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ABSTRACT

In the fields of sex determination, embryonic gonad development and germ cell differentiation,
much effort has been placed in performing large-scale screens anchored in RNA and DNA
technologies. Whilst these technologies have identified new candidate genes, they are unable to
provide expression data for functionally active gene products. Recent improvements in the
sensitivity of proteomic screening technologies have made analysis of the embryonic gonadal
proteome experimentally feasible. Thus, major aims of my PhD were to generate a data set of
gonadal proteins expressed at the time of sex determination, and to identify differentially
expressed proteins that potentially regulate early events in gonadogenesis, germ cell
development and sex differentiation.
To detect and identify gonadal proteins, I used two-dimensional nano-flow liquid
chromatography and tandem mass spectrometry. I identified 1037 proteins which primarily
serve in RNA post-transcriptional modification and trafficking, protein synthesis and folding,
and post-translational modification. Over 300 proteins were not identified in a similar
transcriptomic study. Over 60 proteins were identified with potential links to human disorders
of sexual development (DSDs). I identified four proteins up-regulated in the ovary and three
proteins up-regulated in the testis at a critical time point in sex determination. I also identified
five proteins increasing, and three proteins decreasing, in expression during early testis
development. Two of these temporally-regulated proteins are associated with human DSDs. The
majority of these expression differences have not been detected at the transcript level. These
data provide novel targets potentially controlling events in gonadogenesis, sex determination
and germ cell differentiation.
Recently, the field of germ cell sex differentiation was revolutionised with the discovery that
retinoic acid (RA) initiates meiosis in female embryonic germ cells, and that the RA-degrading
enzyme CYP26B1 inhibits meiosis in male germ cells, which consequently cease mitotic
division till after birth. How these somatic environmental factors regulate the transition from
mitosis to meiosis or mitotic arrest remains unanswered. p38 MAP kinase (MAPK) signalling
initiates mitotic arrest in other differentiating cell types. Thus, a specific aim of my PhD was to
investigate the role of p38 MAPK in controlling male germ cell differentiation.
To address this aim experimentally, I analysed expression of p38 MAPK in embryonic gonads
and found it to be activated in differentiating male germ cells. I then blocked p38 MAPK
xi

signalling and found that male germ cells expressed pluripotency and meiosis-associated
proteins in a similar pattern to their female counterparts, and that testes exhibited more meiotic
germ cells. These data suggest that p38 MAPK signalling contributes to meiosis inhibition in
testicular germ cells, and potentially directs them towards quiescence.
The studies outlined in this thesis have identified new candidates potentially regulating early
events in gonadogenesis, sex determination and germ cell differentiation. Further analysis of
these proteins and signalling pathways may provide valuable insights into these important
events which are essential not only for sexual development and reproductive competence, but
also for fertilisation, genetic recombination and ultimately species evolution.
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SUMMARY
Primordial germ cells (PGCs) are embryonic progenitors for the gametes. In the gastrulating
mouse embryo, a small group of cells begin expressing a unique set of genes and so commit to
the germline. Over the next 3-5 days, these PGCs migrate anteriorly and increase rapidly in
number via mitotic division before colonising the newly formed gonads. PGCs then express a
different set of unique genes, their inherited epigenetic imprint is erased and an individual
methylation imprint is established, and for female PGCs, the silent X chromosome is
reactivated. At this point, germ cells (GCs) commit to either a female or male sexual lineage,
denoted by meiosis entry and mitotic arrest, respectively. This developmental program is
determined by cues emanating from the somatic environment.

INTRODUCTION
Germ cells (GCs) hold a singular fascination for cell, reproductive and developmental
biologists. As progenitors of the gametes, GCs are essential for the reproductive competence of
all species relying upon sexual reproduction, and are the sole means by which genetic
information can be passed on to subsequent generations. Their journey from specification of a
small group of progenitor cells, the primordial germ cells (PGCs) into either spermatozoa in
males or oocytes in females involves a detailed and often perilous series of genetic, epigenetic
and morphogenetic steps (Fig. 1). Some of these steps are programmed into the GCs
themselves, while others depend on complex interactions with their cellular and tissue
environment via contact or molecular signalling. The process of meiosis, by which diploid GCs
become haploid gametes, is unique among the thousands of cell types in the body, and so
complex as to represent an entire field of biological research. Finally, the gametes produced are
highly specialised for the almost impossible task of fertilisation, a bottleneck on which survival
of animal species critically depends, and a period in the animal life cycle that is unusually
vulnerable to environmental attack on the genetic material. GCs are, in short, a miracle of
nature.
The timing and location of the many processes in GC development have been well
characterised. However, despite the immense importance of these cells and their bipotential
capabilities, we still lack a complete understanding of the network of regulatory genes and
signals controlling these early events in PGC ontogeny.
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Fig. 1: Mouse PGC ontogeny. Developmental timing of PGC specification, migration, proliferation,
apoptosis, colonisation of the genital ridges, genetic reprogramming, X-chromosome activity and sexual
differentiation.

This review describes the key events and known molecular regulators of mammalian PGC
ontogeny, namely specification, migration, proliferation, apoptosis, epigenetic reprogramming
and X-chromosome activity. It also discusses the relevance of meiosis entry, mitotic arrest and
the influence of the gonadal somatic environment on GC differentiation. The review focuses
predominantly on the mouse model of PGC development due to its similarity with human
development. Finally, the influence that female GCs have on gonad development is discussed.
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PGC SPECIFICATION
Specification of PGCs—the birth of the GC lineage—involves the segregation of a small group
of cells away from the somatic molecular pathway. In the pre-gastrulating mouse embryo,
germline allocation occurs in the epiblast-derived extraembryonic mesoderm, to cells residing at
the posterior end of the primitive streak (near the allantoic bud) closest to the trophoblastderived extraembryonic ectoderm [1,2]. It appears to require two steps. First, Lawson and Hage
[2] showed, through clonal lineage analysis, that by 6.5 days post coitum (dpc), proximal
epiblast cells near the extraembryonic ectoderm acquire the competence to become PGCs.
However, it was later determined that lineage restriction had not occurred by this point because
only a subset of the PGC-competent precursor cells (approx. six in total) go on to complete a
second specification process and acquire a PGC fate by 7.25 dpc [2-4] (Fig. 2).

Fig. 2: PGC specification occurs in two stages. First, epiblast cells closest to the extraembryonic
ectoderm acquire PGC competence by 6.5 dpc. Second, a subset of these cells is specified as PGCs by
7.5 dpc.

Signals for Specification
Paracrine signalling molecules secreted from the extraembryonic ectoderm are responsible for
cell reprogramming to produce the PGC cell lineage in the mouse around 6.0 dpc. These include
members of the transforming growth factor β (TGFβ) super family, bone morphogenetic
proteins (BMPs) -2, -4 and -8b, and their signal transducers, the homologues of C. elegans
SMA protein and Drosophila Mothers against decapentaplegic (SMADs) -1 and -5 [5-11].
These vital regulatory molecules control proliferation, differentiation and other functions in
many cell types, and throughout development they also function in mesoderm induction, tooth
and limb development and bone formation.
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Comparison of mouse embryos harbouring single or double heterozygous mutations in Bmp4
and Bmp8b reveal that the effects of BMP4 and BMP8b are not additive, suggesting that they
signal through different receptors, functioning as heterodimers and homodimers in PGC
specification [8]. Interestingly, Bmp4 produced in the extraembryonic mesoderm (which is
derived from the epiblast where PGC and allantois lineages are first detected) does not affect
the establishment of either PGCs or the allantois, but is required for PGC localisation and
survival [12]. In a gonad culture system, addition of BMP4 or the antagonist Noggin resulted in
elevated or reduced PGC numbers, respectively [13].
Smad1-/- and Smad5-/- homozygous null mutant mouse embryos display defects in PGC
specification and allantois formation [9,10]. Moreover, analysis of Smad1+/-:Smad5+/- double
heterozygotes reveal similar defects in allantois morphogenesis and PGC specification,
indicating that these SMAD proteins function cooperatively to control expression of BMP target
genes in the PGCs during mammalian gastrulation [5].
In the prospective PGC population at 6.25 dpc, BMP4 induces expression of interferoninducible transmembrane protein (Ifitm3 or Fragilis), which encodes a family of cell surface
transmembrane proteins presumably involved in homotypic cell adhesion [14,15]. Two other
Fragilis-related genes, Fragilis2 (Ifitm1) and Fragilis3 (Ifitm2), exhibit overlapping expression
with Fragilis at the site of PGC specification, and all three are prevalent in nascent PGCs and
gonadal GCs [16]. The role of Ifitm genes in PGC specification and early migration is unclear,
although Lange and co-workers [17] have shown that mutants lacking either the entire Ifitm
locus or Ifitm3 only have no detectable abnormalities in germline development and suggest that
this gene family may function redundantly during development.
Fragilis has also been proposed to associate with E-cadherin, a calcium-dependent cell adhesion
molecule, which is expressed in the proximal extraembryonic mesoderm, the niche where PGC
precursors are located. E-cadherin mediates cell-cell interaction that is thought to be crucial for
germline allocation [18-20]. Indeed, Tam and Zhou [21] suggested that allocation of cells to the
germline is subject to interactions with the surrounding tissues. Moreover, embryonic explant
culture studies in which PGCs emerged at 5.5 dpc, only when co-cultured with extraembryonic
endoderm, and failed to develop when cultured with 6.0 dpc dissociated epiblasts, further
demonstrate that stage-dependent tissue and cell interactions are required for PGC specification
[22].
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From around 7.0 dpc onwards, the specified PGCs express the PGC-characteristic tissue nonspecific alkaline phosphatase (Tnap) [1,21,23], stage specific embryonic antigen 1 (Ssea1) [24]
and developmental pluripotency associated 3 (Dppa3 or Stella) [15,25]. Interestingly, Stella
does not appear to be essential for PGC specification [26,27].

Suppression of the Somatic Program
The founding epiblast cells have not been pre-programmed for PGC fate and can therefore give
rise to both somatic and germline cells [2,21,22]. This implies that, during PGC specification,
the somatic program of development needs to be actively repressed in PGC precursors.
In the pre-gastrulating embryo at 6.25 dpc, approximately six lineage-restricted PGC precursors
express the SET-PR domain and zinc finger binding protein encoded by B-lymphocyte-induced
maturation protein 1 Blimp1/Prdm1 [4]. Blimp1 is a potent transcriptional repressor. The early
onset of Blimp1 expression not only signifies the origin of the germline, but also is essential for
PGC specification in mice [4,28,29]. Ohinata and co-workers [4] showed that Blimp1-/- null
mutant embryos form a compact cluster of about 20 PGC-like cells, which do not display the
distinctive migration or proliferation of PGCs. Moreover, these PGC-like cells do not display
the active repression of somatic genes that are associated with PGC specification [4]. Indeed,
Blimp1 has been shown to repress nearly all genes, such as Hoxa1, Hoxb1, Lim1, Evx1, Fgf8
and Snail, that are usually down-regulated in PGCs relative to their somatic neighbours [30-32].
Thus, the function of Blimp1 appears to involve the suppression of the default transcriptional
program that instructs epiblast cells to adopt a somatic cell fate.

Maintaining Pluripotency Potential
Lineage allocation is usually denoted by down-regulation of genes associated with pluripotency.
A notable variation is the persistence in PGCs of pluripotent genes [4,33] such as SRY (sexdetermining region-Y)-box 2 (Sox2) [34], the transcription factor Nanog [35,36] and the
germline-specific transcription factor Octamer-4 (Oct4 or Pou5f1) [37,38]. In fact, Pou5f1
expression has been shown to be necessary for PGC specification in vivo [39]. Moreover, the
ability of PGCs to generate pluripotent progeny, either as gametes in vivo or as stem cells
(embryonic germ - EG - cell lines) in vitro, is thought to arise from this continued expression of
pluripotency markers [40].
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Blimp1 was originally postulated to be responsible for the maintenance of the pluripotencyassociated network of genes, as well as for the activation of PGC-specific genes and signal
transduction pathways. However, Blimp1 has been shown to be dispensable for the activation of
approximately half the genes up-regulated in PGCs during their specification, indicating that
Blimp1-independent processes are required for these other germline specification events [32].
To this end, Yamaji and co-workers [41] have identified a second PR domain-containing
transcriptional regulator that is related to Blimp1, Prdm14, with exclusive expression in the GC
lineage and pluripotent cell lines. Analysis of Prdm14-/- null mutant mice has revealed a critical
role for this protein in the reacquisition of potential pluripotency in PGCs. Moreover, this
genetic pathway operates independently from Blimp1 to guarantee the successful establishment
of the germline [41].

PGC MIGRATION
Migration of PGCs is the next crucial step towards attaining reproductive competence. In the
developing mouse embryo, PGCs migrate from their extraembryonic site of specification to
their future residence, the primitive gonads or genital ridges (Fig. 3). They initially move from
the posterior primitive streak at the base of the allantois at 7.5 dpc directly into the subjacent
endoderm (which gives rise to the hindgut) [42,43]. The hindgut then invaginates between 7.58.5 dpc, and the PGCs are swept passively into the embryo [2,43]. From 8.5 dpc, the majority of
PGCs begin to migrate along the midline of the embryo from the hindgut epithelium through the
dorsal mesentery around 9.0-9.5 dpc, and continue laterally from the midline in two separate
clusters, to colonise the nascent genital ridges between 10.0 and 12.5 dpc [44-46].

Fig. 3: PGC migration occurs in three phases. First, PGCs enter the embryo from 7.5 dpc as the
hindgut invaginates (not shown). Second, PGCs migrate from the hindgut, through the dorsal mesentery
to the developing genital ridges from 8.5 to 10 dpc. Third, GCs colonise the genital ridges by 12.5 dpc.
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The PGCs go though two phases of active migration during which they are capable of directed
motility. The first is from the allantois to the future hindgut [42,43], and the second from the
hindgut to the future gonads [44-46]. They also have a non-motile intermediate phase as they
enter the hindgut [2,43] where they are incapable of active locomotion in vitro [44,47],
suggesting that migration is not a cell-autonomous response. Indeed, throughout their journey to
the genital ridges, PGCs are receptive to a variety of signals produced by somatic cells. It is
these somatic environmental cues that are thought to be necessary for PGC motility and to
determine their directionality [48]. They include both chemotactic signals, presumably emitted
from the developing gonads, and extracellular matrix (ECM) glycoprotein gradients spanning
the dorsal mesentery. Once migration is initiated, PGC-PGC contact is also important for
successful migration to the future gonads.

Signals Initiating Motility
The cytokine Kit-ligand (KL, also known as stem cell factor, SCF, or mast-cell growth factor,
MGF) is encoded by the Steel (Sl) locus, and has been identified as a somatic cue required for
early PGC motility during active migration from the allantois to the future hindgut, as well as to
the genital ridges [49,50]. Both before and after colonisation of the hindgut, an absence of KL
dramatically decreases PGC motility, but directionality is maintained [50]. Thus, KL is
postulated to provide a ‘spatio-temporal niche’ that moves with PGCs as they traverse all the
way from the allantois to the future gonads [50].
KL has a well established role in stimulating migration of PGCs from the hindgut to the genital
ridges. To perform this function the ligand binds to a tyrosine kinase receptor found on PGCs
that is encoded by the proto-oncogene c-Kit at the dominant white spotting (W) locus [49,5154]. In PGC cultures, addition of KL increased autophosphorylation of c-Kit within five
minutes of exposure [55]. Moreover, this receptor activated an intracellular signalling cascade,
involving phosphatidylinositol 3 kinase (PI3K) and Src kinase, and culminating in the
phosphorylation of the downstream effector serine-threonine kinase AKT. In gain- and loss-offunction in-vitro studies, each of these signalling components was shown to be required for
activation of the PGC migratory machinery and are also likely to be necessary for the
directional migration of PGCs towards the developing gonads [55].
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Chemotactic Signals Directing Migration
BMP signalling appears to perform multiple paracrine roles in PGC development. Not only are
BMPs crucial for PGC specification, but they also appear to regulate the directed migration of
PGCs into the genital ridges. Dudley and co-workers [13] have shown that addition of the BMPantagonist Noggin both slows and randomises PGC movement in vitro, leading to failed
colonisation of the developing gonads. They further show that it is not the migratory PGCs that
respond to endogenous BMPs, but the somatic cells of the primitive genital ridges that show
elevated phosphorylation of Smad1/5/8 (the intracellular transducers of BMP signals) [13].
Interestingly, inhibition of BMP signalling in these early gonadal somatic cells blocked
localised expression of the KL chemokine [13]. Thus, BMP signalling may regulate directed
migration of PGCs by up-regulated expression of KL (and other genes) on the somatic cells that
line the PGC migratory path and also within the genital ridges [13].
Godin and Wylie [47] showed that TGFβ1, or a closely related molecule (such as another
BMP), promoted PGC migration to the genital ridges in vitro, presumably via chemotrophic
means. However, a similar chemoattractive effect was not observed on PGCs in in-vitro
migration assays that lacked a cellular or matrix support [55]. To determine the effect TGFβ
signalling (via the ALK5 receptor) had on PGC development in vivo, Chuva de Sousa Lopes et
al. [56] generated an Alk5-/- homozygous null mutant mouse. They show in vivo that TGFβ was
not a chemoattractant for PGCs and that the absence of its signalling actually facilitated
migration out of the hindgut [56].
An interaction between the somatic chemokine stromal-derived factor 1 (Sdf1 or C-X-C motif
ligand 12, CXCL12), expressed along the body wall and developing gonads, and its G-proteincoupled (C-X-C motif) receptor 4 (CXCR4), expressed on the PGC surface, is necessary for
both PGC survival during migration and final colonisation of the genital ridges [57-59].
Interestingly, an equivalent attractive action on PGCs was not observed in recent in-vitro
migration assays [55], drawing into question the validity of the role of Sdf1 in directing PGCs
migration.
Recently, cholesterol has also been shown in vitro to have a role in PGC survival and motility
during the colonisation of the gonads in mice [60]. Cholesterol accumulates in the developing
gonads during PGC colonisation. Blocking its synthesis by inhibiting the activity of 3-hydroxy3-methylglutaryl coenzyme A reductase (HMGCoAr) leads to both PGC survival and migration
defects. Rescue of these defects was only achievable by addition of both isoprenoids and
cholesterol [60]. This cholesterol, which may be supplied maternally, may function cell9

autonomously, by regulating the positional clustering of growth factor receptors within the
PGCs, or non cell-autonomously, by regulating the release of growth factors associated with
PGC guidance and survival [60].
To determine the somatic signals governing PGC migration, the majority of PGC culturing and
migration experiments have focused primarily on the active migratory phase between hindgut
and genital ridges. Interestingly, when PGCs begin migrating from the allantois, neither the
hindgut dorsal mesentery, nor genital ridges have developed [43]. Hence, the precise origins of
the chemotactic signals that direct early PGC migration to these sites have remained elusive.

