and output of the genetic
pathways crucial in mediating the balance between a cell that can
deliver genomic totipotency while at the same time retain its germ
cell identity.
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