Extracellular Matrix Gradients Directing Migration
ECM glycoproteins of the dorsal mesentery also play a role in PGC migration between the
hindgut and future gonads. The following ECM components: collagen I [56,61]; collagen III
[61]; collagen IV [62]; collagen V [61]; fibronectin [62-64]; laminin [62]; and tenascin-C [61]
are expressed along the migratory path of PGCs in spatio-temporal patterns that are suggestive
of a role in controlling PGC migration. Moreover, adhesiveness of migratory PGCs to all of
these substrates, except collagen I, has been demonstrated [61-65] indicating that they are likely
to guide PGC migration, via a gradient mechanism, but are not sufficient to promote motility
[66].
As mentioned above, inhibiting TGFβ signalling by ablating its receptor (ALK5) facilitated
PGC migration from the hindgut [56]. The Alk5-deficient mutant embryos had reduced collagen
type I deposits around the hindgut and the authors postulate that this may reduce PGC adhesion
to the ECM, thus facilitating migration into the dorsal mesentery and genital ridges [56]. In light
of the fact that PGCs do not adhere to collagen I in vitro [65], further analysis of this mutant and
the role TGFβ and collagen I plays in PGC migration is required.
Recently, Farini and colleagues [55] used in-vitro migration assays to demonstrate that mouse
PGCs possess directional migration in response to a gradient of KL or conditioned medium
from aorta/gonad/mesonephros and gonadal ridges. Moreover, this migration occurs in the
absence of somatic cells and without a defined matrix support, suggesting that contacts with
somatic cells and matrix components are not required for PGC motility and directed migration
[55].
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Cell-Cell Adhesion during Migration
Although PGCs exit the hindgut as individual cells, PGC-PGC contact has been suggested to
play a role in their migration between the hindgut and the genital ridges by a process of
coalescence [46,67]. Indeed, PGCs in the hindgut mesentery at 10.5 dpc extend long filopodial
processes, which contact other germ cells linking them into a network [46,67]. Most of these
processes have gone by 11.5dpc, but the PGCs remain in tightly coherent clusters [67]. Thus,
cell-cell attachment and subsequent aggregation may play a role in the coalescence of PGCs
into the genital ridges.
Numerous adhesion molecules are expressed on migratory PGCs and are required for cell-cell
contact during migration. E-cadherin, which is expressed by PGCs as they leave the hindgut,
appears to be a likely candidate for mediating this adhesion [18,20]. Platelet endothelial cell
adhesion molecule-1 (PECAM-1 or CD31), a member of the immunoglobulin super family, is
expressed on the plasma membrane of migratory PGCs from 9.0 dpc, and remains strong in
gonadal GCs until 13.0 dpc, after which it gradually disappears by 16.0 dpc [68]. PECAM-1 has
also been suggested to mediate cell-cell contact required for migration and homing of PGCs to
the genital ridges [68]. To colonise the genital ridges, other cell adhesion molecules, such as βintergrins [69] and members of the ADAM family [70], are expressed by GCs. These
presumably facilitate the cell-cell interactions required with the surrounding somatic cell
environment.

PGC SURVIVAL AND PROLIFERATION
In the developing mouse embryo, only a finite number of PGC progenitors are specified at
gastrulation [4]. The basic tenet that there is no additional cellular recruitment to the germline
after gastrulation indicates that PGC survival and proliferation are imperative for continuous
reproductive function and success. To boost their numbers, PGCs proliferate mitotically during
all stages of migration to the genital ridges and also for one to two days after they colonise the
genital ridges [71]. They increase rapidly in numbers from ~100 cells at 8.5 dpc to ~25,000 cells
in the 13.5 dpc gonads, representing a population doubling time of 16 hours [3,72]. Throughout
migration and upon arrival in the genital ridges, the PGC population is regulated by a plethora
of extracellular growth factors, proteins and genes, utilising both paracrine and autocrine
mechanisms to improve PGC survival rates and stimulate their proliferation.
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Growth Factors for Survival and Proliferation
In PGC development, KL performs multiple roles that are facilitated by its PGC receptor, c-Kit.
Not only is this receptor/ligand duet critical for activating PGC motility and directing their
migration to the developing gonads, but they also have a well established role in promoting
survival and proliferation of PGCs during this journey both in vitro and in vivo [51-54,73-77].
In gonadal somatic cells, oestrogen stimulates transcription of Steel and subsequent production
of KL [78]. The membrane-bound form (but not the soluble form) of KL supports PGC growth
[74] via an AKT kinase intracellular pathway [78,79]. Indeed, both basal and KL-induced
phosphorylation of AKT kinase, via PI3K, in PGCs is crucial for their survival in vitro during
the migration period [55,80]. Interestingly, Kimura and colleagues [80] have shown that
activation of AKT signalling in migratory PGCs in vivo, suppresses the phosphorylation of the
tumour suppressor/cell cycle regulator p53, which is required for its activation. In addition, the
antagonist of PI3K is a lipid phosphatase for phosphatidylinositol 3,4,5-triphosphate encoded by
the tumour suppressor gene PTEN. Interestingly, Pten-/- homozygous null mutant embryos
develop bilateral testicular teratoma, resulting from impaired PGC mitotic arrest and immature
cell growth [81]. Thus, the balance of AKT phosphorylation appears to be important for
promoting PGC survival and inhibiting tumour formation, potentially through the regulation of
its downstream target p53.
Somatically expressed fibroblast growth factor (FGF)-2, -4 and -8, function in a paracrine
fashion to initiate proliferation in migratory PGCs [77,82,83]. These FGFs are produced by
neighbouring cells of the mesoderm which are distributed along the PGC migratory pathway
[77]. PGCs at 10.5 dpc express two FGF receptors, Fgfr1-IIIc and Fgfr2-IIIb [84]. Gain-offunction in vitro studies showed that FGF2, a ligand for FGFR1-IIIc, affects PGC motility,
whereas FGF7, a ligand for FGFR2-IIIb, affects PGC numbers. In a FGFR2-IIIb-/- null mutant
embryo, GC numbers are significantly reduced, confirming this latter result [84]. Moreover,
loss-of-function in vitro studies showed that removing FGF signalling resulted in increased
PGC death [84] showing that FGFs signal through FGFR2-IIIb to control PGC numbers.
The soluble form of KL, when combined with FGFs, was able to promote PGC proliferation
when the membrane-bound form of KL was absent, but inhibited FGF-stimulated proliferation
when membrane-bound KL was present, suggesting that responses to FGF proliferation signals
are modulated by KL [77]. Indeed, Kimura et al. [80] showed in vivo that hyperactivation of
AKT signalling (usually induced by KL) in migratory PGCs was, to some extent, able to
substitute for the proliferative effects of bFGF. Once in the gonads however, GCs become self12

supportive and start to express FGF4 and FGF8 [77]. These FGFs then function in an autocrine
manner to sustain GC proliferation until about 13.5 dpc, when the inhibitory effect of
membrane-bound KL dominates the signalling spectrum and gonadal GCs cease proliferating
[77].
Leukaemia inhibitory factor (LIF) and other LIF-related cytokines, such as oncostatin M
(OSM), also positively influence the survival and/or proliferation of migratory PGCs in vitro
[75,76,85-87]. These cytokines elicit their positive effects through the interleukin 6 (IL-6)
signal transducer receptor on PGCs, gp130 [87]. Interleukin-4 (IL-4) [88] and interleukin-2 (IL2) [89] also induced proliferation of PGCs in vitro via paracrine mechanisms.
KL and LIF increase migratory PGC numbers in vitro most effectively when added in
combination with forskolin [90]. Forskolin enhances intracellular cAMP levels in PGCs which
has been shown to stimulate their proliferation [90,91]. Farini et al. [92] have identified a
cocktail of soluble growth factors (KL, LIF, BMP4, SDF1 and basic FGF) and compounds (Nacetyl-L-cysteine, forskolin and retinoic acid) capable of sustaining PGC survival and selfrenewal in culture, in the absence of somatic cell support.
In contrast to these growth factors, TGFβ1 and activin have been reported to have negative
effects on PGC proliferation in vitro [47,93]. Interestingly, when TGFβ signalling through its
ALK5 receptor was inhibited in vivo, PGC proliferation during migration to the future gonads
was not affected [56] drawing into question the precise function of TGFβ1 signalling in the
PGC’s quest for survival and proliferation.

Other Pro-Survival and Proliferation Factors
In PGC development, the Wnt/β-catenin signalling pathway is normally suppressed by the
GSKβ-mediated active degradation of β-catenin and the low expression of canonical Wnt
molecules [94]. When this signalling pathway is activated in PGCs in vivo, nuclear-localised
expression of β-catenin resulted in GC deficiency caused by delayed cell cycle progression of
migratory PGCs [94]. Thus, suppression of the Wnt/β-catenin pathway is postulated to be
necessary for normal PGC proliferation.
Several other genes, proteins and compounds also have a positive influence on PGC survival
and proliferation during migration. These include SDF1 and its receptor CXCR4 [58,59],
retinoic acid (RA) which acts as a potent mitogen for mitotic PGCs [95,96], tumour necrosis
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factor-α (TNFα) [97], pituitary adenylate cyclase-activating polypeptides (PACAP-27 and -38)
[98], the RNA-binding protein TIAR [99], proliferation of GCs (Pog) which is responsible for
the GC-deficient (gcd) mutant phenotype [100-102], peptidyl-prolyl isomerase (Pin1) which
regulates the timing of GC mitotic cell cycle progression [103], and Nanos3 which suppresses
cell death signals [104,105]. FGF9 has also been shown to promote survival of PGCs
specifically in the male gonad from 11.5 dpc [106].

GC COLONIZATION OF GENITAL RIDGES
Colonisation of the developing gonads provides the necessary environment for PGCs (now
referred to as GCs or gonocytes) to continue their development and differentiation and is
therefore critical to the eventual reproductive functioning of an organism. Shortly after
colonisation, resident GCs undergo initial changes that are independent of later sexual
differentiation events. These changes in morphology and gene expression occur as the
gonocytes depart from a pluripotent state.

Morphological Changes
Alteration to gonocyte cellular morphology upon colonisation of the genital ridges has been
well documented. At this point, they acquire a large, rounded profile, making them easily
distinguishable from their surrounding somatic neighbours [72]. In addition, gonocytes form
tight-knit clusters and become less motile as they inactivate their cell motility machinery
[62,67,107].

Gene Expression Changes
Upon colonisation of the developing gonads, GCs exhibit distinct changes to their gene
expression profile. Markers that are expressed prior to colonisation, including Tnap [1], SSEA1
[24,108] and Nanos3 [104] become down-regulated shortly after GCs populate the gonads.
Interestingly, when SSEA1 was removed by homozygous null mutation of its synthesising
enzyme α-1,3-fucosyltransferase IX (Fut9-/-), mice had a normal, fertile phenotype, suggesting
that SSEA1 function is not essential for GC development or mammalian embryogenesis [109].
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The gonocytes then acquire a new set of gene markers including germ cell nuclear antigen 1
(Gcna1) [110], deleted in azoospermia like (Dazl) [111], germ cell-less (Gcl) [112], and the
orphan nuclear receptor oestrogen related receptor β (ERR-β) which has a role in gonadal GC
proliferation [113]. Mouse vasa homologue (Mvh) is also up-regulated in both male and female
GCs [114,115]. When this gene is deleted in the germline, Mvh-/- homozygous null male mice
exhibit reproductive defects including a lack of GCs in the testes caused by both proliferation
and differentiation defects, suggesting that Mvh is required for these processes in male GCs
[116]. In the testis, Wilms’ tumour suppressor gene (Wt1) is also up-regulated and is important
for male GC survival and proliferation following gonadal colonisation [117].

Loss of Pluripotency
At specification, PGCs are programmed to maintain their pluripotency whilst also acquiring
germline characteristics. This unique situation changes once GCs colonise the genital ridges.
Here the genetic program is shifted away from pluripotency such that gonocytes are less capable
of forming pluripotential embryonic stem cells in culture [82,83]. Interestingly, gonocytes are
able to form teratomas containing multiple somatic cell types and are thus still considered to be
multipotent [118].
Although gonocytes appear to lose some of their pluripotency, they maintain expression of
pluripotency markers, such as Sox2 [34], Pou5f1 [37,38] and Nanog [36], until sexual
differentiation occurs at which point many of these markers are lost (discussed later in this
review). Interestingly, a loss of Pou5f1 function in Pou5f1-/- homozygous null mutant PGCs
resulted in cell death rather than differentiation, suggesting a function for Pou5f1 in maintaining
the viability of the mammalian germline [119].

GERMLINE APOPTOSIS
Apoptosis, or programmed cell death, primarily functions to prevent the occurrence of nongonadal GC tumours [120-122] and to ensure the integrity of the germline [123]. It occurs at
multiple stages throughout PGC development, both during their migration to the genital ridges
[46,49,124,125], after colonisation of the gonads [126-130] and also after birth. (Further
discussions are restricted to embryonic events.)
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Normal progression of GCs during migration and gonadogenesis is dependent on a delicate
balance of survival and proliferation signals versus cell death signals produced by the
surrounding gonad somatic cells. Independent of their embryonic location, once the death knell
is sounded the same intrinsic apoptotic signal cascade is activated [76,131,132].

Apoptosis of Ectopic PGCs
At each stage of their migration, many PGCs in the mouse embryo deviate from their normal
migratory route, or lag behind, and are left outside the range of chemoattractive, pro-survival
signals from the genital ridges [46,49]. This may be a result of the dynamics of embryo growth
and/or because they are only loosely directed towards the somatic genital ridges [42,66]. PGCs
that fail to migrate correctly and end up in ectopic locations (such as the hindgut, midline and
surrounding organs) are programmed for elimination [49,131]. In these instances, PGCs enter
meiosis, regardless of their genetic sex, and ultimately undergo apoptosis [46,124,125]. Indeed,
at 10.5 dpc, time-lapse movie analysis has shown that PGCs that remain in the midline no
longer migrate laterally to the genital ridges but instead rapidly fragment and disappear [46].
The rate of apoptosis in ectopic PGCs that linger in the midline is nearly four-times higher than
those more laterally [49].
Elimination of stray germ cells is considered necessary for reducing the likelihood of tumour
formation in the germline. Extragonadal tumours of the germline, which are common in
neonates, are particularly prevalent along the midline [120]. Multipoint imprinting analysis
suggests that these tumours arise from ectopic PGCs that fail to die during embryogenesis
[121]. Sacrococcygeal type I extragonadal GC tumours found in neonates and infants are also
hypothesised to originate from ectopic GC that do not apoptose [122].

Apoptosis of GCs in the Gonads
Apoptosis is also prevalent in aberrant GCs that reside within the male and female gonads and is
part of their normal development which has been shown both in vitro [76] and in vivo
[126,129,130]. In male GCs, an initial wave of apoptosis occurs between 13.0 and 17.0 dpc and
a second wave of cell death occurs at around the time of birth, at which time only 25% of male
GCs survive [129]. Neither of which appear to affect the limitless potential for sperm
production after puberty. In female GCs, a similar wave of apoptosis occurs at around 13.5 dpc,
a second wave occurs between 15.5 dpc and birth, with more oocytes dying after birth [12616

128,130]. During this entire period, up to 70% of the female GCs are programmed to die
[133,134]. The GC population that survives this selection process is thought to constitute the
total fertility potential for a female’s reproductive lifespan [135]. Interestingly however, recent
studies have found that there may be some postnatal germline renewal in the mammalian ovary
[136,137].
Apoptosis of gonadal GCs is thought to function as a control measure to ensure the quality of
genetic information being passed on to subsequent generations. Indeed, defects detected in their
nuclear or mitochondrial genomes will target gonocytes for elimination [138,139], thus ensuring
the high genomic integrity of surviving GCs that will potentially pass this genetic information to
subsequent generations [123].

Signals for Apoptosis
Apoptosis of GCs in the gonads is regulated by the balance of expression of two members of the
B-cell lymphoma/leukemia-2 (BCL-2) family, BCL2-like 1 (Bcl-x), a cell survival factor and
BCL2-associated X (Bax), a cell death factor [130,132]. Rucker and co-workers [132] have
shown that GC-specific disruption of Bcl-x results in male sterility due to a complete lack of
spermatogonia as well as severely reduced oocyte numbers by 15.5 dpc, and that rescue of this
phenotype was possible with homologous deletion of Bax (Bax-/-).
Gene expression profiling revealed that Bax, and other intrinsic apoptosis pathway components
(Bax, Bak, Bad, Bim, Caspase 3), are expressed in PGCs during the migration period and that
extrinsic apoptosis pathway components (Fas, Caspase 8) are not expressed [49,131].
Moreover, there was a significant increase in the number of ectopic PGCs that did not die in
Bax-/- homozygous null embryos [49,131]. Hence, this intrinsic apoptosis pathway is activated to
eliminate both aberrant GCs within the gonads [130,132] as well as earlier in development to
eliminate ectopic PGCs that linger in the midline [49,131].
In ectopic PGCs and in gonadal GCs, apoptosis via the Bax pathway is mediated by a decrease
in the pro-survival factor KL. Indeed, in vivo mutations in KL (Steel-/-) and its PGC receptor cKit (We-/-) result in decreased numbers of PGCs arriving in the genital ridges [52,54].
Withdrawal of KL in vitro also causes decreased survival of migrating PGCs and gonadal GCs,
which display all the hallmarks of apoptotic elimination [73-76].
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The strongest evidence for this however, comes from studies of ectopic PGCs, which show that
Bax initiates apoptosis in ectopic PGCs in response to down-regulation of KL expression in
somatic cells of the embryo midline between 9.5 and 10.5 dpc [49,131]. This is further
confirmed by the fact that, in Steel-/-:Bax-/- double homozygous null mutant embryos, removal of
the intrinsic pro-apoptotic protein Bax rescues the PGC apoptosis seen in Steel-/- homozygous
null embryos [49]. Thus, decreased expression of KL in somatic cells is necessary for ectopic
midline PGC death and its expression is required to suppress apoptosis thereby allowing normal
proliferation and migration of PGCs to the developing gonads [49].

Anti-Apoptotic Signals
Nanos3 protein is expressed by PGCs as they migrate though the hindgut where it is believed to
have an anti-apoptotic function [104,105]. Indeed, elimination of this gene (Nanos3-/-) resulted
in complete absence of GCs in the gonads of both sexes due to apoptosis during migration
[104,105]. Unlike the Steel-/- homozygous null embryos, removal of Bax in Nanos3-/-:Bax-/double homozygous null mutant mouse embryos did not completely rescue PGC apoptosis, with
only a portion of PGCs surviving [105]. Moreover, these surviving PGCs go on to differentiate
as male or female gametes in adult gonads, suggesting that the embryonic PGC population is
heterogeneous and that Nanos3 suppresses both Bax-dependent and Bax-independent apoptosis
pathways to maintain the germline during migration [105].

EPIGENETIC REPROGRAMMING OF GCs
Prior to colonising the genital ridges, PGCs exhibit parent-of-origin-specific imprinting marks,
which enforce the mono-allelic expression of many genes [140]. Once within the genital ridges,
however, gonocytes undergo genome-wide epigenetic changes to remove these marks [141143]. This reprogramming process involves chromatin restructuring and erasure of methylation
from maternally and paternally imprinted regions of DNA. Subsequent remethylation, which is
now governed by the sex of the embryo, imprints a new molecular identity onto each gonocyte
in preparation for transmission of properly imprinted alleles to the next generation [141-143].
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DNA Demethylation and Imprint Erasure
For epigenetic reprogramming, gonocytes undergo dynamic chromatin rearrangements at
around 11.5 dpc. Evidence for this comes from observations of gonocyte nuclei which appear
elongated [144]. At this point, the chromatin has de-condensed due to the loss of histone H1
linkers and other repressive histone modifiers normally associated with heterochromatin
[31,144]. Although some of these histone modifications persist, the majority of this
restructuring is only transiently, and by 12.5 dpc gonocytes displaying normal nuclear
morphology [144].
The transcription repressor Blimp1 appears to be involved in this process. Blimp1 can form
complexes with various chromatin modifiers including Prmt5. Prmt5 is an arginine-specific
histone methyltransferase, which mediates symmetrical dimethylation of arginine 3 on histone
H2A and/or H4 tails (H2A/H4R3me2) [31]. In gonocytes at 11.5 dpc, the Blimp1-Prmt5
complex translocates from the nucleus to the cytoplasm, resulting in the loss of H2A/H4 R3
methylation [31].
During chromatin restructuring, allele-specific methylation is also erased genome-wide in order
to re-establish bi-allelic gene expression [144,145]. This erasure may start as early as 10.5 dpc
with most genes displaying hypomethylation by 12.5 dpc [146,147]. However, this DNA
demethylation process occurs at different rates and times for different imprinted loci [147].
Maatouk et al. [140] showed that in the developing gonad, hypomethylation is evident in
several GC-specific genes including Mvh, Dazl and synaptonemal complex protein 3 (Sycp3).
GCNA1 is also expressed in response to DNA demethylation [148].

DNA Remethylation
The gonocyte DNA is maintained in a demethylated state until the next stage of epigenetic
reprogramming which involves the reestablishment of a new methylation status. This
remethylation occurs in a sex-specific, biallelic manner [149-152]. Of the ~80 genes that are
known to be regulated by imprinting in the mouse, the majority are found in the female gametes
[153,154]. Maternal imprinting of the female germline occurs after birth, hence female GCs
remain in a hypomethylated state during gonadogenesis [153]. To date, only three loci have
been identified that undergo paternal imprinting. This occurs to the male germline following sex
determination from 14.5 dpc to after birth [151,153-155].
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DNA methyltransferase (Dnmt1) is crucial for maintaining imprinted genes in growing oocytes
[156]. It is also expressed in proliferating male GCs shortly after gonad colonisation, however it
is down-regulated prior to the genome-wide DNA methylation starting at 14.5 dpc, indicating
that another DNA methyltransferase is responsible for establishing the male GC imprinted gene
patterns [156]. In culture studies, GCs from 13.5 dpc male gonads are able to establish paternal
methylation patterns at imprinted genes in the absence of somatic cell support, and equivalent
female gonad GCs are also able to maintain a characteristically maternal hypomethylated status
at these loci, suggesting that remethylation events are cell autonomous following exposure to
the gonads at 13.5 dpc [157].

PGC X-CHROMOSOME ACTIVITY
Following specification, random X-chromosome inactivation takes place in female PGCs, as it
does in female somatic cells [158,159]. To re-establish the correct dosage of X-linked genes in
female PGCs, this chromosome is then reactivated during migration and colonisation of the
genital ridges [159,160].

X-Chromosome Silencing
At 7.5 dpc, about 15% of PGCs located in the proximal region of the epiblast of the mouse
gastrula-stage embryo have begun inactivation of one of their X chromosomes; X-inactivation is
completed for the remaining PGCs during their hindgut-to-genital ridge migration, but is not
simultaneous for the entire population [160]. Like somatic XX cells, this silencing appears to be
mediated by a Xist-dependent mechanism, involving the recruitment of Ezh2-Eed and the
consequent trimethylation of histone 3 on lysine 27 (H3K27me3) [161].

X-Chromosome Reactivation
As female PGCs migrate from the hindgut towards the future gonads, the accumulated
H3K27me3 on the silent X is gradually lost [161]. However, only upon entering the XX genital
ridges between 11.5 and 13.5 dpc, is reactivation of the silent X chromosome achieved in
female GCs prior to meiosis [160,161]. Thus, interactions with the XX somatic gonadal
environment are important for this process.
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Further evidence for a dependence on the somatic gonadal environment comes from the study of
ectopic PGCs and sex-reversed embryos. Ectopic PGCs that fail to reach the primitive gonads
never reactivate their X chromosome despite entering into meiosis before eventually
degenerating [125,158,159]. Interestingly, in sex-reversed mouse embryos, female GCs (now
located in a testis) are able to reactivate their X chromosome, suggesting that the signal for
reactivation is not specific to the somatic ovary [159,162].

GC SEX DETERMINATION
Male and female GCs, which are indistinguishable in both morphology and behaviour prior to
colonisation of the genital ridges [163], must differentiate in order to establish the gametes of
each sex required at fertilisation. The hallmark of differentiation is meiosis entry in female GCs
[164,165] and mitotic arrest in male GCs [163]. Control of GC differentiation is not cell
autonomous, and the bipotential GCs are completely reliant on the sexual genotype of their
somatic environment to determine their final sexual fate (Fig. 4).

Mitosis-to-Meiosis Transition
At around 12.5-13.5 dpc, following sexual differentiation of the somatic component of the
gonads, GCs in the male and female gonads (testis and ovary respectively) cease mitotic cell
division, at which point their differentiation pathways diverge. McLaren [164] noted that
differentiation along the female pathway is characterised by early entry into meiosis occurring
prior to birth. Conversely, differentiation along the male pathway is characterised by late entry
into meiosis occurring after birth at puberty.
From 13.5 dpc GCs in the ovary become oocytes by entering prophase of meiosis I [163,166].
Once GCs in the ovary enter meiosis they have committed to the female lineage. Meiosis entry
is non-synchronous and several studies have shown meiosis to proceed in an anterior to
posterior wave [167-169] in response to signal(s) emanating from the anterior pole. By 15.5 dpc
the majority of ovarian GCs have entered meiotic prophase I [127], passing through leptotene,
zygotene, and pachytene stages, and arresting as diplotene oocytes between 17.5 dpc and 5 days
post partum (dpp) [127]. At this stage each oocyte is surrounded by a single layer of somatic
cells forming a primordial follicle which are necessary for meiotic arrest [164]. Oocytes remain
arrested in this stage of meiosis until after birth when ovulation begins, at which point they reenter meiosis and are termed ‘growing oocytes’ [133,170,171].
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Fig. 4: GC sexual differentiation involves multiple somatic signals. Undifferentiated GCs divide
mitotically at 11.5 dpc. Testicular GCs differentiate from 12.5 dpc by ceasing mitotic division under the
influence of somatic MIFs and MAFs. Ovarian GCs differentiation from 13.5 dpc by entering meiosis
under the influence of somatic MASs.

In preparation for meiosis entry, at 12.5 dpc GCs express stimulated by retinoic acid, gene 8
(Stra8) [167,172], which is required for pre-meiotic DNA replication and subsequent entry into
meiosis prophase I [173]. Meiosis entry is then marked by up-regulation of the genes Sycp3 and
dosage suppressor of MCK1 homologue (Dmc1). Sycp3 encodes a component of the
synaptonemal complex, a meiosis-specific structure required for synapses of homologous
chromosomes during leptotene, the first phase of meiosis [174-176]. Dmc1 is required at
zygotene for double-strand break repair during meiotic recombination [177,178]. The transition
into meiosis is also marked by down-regulation of the pluripotency marker Pou5f1
[37,38,179,180].
At approximately 12.5 dpc, GCs in the testis are sequestered inside nascent testis cords, where
they appear to prepare for meiosis entry, as in the ovary [181]. Proliferation ceases, many of the
GC nuclei exhibit a characteristic dispersed chromatin appearance corresponding to the postmitotic G1 phase of the last pre-meiotic cell cycle, and several meiosis-specific genes are upregulated as though in preparation for chromosome pairing and synapsis [175,182]. However,
from 12.5-14.5 dpc, GCs undergo mitotic arrest in an unsynchronised manner, exiting the cell
cycle at the G1/G0 transition as T-prospermatogonia [163,183,184]. Only after birth do
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prospermatogonia re-enter the cell cycle and resume mitosis, with entry into prophase of
meiosis I occurring at puberty [163,185].
Arresting male GCs exhibit altered expression of key regulators of the G1-S-phase transition
[183,186]. From 12.5 dpc, initiation of arrest is denoted by up-regulation of p15INK4b and
p27Kip1, down-regulation of CyclinD3, CyclinE1 and CyclinE2 and dephosphorylation of
retinoblastoma protein (pRB) [183]. In addition, by 14.5 dpc, mitotic arrest is marked by upregulation of p16INK4a, p21Cip1 and p57Kip2 [183,186]. These INK4 and Cip/Kip family members
are cell cycle inhibitors that inhibit CyclinD-cyclin-dependent kinase 4/6 (-cdk4/6) and
CyclinE-cdk2 complexes, which, in turn, prevents the cdk-mediated phosphorylation of the cell
cycle checkpoint regulator pRB. When pRB is hypophosphorylated it binds to E2Fs which
repress transcription of genes needed for DNA synthesis. Mitotic arrest in male GCs is also
marked by down-regulation of the nuclear protein Ki67 [183] which is only expressed in
actively cycling cells and is absent from resting (G1/G0) cells [187]. Mitotically arrested male
GCs also characteristically express the cell cycle checkpoint regulator p63γ [186,188].

Control of GC Differentiation
Sexual differentiation of bipotential GCs is not cell autonomous, meaning that it is not
determined by their own sex chromosome constitution. Instead, it is determined by the sexual
phenotype of their somatic environment.
This conclusion resulted from observations of mouse GC behaviour upon exposure to various
gonadal environments including XX↔XY chimaeric gonads and models of sex-reversal [189193]. These studies revealed that both chromosomally XY and XX embryonic GCs, when
residing in an XY testicular environment, will follow the male pattern of differentiation by
entering mitotic arrest, developing as male prospermatogonia. However, XX GCs do not
survive male meiosis and die shortly after birth. Similarly, XX and XY embryonic GCs in XX
ovarian surroundings enter meiosis before birth, developing as oocytes, though most XY
oocytes are unable to complete later stages of oogenesis.
The importance of the gonadal somatic sexual genotype has also been demonstrated through
genetic manipulations of Sry, the sex-determining region of the Y chromosome which is
expressed in Sertoli cells and is responsible for initiating the masculinisation of the male
embryo [194,195]. In XX embryos transgenic for Sry, XX GCs develop as prospermatogonia,
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though their maturation fails at later stages of development [194,196], and in XY embryos
harbouring a deletion of Sry, XY GCs develop as oocytes [195].
The GCs possess this bipotential capacity until 12.5 dpc when their developmental fate becomes
fixed [165,184,197]. In this way, GCs are completely dependent on the somatic cell
environment for all aspects of their development including differentiation into functional
gametes. Reliance on the somatic environment for GC sex determination indicates that signals
controlling GC fate emanate from somatic cells of the developing gonads.

Signals for Meiosis
The theory that entry into meiosis is non cell-autonomous emerged following observations that
non-meiotic GCs in developing testes could be induced to enter meiosis by an external stimulus.
For example, embryonic ovaries containing meiotic GCs were able to induce meiosis in GCs
within undifferentiated testes when placed on opposite sides of a filter in co-culture
experiments, the efficiency of induction being dependent on the distance of the testicular tissue
from the adjacent ovary [198]. Similarly, dose-dependent results were obtained when
conditioned medium from cultures of adult ovaries or testes containing meiotic GCs was
applied to embryonic testes in vitro [199,200].
Other experimental observations suggested that somatic cells of the developing ovary produce a
diffusible factor that induces GC meiosis. For example, meiotic GCs are usually found in the
cranial portion of the developing gonads of XXSxr sex-reversed mice [191,201]. Further,
meiotic GCs can be found in testis cords bordering the ovarian regions in ovotestes of
YDOM/POS sex reversed mice [202].
Consequently, Byskov and Saxen [198] postulated the existence of a non-sex-specific, meiosisactivating substance (referred to as MAS) which is present in embryonic gonads of both sexes
but results in meiotic initiation only in the developing ovarian GCs. According to this
hypothesis, a meiosis-inhibiting factor (or MIF), which antagonises the action of MAS, is
produced within the testis cords thus preventing GCs in these cords from entering meiosis.
Meiosis at puberty in the postnatal mouse testis might also be triggered as a result of the activity
of MAS, which is possibly concomitant with decreased activity of the meiosis inhibitor (MIF) at
the onset of spermatogenesis [203,204].
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It was suggested that the mesonephrically derived rete system may be involved in the local
secretion of MAS. When whole female embryonic gonads or cranial portions of them with
adherent extra-ovarian rete tubules and mesonephric remnants were transplanted under the skin
of nude mice, GCs entered meiosis and follicles formed [205]. However, when the caudal part
of ‘‘pure’’ gonadal tissue was transplanted [205], or when early ovaries lacking the
mesonephric region were grown in culture [206], no meiosis or follicle formation was observed.
These results were interpreted as suggesting that the rete ovarii is essential for the initiation and
maintenance of meiosis and is the source of MAS [181,205,207-209]. Moreover, in the
developing ovary, meiosis always begins at the inner part of the cortex in close contact with the
invading mesonephric tissue. Also, the oocytes in this area are the first to reach the diplotene
stage and are the first to be enclosed in follicles and assume growth [210].
MAS was thought to be secreted from the rete system of embryonic mouse gonads of both
sexes, but GCs that are completely enclosed in testis cords are unable to respond to the
substance due to the presence of MIF [200]. However, with the use of meiotic chromosome
markers SYN/COR and γH2AX, Yao et al. [169] detected a small, transient population of
meiotic GCs in developing testis at the anterior junction between the gonad and mesonephros.
This group of cells had also been reported by Byskov [200]. These GCs were spatially
coincident with the region where disruptions in cord formation contribute to the structural
reorganisation of the junctions between testis cords and mesonephric tissue. It was hypothesised
that meiotic GCs in this region destabilised the tubules and contributed to the reorganisation or,
alternatively, that the focal disruption of cord structures triggered GC entry into meiosis [169].
Studies of ectopic GCs [125,184,211] were also interpreted to show the existence of a MAS not
only in the embryonic ovary at 13.5 dpc, but also in the adrenals, mesonephric region and lungs
of both male and female embryos. McLaren [212] suggested that, if a MAS exists, it must be
produced in the whole urogenital ridge (as well as the lungs), and it is only GCs exposed to the
testis-specific inhibitor MIF that fail to enter meiosis before birth, and hence fail to develop as
oocytes.
The exact sequence and spatial details of ovarian GCs entry into meiosis have been determined
by studying the expression of pluripotency and meiosis markers [167-169]. These experiments
revealed a rostro-caudal wave of expression of these markers in the developing ovary starting at
the cranial pole of the ovary at 13.5 dpc, and progressing to the caudal pole over 1-2 days.
Pou5f1 expression was progressively down-regulated indicating a loss of pluripotency, while
Dmc1, γH2AX, SYN/COR and Sycp3 expression were progressively up-regulated, showing
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meiosis entry. A similar pattern of Stra8 expression was observed beginning at 12.5 dpc [167];
Stra8 is required for meiotic initiation in both sexes [173,213], and is the earliest unambiguous
marker of female GC sexual differentiation identified to date. The rostro-caudal wave of meiotic
marker expression in the ovary is consistent with the existence of a somatically secreted MAS
emanating from the rete ovarii [168].
In addition, the duration of the meiosis wave (3-4 days) is not explicable by general rostrocaudal differences in maturation of the developing ovary considering the relative size of the
developing ovary and the overall maturation rate of the embryo. Though up-regulation of the
ovarian somatic differentiation marker, Adamts19 occurs in a rostro-caudal wave from 11.5 dpc,
follistatin (another differentiation marker) is up-regulated in a centre-to-pole pattern from
11.5 dpc, again indicating that ovarian somatic maturation is not responsible for initiating the
GC meiosis wave [167]. Instead it is evidently the result of a rostro-caudal gradient of MAS, or
wave of MAS production.
Recent studies from four different laboratories suggest that RA induces entry into meiosis in the
fetal ovary, and possibly also in the postnatal testis. Addition of RA to cultured mouse fetal
gonads, either in the culture medium or on implanted beads, stimulates expression of Stra8 and
the meiotic markers Dmc1 and Scp3 in both male and female gonads [213,214]. Similarly, RA
receptor agonists stimulated Stra8 expression [213], and the synthetic retinoid Am580
stimulated Scp3 expression [215]. RA had also previously been shown to accelerate entry into
meiosis in rat female GCs [216]. To confirm the involvement of endogenous RA signalling in
the ovary, culture in the presence of RA receptor antagonists decreased Stra8, Dmc1 and Scp3
expression, measured by quantitative real-time RT-PCR and visualised by wholemount in situ
hybridisation, and also reduced the presence of meiotic figures in cultured ovaries [213,214].
These agents also prevented the loss of Pou5f1 expression normally seen in developing ovaries
as the GCs enter meiosis [213,214]. RA receptors were shown to be expressed by GCs in fetal
gonads [96,214,217,218].
Agents that block degradation of RA, and would be expected to increase the level of
endogenous RA in fetal gonads, increased the levels of Stra8, Scp3 and Dmc1 expression in
cultured fetal testes, and caused Pou5f1 levels to decrease [213,214]. The involvement of RA
signalling was confirmed genetically in vivo by studying meiotic progression in mice lacking
the function of CYP26B1, which degrades RA (see below). Stra8 and Scp3 expression were
robustly induced in Cyp26b1 knockout fetal testes at 13.5 dpc [214], and GCs in these mice
underwent full meiotic progression to pachytene, identifiable by SCP3 immunostaining [215].
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Thus, in vivo and in vitro studies involving a range of markers and gain-and loss-of function
strategies, conducted in several independent laboratories, point to RA as being the elusive MAS.
It should be noted that one group observed GC apoptosis rather than a change in the number of
meiotic figures as a result of culture in the presence of RA or the CYP26B1 antagonist
ketaconazole, assessed after an extended culture period of 6-7 days [219], and have used these
observations to suggest that RA may not be involved in meiotic induction [219,220]. Such a
view would not account for the enhanced meiotic marker expression [214], and indeed the bona
fide meiotic progression [215] seen in fetal testes of Cyp26b1 knockout mice in vivo. We too
have observed GC apoptosis after extended culture periods (J. Bowles and PK, unpublished
data), and others have established that experimentally induced exposure to RA leads to
apoptosis in vivo after meiosis is initiated [215]. The organ culture studies described above
[213,214] were conducted for a short period and under conditions that were not toxic to GCs, as
determined by expression of GC markers Pou5f1 and Mvh.
RA is synthesised by aldehyde dehydrogenase (Aldh) 1a2 [221] which is expressed in the
mesonephroi of both sexes as early as 10.5 dpc [214]. RA concentrations are high in the
mesonephros and ovary, and studies involving retinoic acid response element reporter mice
indicate particularly high levels of retinoic acid in the mesonephric tubules, which contact the
developing gonad in the anterior rete region. It may be that RA enters the cranial portion of the
developing ovary via the rete tubules where it induces the rostro-caudal wave of Stra8
expression observed from 12.5-16.5 dpc followed by the concomitant meiosis wave from
13.5 dpc [167-169].
RA and RARα have also been shown to play important roles in the maintenance of
spermatogenesis in the adult testis [222-225]. Conversely, RA and RARα have a negative effect
on GC proliferation in the embryonic testis in vitro, implying that they are not usually expressed
in the developing testis prior to puberty when meiosis is initiated [95,224,226]. Indeed, RARα is
not present on embryonic male GCs when they are still dividing mitotically [217].
RA has been found in high concentrations in the developing lung [227] and adrenal glands
[228] which presumably explains why ectopic GCs in these locations enter meiosis with a
similar timing to ovarian GCs [125,184,211]. Yao et al. [169] also found that the rete tubules
connecting the embryonic testis with the mesonephros are leaky, which allows RA to induce the
GC meiosis entry observed at this site. In addition, in ovotestes, the anterior ovarian portion
where meiosis occurs correlates with the position of the connecting tubules to the mesonephros
where RA is found [229].
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The combined weight of evidence suggests that RA activity stimulates expression of Stra8,
which is required [173] to set in train the molecular series of events leading to GC meiosis on
the developing ovary, and possibly also in the postnatal testis. Whether other agents in addition
to RA can stimulate meiosis entry remains to be determined.

Inhibition of Meiosis in the Testis
The meiosis-inhibiting influence of the testis was first reported by Byskov and Saxen [198]. The
observation that male GCs appear to prepare for meiotic prophase (expressing the meiosisspecific protein SYCP3 for a short time at 13.5 dpc) before undergoing mitotic arrest at G1/G0
[175], supports the hypothesis that the somatic environment of the testis has a meiosis-inhibiting
affect.
Testicular cords, which isolate male GCs from testicular interstitial cells, were suggested to
prevent meiosis entry [230], however, formation of the cord structures is not necessary for
meiosis inhibition [164,231,232]. Indeed, GCs that remain in the urogenital ridge in the vicinity
of the mesonephros, or in the interstitial tissue of the testis, just outside testis cords, do not enter
meiosis [233]. The inhibitory effect of the testicular environment was therefore attributed to a
testis-specific meiosis-inhibiting factor (or MIF). MIF was suggested to be a short-range,
diffusible molecule produced and secreted by the somatic cells of the testis cords that acts in
either a paracrine or juxtacrine manner to inhibit entry of GCs into meiosis. Moreover, MIF was
thought to be expressed either by the Sertoli or peritubular myoid cells of the testis cords, as
these are the principal male-specific cell types differentiated at 12.5 dpc. However, when
migration of peritubular myoid cells into the testis was blocked, GCs still developed as
prospermatogonia [231], indicating that Sertoli cells cause meiosis inhibition through the
production of MIF.
In the Sertoli cells of the developing male gonad, a cytochrome P450 enzyme (CYP26B1),
which degrades RA [234], was found in abundance [213,214]. Moreover, its expression in the
embryonic gonads became male-specific and peaked at 13.5 dpc [213,214,235,236], suggesting
that CYP26b1 acts as the MIF. Indeed, in culture studies, male GCs were protected from RAinduced Stra8 expression and ensuing meiosis by CYP26B1 enzyme activity [213,214].
Moreover, in Cyp26b1-/- homozygous null mouse embryos, while no effect was observed in
somatic gonadal tissues or in female GCs, an increase in RA was observed in the testes [215].
This increase in RA caused GCs in Cyp26b1-/- testes to prematurely enter meiosis at 13.5 dpc
before arresting at the pachytene stage [215]. These observations strongly implicate CYP26B1
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as a meiosis-inhibiting factor (MIF) within the developing testis. Interestingly, Suzuki and Saga
[237] found that Nanos2 maintains the suppression of meiosis in male GCs after Cyp26b1
expression decreases at 14.5 dpc, by preventing the expression of Stra8.
When all cellular secretion is blocked using brefeldin A in a male urogenital ridge culture
system, ~25% of GCs enter meiosis [219]. Therefore, intercellular signalling molecules may
augment the suppression of meiosis by CYP26B1. The transmembrane protein TMEM184A,
which is associated with endosomes and has a secretory function specific to Sertoli cells
[219,238], may be involved in this signalling: ectopic expression of Tmem184a in female
genital ridges resulted in failure of gonocytes to enter meiosis [239].

Signals for Mitotic Arrest
Mitotic arrest in GCs of the developing testis has been well documented [163,164,183,198] and
is often viewed as a default pathway occurring as a result of a lack of commitment to meiosis
and the ovarian developmental pathway. Moreover, even though commitment to the male
germline may occur by 12.5 dpc [165] testicular GCs do not immediately arrest [183].
Historically, therefore, the existence of a mitotic arrest factor (MAF) has been overlooked.
However, GC entry into mitotic arrest may not occur by default. Instead of mitotic arrest
resulting from the indecision to enter meiosis, GCs within the embryonic testis may be actively
induced to arrest by a MAF that is specific to the male embryonic gonads. Hence, mitotic arrest
could be viewed as a pertinent, mandatory event in male GC differentiation. If this is the case,
then meiosis entry can only be viewed as the definitive marker of GC differentiation in the
embryonic ovary and mitotic arrest may be a more accurate marker for differentiation of GCs in
the developing testis.
To date, very few attempts have been made to identify the somatic signal causing mitotic arrest
in mouse testicular GCs because of the relatively recent conception of MAF. However, a recent
paper has suggested that the reduction in RA levels may be necessary for cell cycle arrest [240].
Trautmann and colleagues [240] show in vitro that at 13.5 dpc RA prevented male GC mitotic
arrest through PI3K signalling. They go on to show that RA delayed Ssea-1 down-regulation,
p63γ expression and DNA hypermethylation which are characteristic of mitotically arrested
male GCs, and that at 13.5 dpc inhibition of CYP26B1 activity also prevented mitotic arrest in
male GCs in culture. Moreover, in vivo, RA administration maintained male GC proliferation,
suggesting that removal of RA from the embryonic testes is required for male GC mitotic arrest
[240].
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Evidence pertaining to a HMG box containing protein 1 transcription factor gene (Hbp1)
suggests that it could also be a likely candidate for MAF. Hbp1 is expressed specifically in GCs
within the embryonic testis in correlation with the onset of mitotic arrest at 12.5 dpc [241].
Furthermore, regulation of HPB1 protein stability is associated with cell proliferation and
differentiation [242] and, in particular, with the regulation of cell cycle progression or arrest at
the G1 to S phase in a variety of tissues [243,244]. Specifically, phosphorylation of the HBP1
protein by p38 mitogen-activated protein kinase (MAPK) stabilises the protein which results in
mitotic arrest at G1 [244-246]. Hence, HBP1 is a potential candidate for MAF as it can actively
induce mitotic arrest at the G1/S transition and is expressed by GCs at the mRNA level when
they enter mitotic arrest.

GC INFLUENCE ON GONADOGENESIS
GCs are known to require an appropriate gonadal environment for their development and
survival, but it is also interesting to note that gonad organogenesis is also reliant on GCs,
particularly in the case of ovarian organogenesis. In the XX developing gonad, GCs are required
for the initial organisation of the ovary into characteristic follicles and for the maintenance of
follicles thereafter. In sterile mutants or in cases where GCs are lost, the follicular structure of
the ovary either never forms or rapidly degenerates producing a ‘streak’ gonad [247,248].
It has been proposed that ovarian development depends on the presence of meiotic cells in the
XX gonad and that meiosis not only initiates the ovarian pathway but also antagonises the
testicular pathway [249,250]. Several characterised cases of XX sex reversal result in the
formation of tubules in ovaries older than 12.5 dpc and all are associated with the elimination of
meiotic GCs from the ovary [251-253]. Furthermore, in ectopic migration studies, developing
XX gonads can no longer be induced to form cords after 12.5 dpc [254] unless they are devoid
of GCs, in which case cords can still be induced at 13.5 dpc [249]. These results suggest that
XX GCs, or meiotic GCs, may inhibit mesonephric cell migration that leads to cord formation
and testicular development [249]. These data support a model in which male-specific pathways
must be initiated prior to 12.5 dpc in order to prevent GCs from entering meiosis, an event that
antagonises testis formation by initiating follicle differentiation.
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CONCLUSIONS
Embryonic development of the future gametes begins with the segregation of a small cluster of
cells in the epiblast that are programmed away from a somatic cell fate and towards a germline
fate. This also involves the retention of their pluripotency. Once committed, these PGCs make
the long journey from outside the embryo to eventually reside within the developing gonads.
During this migratory period the PGCs proliferate rapidly by mitotic division to boost their
numbers, but they must stay on their designated path or face apoptotic elimination. A host of
genetic and epigenetic changes await those PGCs that populate the future gonads and survive
further qualifying rounds of apoptosis. They lose some of their pluripotency, their chromatin
and DNA methylation statuses are altered, the X chromosome is reactivated in female GCs, and
they commit to a sexual lineage.
All stages of embryonic GC ontogeny are controlled by external, somatic signals. These signals
emanate from the epiblast for PGC specification, from the genital ridges in a gradient directing
their migration, and from the gonadal somatic environment and mesonephros orchestrating their
final decision to develop as sperm or oocytes. Major molecular players in these events include
the c-kit receptor/ligand duet, the TGFβ super family, FGFs, SMAD signalling, PI3K/AKT
kinase signalling and RA.
Identification of these and other regulators has helped construct molecular networks which
govern the early development of the gametes. However, many questions still remain. What
genes/signals activate the signals already identified? Through what genes/mechanisms do these
signalling cascades elicit their effects? Where does the chemotactic signal directing PGC
migration to the hindgut emanate from? What somatic gonadal signals control X chromosome
reactivation and sex-specific DNA remethylation? What activates Cyp26b1 expression in the
testis cords? What controls male GC mitotic arrest? These questions will likely form the basis
for research in the field for the coming decade.
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CHAPTER 1B
MOUSE GONAD DEVELOPMENT: FROM GENITAL RIDGE
FORMATION TO TESTIS AND OVARY DIFFERENTIATION

INTRODUCTION
Gonadal development is unique in embryogenesis in that a single organ primordium can
differentiate into one of two distinct tissues, namely a testis (in XY embryos) or an ovary (in
XX embryos). The bipotential gonad commits to either sexual fate during the process of sex
determination. The testis and ovary perform two key roles, they produce hormones that drive
development of later masculine and feminine characteristics (respectively), and they house and
nurture the gametes of each sex. Gonadogenesis and sex determination are therefore critical to
the reproductive success of all animal species relying on sexual reproduction.
The timing and location of morphological events defining mammalian gonad development and
sex determination have been well characterised for the testis and, to a lesser extent, the ovary.
However, despite the immense importance of these organs, a complete understanding of the
network of regulatory genes and signals orchestrating these events is still lacking.
This review details the major processes and established molecular regulators of mammalian
gonad development during embryogenesis. Specifically, it covers the formation of the gonadal
primordia, sex determination and subsequent differentiation of the testes and ovaries. The
review focuses on gonad development in the mouse since this species has been studied so
extensively, particularly as a model of human development and developmental disorders.

GENITAL RIDGE FORMATION
In mice, the gonads are derived from the urogenital ridges, which arise from the intermediate
mesoderm as paired swellings, from 9 days post coitum (dpc). On the ventromedial side of the
mesonephros, which is the central section of the urogenital ridge, the gonadal primordium first
appears as a thin layer of somatic cells at around 10.5 dpc [255]. The genital ridge grows as a
result of proliferation of cells in the overlying coelomic epithelium [71,256,257]. The somatic
component of the primitive gonad consists of precursor steroid-secreting and supporting cells
(so named for their role in sustaining and nourishing germ cells (GCs) in both sexes) [258]. The
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supporting cell precursors are bipotential and can differentiate into either Sertoli cells in the
testis or follicle (granulosa) cells in the ovary [192,259]. Steroidogenic (testicular Leydig and
ovarian theca) cells also presumably derive from a common precursor. Bipotential GCs, which
can differentiate into either sperm or oocytes, colonise the genital ridge from 10.5 dpc
[23,45,46]. At this early developmental time point, the genital ridges of each sex remain visibly
indistinguishable and are still considered to be indifferent.

Genes Necessary for Bipotential Gonad Formation
Several transcription factors are important for the development of the genital ridges prior to sex
determination and may also play roles during gonadal differentiation. Wilms’ tumour suppressor
1 (Wt1), which is expressed in the coelomic epithelium and in developing Sertoli and granulosa
cells, is required for urogenital ridge development in both sexes and has also been implicated in
regulating testis determination [260,261]. Indeed, complete knockout of Wt1 results in renal and
gonadal agenesis [262]. Moreover, alternative splicing of exon 9 generates WT1 isoforms that
vary by three amino acid (KTS) and that play different roles in gonad development.
The WT1(-KTS) isoform is required for gonad formation through direct regulation of another
transcription factor steroidogenic factor 1 (Sf1) [263]. Sf1 is expressed in the developing
urogenital ridge; SF1 protein is also expressed in Sertoli and Leydig cells of the testis following
sexual differentiation. Mice lacking Sf1 fail to develop gonads beyond the early indifferent
stage, implicating SF1 as a survival factor for the genital ridge [264].
LIM homeobox gene 9 (Lhx9) also promotes early gonadal development, and homozygous null
mutant mice (Lhx9-/-) exhibit a gonadal phenotype very similar to that of Sf1-/- and Wt1-/- mice
[264,265]. LHX9 binds directly to the Sf1 promoter where it has an additive effect with WT1 in
enhancing Sf1 expression [263].
Defects in early gonad development have also been reported in mice that lack empty-spiracles
homeobox gene 2 (Emx2) and polycomb M33 (M33) [266,267]. How these genes function and
interact to influence gonadogenesis is not currently understood, but it is likely that additional
genes participate in this process.
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TESTIS DIFFERENTIATION
In male (XY) mouse embryos, at 11.5 dpc, the genital ridges begin rapid morphological changes
not seen in their female (XX) equivalents. The first sign of testis differentiation is the
appearance of testis-specific pre-Sertoli cells. These cells derive from a proliferating SF1positive population of cells which delaminates from the coelomic epithelium [71,257]. Sertoli
cells mature by 12.5 dpc and aggregate into cord-like structures (testis cords) that surround
GCs. These somatic cells are believed to orchestrate subsequent events in testis differentiation
via the production of key regulatory factors. Under the influence of these pre-Sertoli cell
signalling factors, two other somatic cell types (peritubular myoid and Leydig cells)
differentiate around 12.5 dpc. Peritubular myoid cell precursors form a single layer of flattened
cells completely encapsulating the testis cords by 13.5 dpc. Steroidogenic Leydig cell
precursors differentiate in the interstitial space between the testis cords from the same SF1positive population as Sertoli cells. Pre-Sertoli cell paracrine signals also instigate a dramatic
increase in testis size resulting from intensive proliferation of somatic cells [71,257,268,269],
and an increase in migration of endothelial cells from the adjacent mesonephros into the
embryonic XY genital ridges [254,258,270-272]. These endothelial cells form the extensive,
male-specific vascular network evident by 12.5 dpc [273,274].
Hence, over approximately 48 hours, cellular differentiation, proliferation, vascularisation, and
structural reorganisation shape the ‘indifferent’ gonad into a functioning embryonic testis. The
resultant organ is composed of two structural compartments, the testis cords and the
interstitium, each with its own distinct function. The testis cords, which are made of Sertoli
cells, are tubular structures designed to house and support germline cells, and thus are
responsible for the reproductive function of the testis. The basement membrane encapsulating
the cords, which is made by Sertoli and peritubular myoid cells, functions to separate the cords
from the interstitium, and the smooth muscle contractility of the latter cells assists in the export
of mature sperm from the adult testis. The interstitium surrounding the testis cords, which is
made of Leydig and endothelial cells, is designed to produce and export hormones, such as
testosterone, and is thus responsible for the masculinising function of the embryonic testis.

SRY: The Testis-Determining Gene
In the XY mouse genital ridge, a subset of somatic cells express a gene residing in the sexdetermining region of the Y chromosome (Sry) from 10.5 to 12.5 dpc. Sry expression occurs in
a wave beginning in the centre of the gonad, and spreading to both poles before receding [27534

277]. This single gene induces the differentiation of pre-Sertoli cells and is considered the key
genetic factor in male sex determination, initiating the cascade of molecular events leading to
testis formation in an XY individual [194,278-280]. Absence or impaired function of Sry
typically results in ovary formation and male-to-female complete sex reversal [281-283],
indicating that Sry is both necessary and sufficient for male sex determination. Indeed, multiple
cases of human sex reversal have occurred as a result of mutations in the DNA binding and
bending high mobility group (HMG) domain of SRY [284-288], confirming the pivotal role this
gene plays as a transcriptional regulator in male development in humans.

SOX9: A Target of SRY
At around 11.5 dpc in pre-Sertoli cells, SRY expression directly up-regulates a related
transcription factor, Sry-like HMG box containing gene 9 (Sox9) [289-292]. The spatial
expression pattern of Sox9 closely mimics that of Sry however Sox9 expression remains on until
after birth. Moreover, Sox9 is considered the definitive marker of mature Sertoli cells. Sox9 can
functionally substitute for Sry to initiate testis development when over-expressed in XX gonads
and is also required for testis determination [293-297], making it both necessary and sufficient
for male sex determination. Indeed, in humans, mutations in SOX9 result in campomelic
dysplasia, a syndrome often associated with XY sex reversal [298,299], again reinforcing the
essential role of this gene in human testis development.

Other Signals for Testis Differentiation
In addition to direct genetic activation by Sry, somatic cells can also be recruited to a Sertoli cell
fate by paracrine signalling [192]. This non-cell autonomous induction has been shown to
involve both prostaglandin and fibroblast growth factor (FGF) signalling. Indeed, Sox9
expression results in up-regulation of FGF9 [300] and prostaglandin D2 [277,301] which, in
turn, can promote Sox9 expression in undifferentiated somatic cells. It is thought that SOX9 upregulates these positive feedback loops to increase Sertoli cell numbers through paracrine
recruitment, thus ensuring testis development. In support of this, Fgf9 null mutant mice (Fgf9-/-)
have reduced Sertoli cell numbers, showing defects in somatic gonadal cell proliferation,
endothelial cell migration and organisation, and ultimately exhibit XY sex reversal [302,303].
Mutational analysis confirmed several other genes to be involved in the molecular cascade
necessary for testis differentiation. These include (but are not restricted to) Wt1 (+KTS isoform)
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[260], insulin receptor family [304], GATA binding protein 4 (Gata4) and friend of GATA 2
(Fog2) [305], Sox8 [297], DSS-AHC critical region on the X gene 1 (Dax1) [306-308], desert
hedgehog (Dhh) [309,310], and platelet derived growth factor receptor α (Pdgfrα) [311].

OVARY DIFFERENTIATION
At the time when major growth and remodelling is occurring in the XY mouse genital ridge,
very little is going on morphologically in the equivalent XX organ. In fact, between 11.5 and
13.5 dpc, the mouse ovary lingers in an ‘undifferentiated’ state composed of a mélange of
somatic and germline cells with no definable structures. Only after birth does the ovary
reorganise, forming functional units (known as primordial follicles) composed of an oocyte
surrounded by somatic pre-granulosa (‘nurse’) and steroidogenic thecal cells.

Signals for Ovary Differentiation
Although morphologically dormant, several genes are up-regulated specifically in the somatic
compartment of XX genital ridges as early as 11.5 dpc, indicating the early induction of a robust
molecular program for female sex determination and ovarian differentiation in the mouse
[236,312-315]. Of these, no single ovary-determining gene has been identified as yet, but
mutational analysis shows that genes involved in the Wingless-related MMTV integration site
(WNT) signalling pathway (R-spondin1, Wnt4, β-Catenin and follistatin), and the forkhead box
L2 (FOXL2) transcription factor, promote aspects of ovarian development [300,315-322].
Indeed, RSPO1 is the soluble ligand believed to activate WNT signalling in the developing
ovary. R-spondin1 (Rspo1) is expressed specifically in XX genital ridges of mice during the
critical stage (12.5-14.5 dpc) of ovary differentiation [317]. Removal or mutation of Rspo1
causes partial female-to-male sex reversal in mice (including pseudo-hermaphroditism of the
genital ducts and ovotestis formation) and XX true hermaphroditism or complete female-tomale sex reversal in humans [317,318,321,323], highlighting the pivotal role of this gene, and
the entire signalling pathway, in early mammalian ovary differentiation.
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PROJECT AIMS AND SIGNIFICANCE

Gonadogenesis, sex determination and germ cell differentiation are multi-cellular, multi-faceted
processes involving cell cycle regulation, proliferation, migration, differentiation and structural
reorganisation. The correct culmination of these events, the formation of the male and female
gametes and the sex organs that house them, is imperative for establishing an individuals’
sexual phenotype, and for sexual reproduction and thus species survival and evolution.
Correspondingly, deviation from the normal developmental program can lead to severe
malformations and disease states, such as sex-reversal, infertility and cancer. Hence,
understanding how these events unfold, and what is controlling them, is of utmost importance.
Coordination of these complex developmental events must rely on a plethora of cellautonomous and non-cell-autonomous regulatory signals that act both in a temporally- and
spatially-regulated fashion. Although several key regulators have been identified recently, we
still do not have a complete picture of the molecular networks governing these events. For these
reasons, I aimed to identify additional molecular players regulating gonad development, sex
determination and germ cell differentiation using a combination of large-scale screening
techniques and individual candidate analyses.
Specific aims of my project were to:
1. Generate a total proteomic profile of the embryonic gonads at the time of gonadal sex
determination using our platform 2D LC-MS/MS technology
2. Identify gonadal proteins that are differentially expressed during the sex determination
process using 2D LC-MS/MS coupled with DeCyder MS software
3. Examine the expression and function of the p38 MAP kinase intracellular signalling
pathway in germ cell sex determination using both in vitro and ex vivo approaches
This thesis outlines the results of my investigations.
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SUMMARY
The development of an embryo as male or female depends on differentiation of the gonads as
either testes or ovaries. A number of genes are known to be important for gonadal
differentiation, but our understanding of the regulatory networks underpinning sex
determination remains fragmentary. To advance our understanding of sexual development
beyond the transcriptome level, we performed the first global survey of the mouse gonad
proteome at the time of sex determination, by employing two-dimensional nanoflow LCMS/MS. The resulting data set contains a total of 1037 gene products (154 non-redundant and
883 redundant proteins) identified from 620 peptides. Functional classification and biological
network construction suggested that the identified proteins primarily serve in RNA posttranscriptional modification and trafficking, protein synthesis and folding, and post-translational
modification. The data set contains potential novel regulators of gonad development and sex
determination not revealed previously by transcriptomics and proteomics studies, and more than
60 proteins with potential links to human disorders of sexual development.

INTRODUCTION
The reproductive success of all animal species depends on correct development of the sexual
organs, in particular the gonads. Sex determining region of Chr Y (Sry), a gene residing on the
Y chromosome, is the linchpin in sexual fate determination of the bipotential gonad: its
presence initiates a cascade of molecular events leading to testis formation in an XY individual,
whereas its absence or dysfunction typically results in ovary formation (for reviews see refs.
[324,325]). Although much effort has been dedicated to deciphering the molecular events
responsible for gonadal sex determination, only a handful of genes have been conclusively
linked to this process.
In mice, the gonadal primordia, also called the genital ridges, can first be seen as thin layers of
cells lying on the surface of the mesonephroi around 10 days post coitum (dpc), and primordial
germ cells (PGCs) begin to populate the genital ridges of both sexes soon after. The gonads
remain visibly indistinguishable between the sexes at 11.5 dpc, but just half a day later the male
genital ridge has begun rapid morphological changes. Sertoli cells have begun to differentiate
and cluster with germ cells in the male gonad. Sertoli cells then induce differentiation of other
testicular cell types including steroidogenic Leydig cells in the interstitium, peritubular myoid
cells that encapsulate the testis cords, and endothelial cells that form the male-specific
vasculature (reviewed in ref. [326]). Somatic cells also begin to instruct the germ cells to
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undergo mitotic arrest by 14.5 dpc, rather than entering meiosis at 13.5 dpc as they are induced
to do in the ovary [184,327]. By 12.5 dpc the testis is organised into cords and interstitial
compartments, whereas the ovary has no definable structure at this stage.
The timing of these events in testis differentiation correlates with the activity of Sry and its
target gene SRY box containing gene 9 (Sox9). In mice, Sry is active in the Sertoli precursor
cells from 10.5 to 12.5 dpc. Expression of SRY up-regulates Sox9 expression beginning around
11.5 dpc; Sry and Sox9 are both necessary and sufficient for testis determination
[194,195,278,294-296], implying that one or both genes activates a suite of targets in the testisdetermining pathway. However, the elements of this pathway, and their regulatory interrelationships, are largely unknown. Further, several genes exhibit ovary-specific expression as
early as 11.5 dpc, indicating that, at a molecular level, ovarian differentiation has in fact begun
[312-315]. Nevertheless, our understanding of the control of ovary differentiation remains
limited.
In order to identify molecules expressed while the gonads are undifferentiated and others that
are involved in the initial phase of sex determination and sex differentiation, we analysed
protein expression in mouse gonads during the critical developmental timeframe (11.5 to
12.0 dpc) when sex-specific molecular and morphological events have just been initiated. To
date, the most comprehensive molecular investigations of male and female embryonic gonads
have been performed at a transcriptional level. These screens, involving mRNA differential
display [328,329], cDNA library screening followed by whole-mount in situ hybridisation
[330], suppression subtractive hybridisation [235,331-333] and microarray analysis [236,334336], have broadened the scope of potential candidate genes involved in gonad and PGC
development and sexual differentiation. However, there has been no thorough investigation of
the embryonic gonads at the protein level during the critical developmental window of sex
determination, leaving a dearth of knowledge surrounding post-transcriptional events such as
alternative splicing, post-translational modifications such as phosphorylation and glycosylation,
and protein folding, as well as inter- and intracellular interactions that may be occurring in the
developing gonads at this time.
Here, we used two-dimensional (2D) nanoflow LC-MS/MS to address these issues. 2D LCMS/MS is a semi-automated method which has proven to be an effective and robust technique
for rapid, large scale proteomics analyses [337-339]. We utilised the resolving power of 2D LCMS/MS to generate the first comprehensive proteome data set of embryonic gonads, providing a
molecular description of gonadal differentiation at the protein level.
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EXPERIMENTAL PROCEDURES

Materials
Chemicals were purchased from Sigma-Aldrich at the highest research grade, with the
exception of chloroform and methanol from Fronine (Riverstone, NSW, Australia), urea from
ICN Biochemicals (Solon, OH) and trypsin from Promega (Annandale, NSW, Australia).

Animals
Institutional and State ethical approval was secured for the use of all mice in this research
program. Embryos were collected from timed matings of the Swiss Quackenbush outbred strain,
with noon of the day on which the mating plug was observed designated 0.5 dpc. Sexing of
embryos at these early developmental stages was done using the X-linked enhanced green
fluorescent protein (EGFP) marker transgenic mouse line [340] which was a kind gift from
Andras Nagy.

Embryonic gonad collection and preparation of protein extracts
Approximately 600 gonad pairs (with mesonephroi removed) were resected from male and
female mouse embryos at the ages of 11.5 and 12.0 dpc for use in the proteomics screen
(gonads from each sex and age were kept separate throughout the proteomics analysis). There
were three biological replicates (~50 gonad pairs per replicate) for each of the four sample
groups. Following collection in ice-cold phosphate buffered saline (PBS), tissues were washed
in 250 mM sucrose with 10 mM Tris, and proteins were then extracted using 7 M urea, 2 M
thiourea, 4% w/v CHAPS and 30 mM Tris. After 1-h incubation on ice (vortexing every 10 min),
the supernatants were collected by centrifugation at 10000 x g for 10 min at 4°C and preserved
as aliquots at -80°C for subsequent experiments. Protein content of the supernatants was
determined using Ettan 2-D Quant Kit according to the manufacturer’s instructions (GE
Healthcare). Approximately 50 µg of protein was extracted per biological replicate for each sex
and at each age.
Before proteomics analysis, the total gonadal extracts were reduced with 2 mM dithiothreitol on
ice for 30 min then alkylated with 5 mM iodoacetamide on ice for 30 min and precipitated with
methanol/chloroform to remove salts and detergents [341]. Protein pellets were resuspended in
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50 mM ammonium bicarbonate containing 40 µg/ml trypsin to a ratio of 50:1 (w:w) and digested
overnight at 37°C. Tryptic peptides were dried using a vacuum concentrator (SpeedVac,
Quantum Scientific, Lane Cove West, NSW, Australia) at 60°C for approximately 2.5 h and
resuspended in 10 µl ion exchange (IEX) buffer A containing 20 mM citric acid in 25% w/v
acetonitrile (ACN), pH 2.65. Totals of 250 and 300 µg of extracted protein from embryonic
gonads, corresponding to five female and six male replicates of 50 µg, were used in the
proteomics analysis.

Peptide separation by two-dimensional liquid chromatography
The Ettan multi-dimension liquid chromatography (MDLC) system from GE Healthcare,
described by Yang et al. [342] was used to purify, desalt and separate tryptic peptides prior to
on-line MS and MS/MS analysis. The system was controlled by Finnigan Xcalibur software
(version 3.2, Thermo-Scientific, Waltham, MA) in high throughput, dual nanoflow mode and
configured for off-line fractionation for improved identification rate and sequence coverage.
First dimension peptide pre-fractionation was performed by strong cation exchange (SCX)
using a Thermo-Scientific IEX column (BioBasic SCX, 5 µm, 30 x 0.32-mm internal diameter)
at a consistent flow rate of 200 µl/min. A linear salt gradient of 0-60% IEX buffer B, which
consisted of IEX buffer A plus 1 M NH4Cl, was applied for approximately 30 min. Throughout
the separations, 250-µl fractions were collected using a Fraction Collector, Frac-950 (GE
Healthcare). A total of 20 fractions for each embryonic gonadal sample replicate were collected.
For second dimension peptide separation by nanoflow reversed phase (RP) LC, each fraction
was vacuum-centrifuged to dryness and then redissolved in 5 µl RP LC buffer A (0.1% v/v
formic acid). Half of this volume was injected onto the nanoflow RP LC system equipped with
two Agilent (Santa Clara, CA) Trap columns (Zorbax 330SB C18, 5 µm, 5 x 0.3-mm internal
diameter) and two Agilent RP LC columns (Zorbax 300SB C18, 3.5 µm, 15 x 0.075-mm internal
diameter). Peptides were eluted from a Trap column onto an analytical RP LC column for high
resolution separation which was performed at a flow rate of 200 nl/min by applying a 50-min
linear gradient of 0–60% RP LC buffer B, consisting of buffer A plus 84% w/v ACN. The two
Trap-RP LC column assemblies alternated between equilibrating with buffer A and running
sample to allow continuous flow of sample through the system.
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Mass spectrometry
Mass spectrometric analysis of eluted embryonic gonadal peptides was performed on a linear
trap quadrupole (LTQ) system (Thermo-Scientific) equipped with a nano-ion spray interface for
on-line coupling to the Ettan multidimensional LC system. An electrospray ionisation (ESI)
source needle (30 µm tip) (Proteomass, VIC, Australia) was used with a needle voltage of
1.6 kV in positive ion mode.
The mass spectrometer was operated in data-dependent mode, automatically switching between
MS and MS/MS acquisition. Each full MS scan, collected in profile mode, was followed by
MS/MS scans, collected in centroid mode, of the three most intense peaks in the MS spectrum
with dynamic exclusion set to 25 s after one occurrence.

Analysis of MS/MS data
For protein identification the derived mass spectrometric data sets were converted to
TurboSequest (Thermo-Scientific) generic format (*.dta) files using the Bioworks Browser
(version 3.2). The files were then searched against the International Protein Index (IPI; ref.
[343]) database (version 3.19, released July 12, 2006, European Bioinformatics Institute)
containing the forward sequence of all 51,252 proteins in the data set using the TurboSequest
search algorithm (version 3.2). A decoy database was prepared by reversing the sequence of
each entry and rerunning the searches. The species subset was set as Mus musculus. Oxidised
methionine was set to differential modification. The number of allowed missed cleavages was
set to 1.0. Peptide tolerance was set to 1.0 and intensity threshold to 100. The parent ion
selection was set to 1.4 Da, with fragment ion tolerance set to 0.7 Da. Where possible a protein
hit was based on at least two identified peptides from the same molecule. For gene product
assignments based on two unique spectra we used a minimum Xcorr value of 2.5 for +1 and +2
peptides, and 3.0 for +3 peptides. For gene products identified with only a single peptide hit, the
more stringent criteria of a minimum Xcorr of 2.9 for +1, +2 peptides, and 3.2 for +3 peptides
was applied. Random singletons were manually validated to ensure accurate MS/MS analysis.
Peak lists were generated using the TurboSequest algorithm. In order to obtain an identification
error rate or false positive rate (FPR), we ran a reversed database using the same filter criteria as
above. The FPR was calculated to be <1% using the equation FPR = number of false peptides /
(number of true peptides + number of false peptides) * 100. In our total protein list, male and
female gonadal protein hits have been combined and all redundancies have been included.
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Bioinformatics
All identifiable proteins that conformed to the above filtering criteria were subject to various
bioinformatic analyses. Protein sub-cellular localisation, functional type, molecular role and
biological pathway analyses were performed using Ingenuity pathway analysis (IPA) software
(Ingenuity Systems). The Fischer’s exact test was used to calculate a p-value determining the
probability that functions or interactions assigned to the protein data set are due to chance alone.
Chromosomal mapping and gene tissue expression were determined by searching the Unigene
mouse expressed sequence tag (EST) library (National Center for Biotechnology Information).
Protein names, IPI numbers, gene symbols and gene identifiers (Affymetrix microarray probe
numbers) were aligned either manually or using the Martview function in the data mining
browser BioMart (version 0.7, European Bioinformatics Institute and Ontario Institute for
Cancer Research) to allow for comparisons between proteomics studies and between proteomics
and transcriptomics studies, respectively. Information regarding protein/gene expression,
mutant phenotypes and association of proteins with known disorders of human sexual
development was obtained using the literature search engine PubMed (National Center for
Biotechnology Information) and the Mouse Genome Database available at Mouse Genome
Informatics (MGI; September 2008 – February 2009, The Jackson Laboratory).

RESULTS

Identification of proteins expressed in the embryonic gonad at the time of sexual differentiation
The starting materials for this study were genital ridges from mouse embryos at 11.5 and
12.0 dpc, spanning a critical window in gonad sexual development. Although over 1200 genital
ridges were collected for this study, each genital ridge is ~1 mm long and ~0.1 mm thick, and
yields <1 µg of protein, limiting the quantity of starting material available for the proteomics
analysis. We used SCX to pre-fractionate tryptic peptides derived from the protein extracts.
Outputs of 220 2D LC-MS/MS runs, corresponding to the first 20 SCX fractions from each of
the six male and five female gonad sample replicates, were searched against the mouse IPI
database. We identified a total of 620 peptides (from 4494 peptide hits) from the combined lists
for the male and female embryonic gonads; 296 (48%) were common to both sexes, 324 (52%)
were unique to males, and none was unique to females (Supplemental Data S1).
Within this data set, 257 peptides uniquely identified 154 ‘non-redundant’ proteins. The
remaining 363 peptides ambiguously identified a further 883 ‘redundant’ proteins, giving a total
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of 1037 protein identifications (Supplemental Data S1 and S2). Because we could not
conclusively eliminate any of these redundancies (and considering that each listed peptide may
have been detected more than once; Supplemental Data S1), and in an effort to capture broad
proteome information from this small and relatively inaccessible sub-region of the mouse
embryo, all 1037 non-redundant and redundant proteins were included in subsequent analyses.
We refer to these 1037 proteins as the ‘total’ protein data set.
Each protein was either common to both sexes (611; 59%) or unique to males (426; 41%;
Supplemental Data S2). For subsequent bioinformatic analyses, the protein identifications from
each sex were pooled into a single data set, considering that the female data set was a subset of
the male.
In total 462 proteins (45%) were convincingly identified by two or more peptides (Fig. 5;
Supplemental Data S2). For the remaining 575 proteins identified by single peptide hits
(Supplemental Data S2), correct identification was confirmed by manual analysis of the MS/MS
collision-induced dissociation (CID) spectra (Supplemental Data S3). Within this subset of
proteins identified by single peptide hits 88 were non-redundant; the remaining 487 were
redundant and were identified from 164 single peptide hits (Supplemental Data S2). The
identification error rate (or FPR) for the total data set was calculated to be less than 1% from a
parallel analysis using the reverse IPI mouse database. Thus, the peptides that correspond to
1037 redundant and non-redundant potential gonadal proteins were identified to a high level of
confidence.

Fig. 5: Distribution of peptide counts used for protein identifications. Proteins identified by a single
peptide were manually validated.
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Classification of embryonic gonadal proteins
Bioinformatic analyses were performed on the total potential protein data set to determine subcellular localisation, functional type, and molecular roles of the encoded proteins, and to
construct networks of biological processes.
Sub-cellular localisation – The intracellular location of identified potential proteins was
predicted using Ingenuity software. Of the 1037 potential proteins, IPA was able to map and
analyse 656 (63%; comprising 145 non-redundant and 511 redundant proteins). Of those, 185
were nuclear, 347 cytoplasmic, 32 plasma membrane-associated, 7 extracellular, and 85 of
unknown sub-cellular location (Fig. 6; Supplemental Data S4). Thus, the screen identified
proteins from all cellular and extracellular compartments, as might be expected of a whole
tissue screen.

Fig. 6: Sub-cellular localisation of embryonic gonad proteins. Intracellular locations of 656 identified
proteins were determined using IPA software.

Functional type – The protein data set was characterised according to general protein function
using IPA software. The 656 gonadal proteins mapped by IPA consisted of 12 major types
including 137 enzymes, 90 structural proteins, 85 transcriptional regulators, 36 translational
regulators, 46 transporters, 25 chaperones and 161 proteins of minor or unknown functional
categories (Fig. 7). Functional assignment for individual proteins can be found in Supplemental
Data S5. The “unknown” group contains many novel and predicted proteins that may include
previously unrecognised regulators of gonadal differentiation.
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Fig. 7: Functional classification of embryonic gonad proteins. Generic functions were assigned to 656
mapped gonadal proteins using Ingenuity software.

Molecular roles – The molecular functions of the proteins were retrieved utilising Ingenuity
software. Of the 656 mapped proteins, 310 (47%; comprising 121 non-redundant and 189
redundant proteins) were eligible for IPA functional assignment (Supplemental Data S6).
Because multiple functions can be attributed to one protein, those with high statistical
probability (p<0.05) were selected. A total of 49 different functions were assigned; the most
significant are shown in Fig. 8. Major categories included RNA post-transcriptional
modification, post-translational modification, protein folding, and protein synthesis. More
specific molecular functions and the names of proteins for each can be found in Supplemental
Data S6.
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Fig. 8: Molecular roles of embryonic gonad proteins. For specific molecular functional analysis, 310
genes were matched to 49 significant functions (p<0.05) using IPA. The 15 most significant functions are
shown with the number of associated genes identified for each functional group.

Molecular network construction – Biological processes were assigned and networks constructed
using IPA software. Of the 656 mapped proteins, at least 342 (52%; comprising 138 nonredundant and 204 redundant proteins) were known components of existing molecular networks
(Supplemental Data S7). The network with the highest significance score (of 57) outlines the
coordinated activity of 35 genes of which 33 encoded proteins were identified in the embryonic
gonadal proteome (Fig. 9). Major functions of this network include RNA post-transcriptional
modification, gene expression, and RNA trafficking. Network functions, genes involved, and
significance scores of all 24 constructed networks are presented in Supplemental Data S7.
Major functions of other biological networks with high significance scores include post48

translational modification, protein folding, and protein synthesis, closely reflecting the major
molecular functions outlined in Fig. 8. The network data emphasise the importance of
producing many and varied gene products during the differentiation of a complex and dynamic
tissue such as the gonad.

Fig. 9: Biological network constructed from embryonic gonad proteins. Using IPA software to
predict coordinated networks of gene products, 342 genes were found to be components of 24 significant
biological networks. Depicted is the highest scoring network containing 33 genes identified in the gonad
proteome (shown in grey). The functions of this network include RNA post-transcriptional modification,
gene expression and RNA trafficking. Solid lines represent established direct interactions; dotted lines
represent indirect interactions.

Chromosomal mapping
The chromosomal position of the gene corresponding to each protein was ascertained by
converting IPI numbers to gene symbols, then searching the Unigene mouse EST library. In this
analysis, 867 proteins (84%; comprising 153 non-redundant and 714 redundant proteins) were
encoded by genes that mapped to known chromosomal positions (Fig. 10; Supplemental Data
S8). A large number of genes mapped to chromosomes 11 (113; 11%) and 2 (95; 9%). Fewer
than 20 mapped to each of chromosomes 12, 14, 16 and 18. A further 20 proteins were
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transcribed from X-linked genes, and two were encoded by their Y-linked homologues
(Table 1). The distribution of the mapped genes (Fig. 10) accorded with the total number of
protein-coding genes known to reside on each chromosome. Clusters of ten or more proteinencoding loci were detected at cytobands 4D, 5G, 10C, 11A-B, 11E, 15F and 17B, but the
majority were evenly distributed across each chromosome.

Table 1: Proteins encoded by genes on the sex chromosomes.
Proteins encoded by genes on the X chromosome
IPI number
Protein
IPI00230035.6
DEA(D/H) box polypeptide 3 X-linked
IPI00752873.1
DEA(D/H) box polypeptide 3 X-linked
IPI00123313.1
Ubiquitin-activating enzyme E1 Chr X
IPI00132251.2
Ubiquitin-activating enzyme E1 Chr X
IPI00127841.2
Solute carrier family 25 member 5
IPI00462250.2
Solute carrier family 25 member 5
IPI00658303.1
Solute carrier family 25 member 5
IPI00131138.9
Filamin α
IPI00387373.4
Filamin α
IPI00658666.1
Filamin α
IPI00664643.1
Filamin α
IPI00664721.2
Filamin α
IPI00675701.1
Filamin α
IPI00230002.6
Phosphoglycerate kinase 1
IPI00555069.1
Phosphoglycerate kinase 1
IPI00122265.1
SH3-binding domain glutamic acid-rich protein like
IPI00108143.1
Heterogeneous nuclear ribonucleoprotein H2
IPI00320847.9
Hydroxysteroid (17-β) dehydrogenase 10
IPI00626132.1
Hydroxysteroid (17- β) dehydrogenase 10
IPI00122698.1
Retinoblastoma binding protein 7

Gene Symbol
Ddx3x
Ddx3x
Ube1x
Ube1x
Slc25a5
Slc25a5
Slc25a5
Flna
Flna
Flna
Flna
Flna
Flna
Pgk1
Pgk1
Sh3bgrl
Hnrph2
Hsd17b10
Hsd17b10
Rbbp7

Proteins encoded by genes on the Y chromosome
IPI number
Protein
IPI00134371.1
DEAD box polypeptide 3 Y-linked
IPI00337053.2
Ubiquitin-activating enzyme E1 Chr Y 1

Gene Symbol
Ddx3y
Ube1y1

Fig. 10: Chromosomal distribution of ESTs from the embryonic gonad protein data set.
Chromosomal positions for 867 genes encoding the identified proteins were ascertained from the mouse
EST library.
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Tissue expression
The tissue expression profile of each identified protein was determined by converting protein
IPI numbers to gene symbols and then interrogating the mouse EST library as above. Of the
1037 identified proteins, 696 (67%; comprising 147 non-redundant and 549 redundant proteins)
had available EST expression data. ESTs were expressed in 48 tissues and organs (Fig. 11;
Supplemental Data S9).
Of the 696 ESTs, adult testis expressed 605 (87%), suggesting that the testicular roles of the
remaining 13% (81) are restricted to developmental processes. Of those, 74 were expressed in
other adult tissues; only seven ESTs were found in both adult and embryonic testis but no other
adult tissue (Table 2) and therefore likely to have testis-specific roles throughout the life of the
organism. Adult ovary expressed 525 ESTs (75%), which may suggest that the ovarian roles of
the remaining 25% (171) are restricted to developmental processes. However, all of those 171
were expressed in other tissues, and no embryonic gonadal peptides were identified in our
screen that were female-specific (Supplemental Data S1), and so ESTs with exclusive roles in
ovarian development are not represented in our analysis. Finally, six ESTs (1%) were not
detected in any adult tissues (Table 3), implying that the corresponding proteins function
specifically during embryonic gonad development.

Fig. 11: Tissue expression of ESTs from the embryonic gonad protein data set. Expression profiles in
adult reproductive and related tissues for 696 genes collated from the mouse EST library are shown. All
sites of expression were included for any gene found in multiple tissues.
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Table 2: Proteins associated with the testis.
IPI number
IPI00133708.1
IPI00137145.1
IPI00350032.2
IPI00461356.1
IPI00554889.1
IPI00555060.1
IPI00719947.2

Protein
DNA segment Chr 1 Pasteur Institute 1
Poly(A)-binding protein, cytoplasmic 3
Kinesin family member 2B
Similar to ribosomal protein L7A
High mobility group box 1-related sequence 17
Phosphoglycerate kinase 2
Similar to ribosomal protein S28

Gene Symbol
D1Pas1
Pabpc3
Kif2b
EG436332
Hmgb1-rs17
Pgk2
Rps28

Table 3: Proteins specific to embryonic tissue.
IPI number
IPI00111272.1
IPI00229544.2
IPI00229545.2
IPI00265107.4
IPI00667008.2
IPI00754317.1

Protein
Similar to 40S ribosomal protein SA
Histone cluster 1 H2ai
Histone cluster 1 H2ak
Similar to ribosomal protein L7A
Similar to ribosomal protein L13
Similar to glyceraldehyde-3-phosphate dehydrogenase

Gene Symbol
Rpsa
Hist1h2ai
Hist1h2ak
AC147366.5
EG640264
EG668299

Comparison with previous proteomics and transcriptomics screens
Literature searches and data mining tools were used to compare the total list of 1037 proteins
with outcomes of published proteomics and transcriptomics studies.
Proteomics screens – Two proteomics studies have previously been carried out using embryonic
gonad material [344,345]. The proteomics data sets were compared by converting protein names
and IPI numbers to gene symbols. One screen [345] identified three proteins specifically upregulated in the testis at 13.5 dpc in the mouse, all of which were also detected in the present
screen (Fig. 12), indicating their continued expression throughout the early stages of gonadal
development. Of the 44 proteins found to be expressed in cultured chicken PGCs by Han et al.
[344], 38 had mouse orthologues, 25 (66%) of which were also identified in our current
proteomics screen (Fig. 12; Supplemental Data S10) indicating either a generic or housekeeping
cellular function, or a conserved role in germ cell development.
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Fig. 12: Comparison of present screen and two other proteomics screens of embryonic
gonads/PGCs. A Venn diagram comparing the present data set (Ewen) with those of Wilhelm et al. [345]
and Han et al. [344] is shown.

Transcriptomics screens – Several gene expression screens have been carried out using mouse
embryonic gonads or flow sorted gonadal cells [235,236,328-336]. Of these, none used an
experimental design directly comparable to the present study. However, Small et al. [336]
conducted a genome-wide Affymetrix microarray expression analysis of mouse whole genital
ridges/gonads at a number of developmental stages. We restrict our comparison here to the
outcomes of that study at 11.5 dpc. The transcriptomics and proteomics data sets were
compared by converting protein IPI numbers to gene symbols and microarray probe numbers
using the Biomart browser. In this way, 707 proteins from our current screen were found to
have corresponding gene symbols and Affymetrix probe numbers, which are necessary for
cross-comparison of the two types of expression screens. Of those, 655 (93%) were present in
both screens (Fig. 13; Supplemental Data S10). The remaining 52 proteins were unique to the
proteomics data set (Table 4; Supplemental Data S10).

Fig. 13: Comparison of present screen and transcriptomics screen of embryonic gonads. A Venn
diagram comparing the present data set (for proteins with available microarray identifiers; Ewen) with a
transcriptomics data set from Small et al. [336] is shown.
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Table 4: Identifications unique to the proteomics screen.
IPI number
IPI00762217
IPI00622780
IPI00110827
IPI00131695
IPI00133580
IPI00119689
IPI00378063
IPI00420569
IPI00762871
IPI00122048
IPI00752412
IPI00129466
IPI00126132
IPI00130102
IPI00408489
IPI00119667
IPI00122684
IPI00331704
IPI00108939
IPI00134521
IPI00223713
IPI00331597
IPI00133208
IPI00109420
IPI00625729
IPI00131366
IPI00331361
IPI00652799
IPI00265380
IPI00154004
IPI00755837
IPI00555060
IPI00133605
IPI00381019
IPI00459742
IPI00651846
IPI00654165
IPI00128776
IPI00753245
IPI00123319
IPI00227918
IPI00649938
IPI00604969
IPI00750701
IPI00750829
IPI00756257
IPI00311175
IPI00109073
IPI00330805
IPI00337053
IPI00131034
IPI00553286

Protein
RIKEN cDNA A430110N23 gene
Aconitase 1
Actin α 1skeletal muscle
Albumin 1
Aldolase 1 A isoform pseudogene 1
Adaptor-related protein complex 2 β 1 subunit
Adaptor-related protein complex 2 β 1 subunit
ATPase Na+/K+ transporting α 2 polypeptide
ATPase Na+/K+ transporting α 2 polypeptide
ATPase Na+/K+ transporting α 3 polypeptide
ATPase Na+/K+ transporting α 3 polypeptide
Chromobox homolog 1 (Drosophila HP1 beta)
Chemokine (CXC motif) ligand 15
Desmin
Down syndrome cell adhesion molecule-like 1
Eukaryotic translation elongation factor 1 α 2
Enolase 2 γ neuronal
Enolase 2 γ neuronal
Glyceraldehyde-3-phosphate dehydrogenase, spermatogenic
Glyceraldehyde-3-phosphate dehydrogenase, spermatogenic
Histone cluster 1 H1c
Histone cluster 1 H1d
Heat shock protein 1-like
Kinesin family member 5A
Keratin 1
Keratin 6A
MYB binding protein (P160) 1a
MYB binding protein (P160) 1a
Myosin heavy polypeptide 8 skeletal muscle perinatal
OTU domain ubiquitin aldehyde binding 1
OTU domain ubiquitin aldehyde binding 1
Phosphoglycerate kinase 2
Pyruvate kinase liver and red blood cell
SWI/SNF matrix associated regulator of chromatin c2
SWI/SNF matrix associated regulator of chromatin c2
SWI/SNF matrix associated regulator of chromatin c2
SET and MYND domain containing 2
Sortilin-related VPS10 domain containing receptor 3
Sortilin-related VPS10 domain containing receptor 3
Tropomyosin 2 β
Tropomyosin 2 β
Tropomyosin 2 β
Titin
Titin
Titin
Titin
Tubulin α 8
Tubulin β 4
Tubulin β 4
Ubiquitin-activating enzyme E1 Chr Y 1
Y box protein 2
Y box protein 2

Gene Symbol
A430110N23Rik
Aco1
Acta1
Alb
Aldoart2
Ap2b1
Ap2b1
Atp1a2
Atp1a2
Atp1a3
Atp1a3
Cbx1
Cxcl15
Des
Dscaml1
Eef1a2
Eno2
Eno2
Gapdhs
Gapdhs
Hist1h1c
Hist1h1d
Hspa1l
Kif5a
Krt1
Krt6b
Mybbp1a
Mybbp1a
Myh8
Otub1
Otub1
Pgk2
Pklr
Smarcc2
Smarcc2
Smarcc2
Smyd2
Sorcs3
Sorcs3
Tpm2
Tpm2
Tpm2
Ttn
Ttn
Ttn
Ttn
Tuba8
Tubb4
Tubb4
Ube1y1
Ybx2
Ybx2
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Association with human disorders of sex development
The outputs of this screen were examined for potential links to human disorders of sexual
development (DSDs), the causes of which are mostly unknown. We identified 68 proteins
transcribed from genes with human orthologues mapping to loci associated with 34 separate
reports of DSDs (Table 5). Of these genes, 26 have been functionally analysed in mouse
models, and targeted null and/or heterozygous mutations of four of those have been shown to
affect gonad morphology and/or fertility. For a further 12 genes, homozygous mutation in mice
caused embryonic or neonatal lethality, making sexual development and reproductive capacity
difficult to ascertain. Thus, we identify 54 genes with potential links to human DSDs whose
functions warrant investigation in animal models (Table 5).
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Table 5: Genes corresponding to proteins identified in this screen that are potentially associated with human DSDs.
Human
DSD
Ambiguous male external genitalia [346]

Target Loci
8q22.3-q23

Ambiguous male external genitalia [347]
Ambiguous external genitalia [349]

10q26
12q24.31-q24.33

Bardet-Biedl syndrome [351]

2q31

Cliteromegaly [354]

10q23.1-q24

Cryptorchidism [356]

1p22.1-p31.4

Female pseudohermaphroditism [358]

9q22.2-q31.1

FG Syndrome Opitz-Kaveggia [361]

Xq12-q21.31

FG Syndrome Opitz-Kaveggia [362]

Xq12-q22.1

FG Syndrome Opitz-Kaveggia [363]
Goeminne Syndrome [365]
Gonadal dysgenesis [366]

Xq11 & Xq28
Xq28
3p14.2-pter

Gonadal dysgenesis [366]

3p14.2-pter

Gene Symbol
PABPC1
YWHAZ
PRDX3
HSP90B1
RAN
HNRNPA3
NCL
SSB
TTN
ACTA2
C10orf58
GOT1
SORCS3
CLCA1
HS2ST1
RPL5
SERBP1
SMC2
TXN1
PGK1
SH3BGRL
HNRNPH2
PGK1
SH3BGRL
FLNA
FLNA
ARPC4
GNAI2
IMPDH2
PDCD6IP
RPSA
SMARCC1
TKT

Cytoband
8q22.2-q23
8q23.1
10q25-q26
12q24.2-q24.3
12q24.3
2q31.2
2q12-qter
2q31.1
2q31
10q23.3
10q23.1
10q24.1-q25.1
10q23-q25
1p22-p31
1p22.1-p31.1
1p22.1
1p31
9q31.1
9q31
Xq13
Xq13.3
Xq22
Xq13
Xq13.3
Xq28
Xq28
3p25.3
3p21.2
3p21.2
3p22.3
3p22.2
3p21-p23
3p14.3

Mousea
Mutant
None
None
GT
Tar KO
None
None
None
Tar KO
CI
Tar KO
None
None
None
None
GT
None
None
Tar KO
Tar KO
None
None
None
None
None
Tar KO
Tar KO
None
Tar KO
Tar KO
None
Tar KO
Tar KO
Tar KO

Abnormal Gonad and/or Fertility Phenotype

Hm None [348]
Cnd None [350]

Hm Emb Leth [352]
Hm Emb Leth [353]
Hm None [355]

Hm Nn Leth [357]

Mouse Not Available [359]
Hm Emb Leth, Ht None [360]

Ht F Reduced Fertility, M Emb Leth [364]
Ht F Reduced Fertility, M Emb Leth [364]
Hm None [367]
Hm Emb Leth, Ht None [368]
Hm Emb Leth, Ht None [369]
Hm Emb Leth, Ht None [370]
Hm Emb Leth, Ht T/O Small, F Reduced Fertility [371]
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Human
DSD
Hypogonadotrophic hypogonadism [372]

Target Loci
12q24-qter

Hypogonadotrophic hypogonadism [375]

12q24.2

Hypospadias [376]

12q24.3

Intersex [377]

22q

Intersex [381]

22q12-pter

Male pseudohermaphroditism [382]

1p31-p35

Male pseudohermaphroditism [382]

1p31-p35

Gene Symbol
ALDH2
HSP90B1
NACA
PEBP1
RAN
RPLP0
ALDH2
HSP90B1
PEBP1
RPLP0
HSP90B1
RAN
DDX17
EIF3EIP
EWSR1
GCAT
MYH9
RANBP1
RPL3
ST13
TUBA8
YWHAH
DDX17
EIF3EIP
EWSR1
GCAT
MYH9
RPL3
ST13
YWHAH
AK2
CLCA1
HS2ST1
KHDRBS1

Cytoband
12q24.2
12q24.2-q24.3
12q23-q24.1
12q24.23
12q24.3
12q24.2
12q24.2
12q24.2-q24.3
12q24.23
12q24.2
12q24.2-q24.3
12q24.3
22q13.1
22q
22q12.2
22q13.1
22q13.1
22q11.21
22q13
22q13.2
22q11.1
22q12.3
22q13.1
22q
22q12.2
22q13.1
22q13.1
22q13
22q13.2
22q12.3
1p34
1p22-p31
1p22.1-p31.1
1p32

Mousea
Mutant
Tar KO
Tar KO
None
GT
None
None
Tar KO
Tar KO
GT
None
Tar KO
None
Tar Rep
None
Tar KO
None
GT
None
None
None
None
GT
Tar Rep
None
Tar KO
None
GT
None
None
GT
GT
None
GT
Tar KO

Abnormal Gonad and/or Fertility Phenotype
Hm None [373]
Cnd None [350]
Hm None [374]

Hm None [373]
Cnd None [350]
Hm None [374]
Cnd None [350]
Hm None [378]
Hm M/F Infertile, T/O Small, Abnormal M Meiosis [379]
Hm Emb Leth, Ht None [380]

Mouse Not Available [359]
Hm None [378]
Hm M/F Infertile, T/O Small, Abnormal M Meiosis [379]
Hm Emb Leth, Ht None [380]

Mouse Not Available [359]
Mouse Not Available [359]
Hm Nn Leth [357]
Hm M Infertile [383]
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Human
DSD
Male pseudohermaphroditism [382]

Target Loci
1p31-p35

Male pseudohermaphroditism [387]

9p21-pter

Ovarian dysgenesis [390]

2q13-q21

Ovarian dysgenesis [391]

22q12-qter

Premature ovarian failure [392]

Xq13.3-q27

Sex reversal [394]

1p22.3-p32.3

Sex reversal [395]

2q31

Sex reversal [395]

2q31

Gene Symbol
KIF2C
MARCKSL1
NASP
NUDC
RBBP4
RPL11
RPS8
SERBP1
SFPQ
YBX1
ACO1
MTAP
MCM6
NCL
DDX17
EIF3EIP
EWSR1
GCAT
MYH9
RPL3
ST13
YWHAH
HNRNPH2
PGK1
SH3BGRL
SLC25A5
CLCA1
HS2ST1
KHDRBS1
RPS8
SERBP1
HNRNPA3
NCL
SSB

Cytoband
1p34.1
1p35.1
1p34.1
1p34-p35
1p35.1
1p35-p36.1
1p32-p34.1
1p31
1p34.3
1p34
9p13-p22
9p21
2q21
2q12-qter
22q13.1
22q
22q12.2
22q13.1
22q13.1
22q13
22q13.2
22q12.3
Xq22
Xq13
Xq13.3
Xq24-q26
1p22-p31
1p22.1-p31.1
1p32
1p32-p34.1
1p31
2q31.2
2q12-qter
2q31.1

Mousea
Mutant
None
Tar KO
Tar KO
None
None
None
None
None
None
Tar KO
Tar KO
GT
None
None
Tar Rep
None
Tar KO
None
GT
None
None
GT
None
None
None
Tar Flox
None
GT
Tar KO
None
None
None
None
Tar KO

Abnormal Gonad and/or Fertility Phenotype
Hm Nn Leth, Ht None [384]
Hm Emb Leth, Ht None [385]

Hm Emb Leth [386]
Hm None [388]
Hm Emb Leth, Ht None [389]

Hm None [378]
Hm M/F Infertile, T/O Small, Abnormal M Meiosis [379]
Hm Emb Leth, Ht None [380]

Mouse Not Available [359]

Cnd None [393]
Hm Nn Leth [357]
Hm M Infertile [383]

Hm Emb Leth [352]
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Human
DSD
Sex reversal [395]
Sex reversal [396]

Sex reversal [398]

Sex reversal [399]

Sex reversal [400]
Sex reversal [401]

Sex reversal [402]

Target Loci
2q31
2q32-qter

3p14.2-pter

3p21.33-pter

9p22-pter
10q25

10q25

Sex reversal [403]

17q23-24

Sex reversal [404]

17q24.3

Sex reversal [405]

22q13-qter

Sex reversal [405]

22q13-qter

Gene Symbol
TTN
ATIC
BZW1
DES
HSPD1
HSPE1
IDH1
NCL
PTMA
ARPC4
GNAI2
IMPDH2
PDCD6IP
RPSA
SMARCC1
TKT
ARPC4
PDCD6IP
RPSA
SMARCC1
ACO1
GOT1
PRDX3
SORCS3
GOT1
PRDX3
SORCS3
CLTC
PSMC5
CLTC
PSMC5
DDX17
EIF3EIP
GCAT

Cytoband
2q31
2q35
2q33
2q35
2q33.1
2q33.1
2q33.3
2q12-qter
2q35-q36
3p25.3
3p21.2
3p21.2
3p22.3
3p22.2
3p21-p23
3p14.3
3p25.3
3p22.3
3p22.2
3p21-p23
9p13-p22
10q24.1-q25.1
10q25-q26
10q23-q25
10q24.1-q25.1
10q25-q26
10q23-q25
17q11-qter
17q23-q25
17q11-qter
17q23-q25
22q13.1
22q
22q13.1

Mousea
Mutant
CI
None
None
Tar KO
None
None
GT
None
None
None
Tar KO
Tar KO
None
Tar KO
Tar KO
Tar KO
None
None
Tar KO
Tar KO
Tar KO
None
GT
None
None
GT
None
None
None
None
None
Tar Rep
None
None

Abnormal Gonad and/or Fertility Phenotype
Hm Emb Leth [353]

Hm None [397]

Mouse Not Available [359]

Hm None [367]
Hm Emb Leth, Ht None [368]
Hm Emb Leth, Ht None [369]
Hm Emb Leth, Ht None [370]
Hm Emb Leth, Ht T/O Small, F Reduced Fertility [371]

Hm Emb Leth, Ht None [369]
Hm Emb Leth, Ht None [370]
Hm None [388]
Hm None [348]

Hm None [348]

Hm None [378]
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Mousea
Target Loci
Gene Symbol
Cytoband
Mutant
Abnormal Gonad and/or Fertility Phenotype
22q13-qter
MYH9
22q13.1
GT
Hm Emb Leth, Ht None [380]
RPL3
22q13
None
ST13
22q13.2
None
True hermaphroditism [406]
22q13.1-qter
DDX17
22q13.1
Tar Rep
Hm None [378]
EIF3EIP
22q
None
GCAT
22q13.1
None
MYH9
22q13.1
GT
Hm Emb Leth, Ht None [380]
RPL3
22q13
None
ST13
22q13.2
None
a
Chemically Induced (CI), Conditional (Cnd), Embryonic (Emb), Female (F), Floxed (Flox), Gene Trapped (GT), Heterozygous (Ht), Homozygous (Hm), Knock-out (KO),
Lethal (Leth), Male (M), Neonatal (Nn), Ovary (O), Reporter (Rep), Targeted (Tar), Testis (T)
Human
DSD
Sex reversal [405]
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DISCUSSION
In this study we have mapped the embryonic gonad proteome at the critical period of sexual
differentiation in mice. Using 2D LC-MS/MS technology, we generated a novel data set of 1037
non-redundant and redundant proteins. This data set constitutes the most extensive record available
of proteins expressed in mouse embryonic gonads and confirms and extends similar studies
conducted at the transcriptomics level. The resulting data set provides valuable insights into the
biology and molecular regulation of sex determination, gonadal organogenesis and germ cell
differentiation, identifying new candidates that may regulate normal developmental processes as
well as others that may underlie disorders of human sexual development.

Technical considerations
The mouse embryonic genital ridges used in this analysis are laborious to resect from the embryo
and difficult to separate from the adjacent mesonephros. Even though more than 1200 genital ridges
were collected, the starting amount of protein was low. This issue, in conjunction with the
stringency of the screen (only the three most intense peptide peaks from each MS scan were
selected for in-depth MS/MS analyses), together imply that many peptides and hence proteins were
not detected. Accordingly, proteins commonly associated with gonadogenesis (dosage-sensitive sex
reversal, adrenal hypoplasia critical region, on Chr X, gene 1 (DAX1), steroidogenic factor 1 (SF1),
Wilms tumour suppressor 1 (WT1)), sexual differentiation (fibroblast growth factor 9 (FGF9),
SOX9, SRY) and PGC pluripotency (mouse Vasa homologue (MVH), POU domain, class 5,
transcription factor 1 (POU5F1)) (reviewed in ref. [325]) were not detected, although these are
often missed in transcriptomics studies.
On the other hand, the separation and detection capabilities of the 2D LC-MS/MS technologies
employed

provided

greater

sensitivity

than

other

proteomics

screening

techniques

[337,338,407,408]. As a result, the data set evidently included many low abundance proteins, since
identification by a single peptide typically reflects low abundance [409]. All single peptide hits
were manually validated to ensure correct protein identification. Moreover, the rate of protein
identification error was less than 1%, indicating the high level of accuracy of the protein
identifications that were obtained. Given the difficulties involved in generating a truly
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comprehensive proteome data set from such inaccessible starting material, a limited but highly
accurate data set is arguably the best outcome achievable using available proteomics technology.
Although redundant proteins, i.e. groups of two or more proteins containing one of the peptides
identified, were included in the outcomes of this study, it is expected that only a subset of these is
genuinely expressed in the tissue being analysed. An important aim for future studies will be to
establish, either through larger studies of this type, by using more advanced technologies that may
emerge in future, or by directed study of individual candidates, which of the 883 redundant proteins
identified in this study are genuinely expressed in developing mouse gonads. Although it is
undoubtedly useful to identify candidates from the list of redundant proteins presented here, the
lack of certainty regarding their expression should be born in mind in the following discussion.

Comparison to previous screens
Our total data set of non-redundant and redundant proteins showed considerable overlap with
outputs of published screens, increasing confidence that the overlapping genes and proteins reflect
genuine players in gonadal development. In addition, our data set also detected proteins not
previously reported at the transcript or protein level, thereby providing new candidates that
potentially regulate sex determination, gonadogenesis, and germ cell differentiation.

Proteomics screens
In spite of the technical difficulties associated with collecting small embryonic tissues, two
proteomics studies have been attempted previously using embryonic gonad material. The first, a
small scale proteomics analysis of whole embryonic gonads, was performed in our laboratory [345],
comparing the differential expression of proteins between male and female mouse gonads at
13.5 dpc. Utilising 2D electrophoresis (2DE) coupled with MALDI-TOF MS, approximately 600
spots were resolved on the gels, and three proteins up-regulated in male gonads were identified.
These were heterogeneous ribonucleoprotein A1 (hnRPA1), heat shock protein (HSP) 90 family
member B1 (HSP90B1, GRP94 or TRA1), and HSP70 family member, heat shock cognate 71
(HSC71 or HSPA8). Using 2DE, HSC71 was found to be phosphorylated specifically in male
gonads, suggesting that post-translational modification of proteins is important for gonad sexual
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differentiation. Our present data confirm that all three proteins (as well as isoforms of 15 other
hnRNPs and isoforms of 15 other HSPs) are expressed at the time of sex determination and may
therefore be important for that process.
In a second study, Han and colleagues [344] generated proteome data for chicken gonadal PGCs
isolated at stage 28 and cultured for 7-10 days before being subjected to 2DE coupled with
MALDI-TOF MS and LC-MS/MS. Approximately 300 spots were observed on the gels,
representing 44 proteins, 25 of which were also detected in our current proteomics screen. This
overlap is not surprising, given that the common proteins (including α- and β-actin (ACTA/B),
vimentin (VIM), tropomyosin 1 and 2 (TMP1/2), desmin (DES), albumin (ALB1), α-enolase
(ENO1), HSPA2, HSPA5 and HSPA8) are structural or housekeeping components of most
eukaryotic cells. The absence of the remaining 19 proteins from our list may reflect the different
tissues being studied (chicken cultured PGCs versus mouse whole gonads). Six had no mouse
orthologues. Despite this overlap, and even when using a conservative comparison of 154 nonredundant proteins, the present data set is several times the size of the largest previous proteomics
screen, and identified more than 1000 non-redundant and redundant gene products that have not
been previously reported in embryonic gonads at the protein level.

Transcriptomics screens
Most previous studies have used mRNA expression analysis to elucidate molecular events in sex
determination [235,236,328,331-335,410]. RNA can be readily amplified, eliminating the need for
large quantities of tissue. Further, current screening techniques such as microarrays are more
sensitive than proteomics methodologies [411,412]. However, transcriptomics and proteomics
analyses are now considered complementary to provide a thorough molecular description of the cell
or organ under study (for reviews see refs. [411-414]).
To illustrate this point, we compared our proteomics data set with an equivalent transcriptomics
analysis at 11.5 dpc, in which Affymetrix microarrays were used to determine gene expression in
male and female whole gonads [336]. There was considerable correlation between identifications
from the different screening techniques; 655 proteins with available probe numbers (93%) were
also present at the transcript level. Our screen confirms the presence of the functionally active gene
products for those genes.
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The transcriptomics screen generated over 8000 outputs and, not surprisingly, 7604 were not
detected in our proteomics screen (Fig. 13). However, we detected 330 non-redundant and
redundant proteins that were not represented on the microarray and 52 more that were not detected
at the transcript level. Identification of the former proteins highlights a limitation of microarray
technology. The latter proteins may be stable products of short-lived mRNAs, or abundant products
of rare mRNAs, and represent useful leads for further investigation.

Identification of potential regulators of normal gonad development
Classifying our total data set by a variety of characteristics (sex of gonad that peptide was identified
in, tissue EST expression, molecular function, sub-cellular localisation and chromosomal
distribution) identified a number of subgroups of proteins (sex-specific, testis-associated, embryospecific, intracellular, extracellular and X/Y-encoded) containing novel candidates that potentially
regulate sex determination, gonadogenesis, and PGC differentiation. The protein numbers and
examples mentioned below are taken from the total data set and are composed of both nonredundant and redundant proteins.

Proteins specific to each sex
Male and female gonadal samples were kept separate throughout the experimental procedure to
establish a baseline of protein expression for each sex. All peptides (and therefore proteins) were
detected in male gonads, but only 48% of peptides (59% of proteins) were detected in the female
gonads. The lack of unique female identifications and unequal distribution between the sexes was
not unexpected, and likely reflects the relative quiescence of the ovarian development pathway
compared to the morphologically active testis pathway (reviewed in refs. [326,415,416]). Proteins
common to both sexes (59%) are predicted to perform a generic cellular or developmental function
within the gonads. Proteins uniquely identified in the testis (41%), include redundant proteins such
as two Y-chromosome proteins, DEAD box polypeptide 3 Y-linked (DDX3Y or DBY) and
ubiquitin-activating enzyme E1 Chr Y (UBEY1), as well as spermatogenic and testis-specific forms
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and a non-redundant protein, nuclear
autoantigenic sperm protein. It is tempting to speculate that these and other proteins from the testis-
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specific subset could be involved in regulating embryonic testis differentiation and development.
Further analysis is required to determine the role of these new candidates.

Testis-associated proteins
A total of seven proteins were found in both adult and embryonic testis but no other adult tissue
(Table 2) and therefore are likely to have testis-specific roles throughout the life of the organism.
These include the redundant protein DNA segment, Chr 1, Pasteur Institute 1 (D1Pas1 or Pl10) an
autosomal homologue of the sex-linked genes Ddx3x and Dby. In the mouse, D1Pas1 is expressed
only in adult testicular germ cells (predominantly in the nuclei of meiotic pachytene spermatocytes
and post-meiotic round spermatids) where it has a role in pre-mRNA processing during
spermatogenesis [417-419]. No human orthologue has been reported, and this is the first report of
possible D1Pas1 protein expression in mouse embryonic testes and ovaries. D1Pas1 mRNA was
detected in mouse genital ridges at 11.5 dpc (not 12.5 dpc) by microarray gene expression analysis
[336]. Its function at this early developmental stage remains to be determined.

Proteins specific to embryonic gonads
Protein expression that is restricted to genital ridges (and not adult gonads) implies a specific
function during gonadogenesis. From our screen, 13% and 25% of the total identified potential
proteins were expressed only in the embryonic testis and ovary, respectively, and were not
expressed in adult gonads (though they were found in other adult tissues). For example, a redundant
protein we identified is the conserved nuclear phosphoprotein transcription factor SET translocation
(SET), which reportedly exhibits higher expression in the embryonic genital ridges than in adult
gonads [420]. SET is pertinent to male gonad development and reproductive function in that it
activates cytochrome P450c17 gene expression which is necessary for synthesis of sex steroids by
Leydig cells [420,421]. SET also functions as a transcriptional activator in oocyte development, but
its gene target(s) there are unknown [420]. Other proteins identified in this screen as having
temporally restricted expression only in the embryonic gonads, including non-redundant proteins
such as chemokine (CXC) ligand 15 (CXCL15) and hypoxia up-regulated 1 (HYOU1) protein, as
well as two redundant histone H2A variants (HIST1H2AH and HIST1H2AK), warrant further
investigation to their potential roles in gonad and PGC development and sexual differentiation.
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Intracellular, putative regulatory proteins
We identified more than 200 non-redundant and redundant proteins that localise to the nucleus or
cytoplasm and have potential roles in regulating gene, RNA and/or protein activity. These include
proteins involved in regulating DNA replication, recombination and repair (36), gene expression
(21), RNA modification (31) and trafficking (10), protein synthesis (37), folding (12) and
modification (23), and molecular transport (38). Among these, proteins with established roles in
gonad development and/or reproductive function included YBX1 (or YB-1; refs. [422,423]),
eEF1/2 [333,424], DHX9 (or RHA; refs. [425,426]), FKBP4 (or FKBP52; refs. [427,428]),
HMGB1 (or HMG1; refs. [429,430]), HSPs [431,432], KPNA2/B1 (or IMPNA2/B1; ref. [433]),
TPI1 [434], and TRIM28 (or TIF1b; ref. [435]). The expression and function of the remaining
proteins during embryonic gonad development have not been investigated.

Extracellular proteins
The plasma membrane and extracellular proteins identified in this screen are particularly interesting
as they potentially regulate signalling between somatic lineages that is known to be important for
gonadal differentiation. Communication between somatic and germ cells is necessary for regulation
of sex-specific germ cell differentiation [184,327] and appropriately timed sex cord formation in the
testis [165,436]. Relatively few membrane-bound (32) and extracellular proteins (7) were
identified, but these included the redundant protein spectrin α2 (SPNA2; refs. [437,438]), as well as
non-redundant proteins such as vinculin (VCL; refs. [439-441]) and talin 1 (TLN1; refs. [440,442]),
which all have established roles in gonad and germ cell function. Other extracellular proteins,
including non-redundant proteins such as small inducible cytokine subfamily E member 1 (SCYE1,
EMAP2 or p43) and the ELR+ chemokine CXCL15, are chemotactic cytokines [443] that have not
previously been linked with functions in the embryonic gonads, and so represent new candidates
potentially regulating embryonic gonad development. CXCL15 is not expressed in adult gonads
[444], suggesting that any role it might have in gonads is embryo-specific. Many chemokines in the
CXC family reportedly promote angiogenesis during development and tumour growth (reviewed in
ref. [443]), raising the possibility that CXCL15 may function in establishing the extensive vascular
network associated with testis and (to a lesser extent) ovary development. Further investigation is
required to validate this proposed function.
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Proteins encoded by genes on the sex chromosomes
Proteins encoded by genes located on the sex chromosomes play pivotal roles in instigating sex
determination events [194,278]. Of particular interest in this screen are protein-coding genes unique
to the Y chromosome as these genes are male-specific and potentially direct the differentiation and
functioning of the testis. We identified two proteins encoded by Y-linked genes, UBE1Y and
DDX3Y. These proteins were redundant for their ubiquitously expressed X-encoded homologues
(UBE1X and DDX3X, respectively). Expression of Ube1y is testis-specific and germ celldependent [445,446] in both the embryonic and adult mouse [447]. Similarly, the RNA helicase
Ddx3y is expressed in Sertoli and germ cells of the testis in both the embryonic and adult mouse
[419]. Ddx3y was also found to be up-regulated from 10.5 dpc in testis development in a microarray
screen comparing male and female somatic cells [236]. In the mouse, these two genes were
considered candidates for the Y-encoded spermatogonial proliferation factor Spy, but this was later
shown to be the initiation factor Eif2s3y [448]. However, reduction or deletion of the human
transcript DDX3Y is commonly associated with spermatogenic damage, azoospermia and idiopathic
male infertility, suggesting that DDX3Y plays an important role in human spermatogenesis [449].
The function of these two proteins in mouse embryonic gonads, especially in male germ cell
development, remains to be investigated.

Potential candidates for human DSDs
DSDs affect ~1 in 4500 live births and have significant biological, reproductive, psychological and
social ramifications (for review see ref. [450]). Although progress in understanding the causes of
DSDs has been made with the discovery of key genes involved in sex determination and sexual
development through mutational analyses in humans and functional analyses in mice, most DSDs
remain unexplained at the genetic level. In this study we identified 68 proteins expressed in the
developing gonads which are transcribed from genes with human orthologues that map to loci
associated with DSDs (Table 5). These proteins represent candidates that potentially regulate
gonadal development and sex determination.
Two examples are the redundant protein serpin 1 mRNA binding protein (Serbp1 or Pairbp1) and
the non-redundant protein KH domain containing, RNA binding, signal transduction associated 1
(Khdrbs1 or Sam68) protein. The human orthologue to Serbp1 maps to chromosome 1p31, while
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Khdrbs1 has a human orthologue mapping to 1p32. The region containing these genes is duplicated
in a variety of human DSDs including male-to-female sex reversal with hypergonadotrophic
hypogonadism [394], male pseudohermaphroditism [382] and cryptorchidism [356]. SERBP1 has
been shown to interact with the progesterone receptor membrane component 1 (PGRMC1) forming
a plasma membrane complex that modulates the anti-apoptotic and anti-mitotic actions of
progesterone in ovarian cells [451,452]. The potential function of this protein in the process of sex
determination and gonad development warrants further investigation. The present screen constitutes
the first report of KHDRBS1 expression during gonadogenesis. Expression of KHDRBS1 protein
has been reported in germ cells of the adult mouse testis [453], and Khdrbs1 homozygous null
mutant male mice are infertile [383]. RNA binding proteins of the KH type are known regulators of
cellular differentiation so determining the possible role of KHDRBS1 in male gonad and/or germ
cell differentiation and its potential relationship to human DSDs is likely to be a useful avenue of
investigation.
A third protein potentially associated with human DSDs is the non-redundant, ubiquitously
expressed transketolase (TKT or p68), a key component of the pentose phosphate pathway. The
human orthologue of Tkt maps to a locus (3p14.3) that is duplicated in cases of gonadal dysgenesis
[366] and sex reversal with dysplastic gonads [398]. Homozygous null mutant (Tkt-/-) mice die at or
before birth; Tkt+/- male mice are viable, having reduced gonad mass, while Tkt+/- females exhibit
reduced fertility levels [371]. The reduction in gonad size suggests a role for Tkt in gonadogenesis
and makes it an excellent candidate for further research into its potential involvement in DSDs.
Two other proteins with possible links to human DSDs, Ewing sarcoma breakpoint region 1
(EWSR1) and filamin-α (FLNA), both of which are redundant, lead to reduced fertility and/or
abnormal gonad morphology when mutated in mice [364,379]. Mutation of genes encoding a
further 12 proteins associated with human DSDs cause lethality in mice, and so it is not currently
possible to evaluate their potential role in gonadogenesis or sexual development. These proteins, as
well as those which do not already have mutant models, warrant further analysis, for example, by
using conditional knockout strategies to determine their potential involvement in human DSDs.
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CONCLUDING REMARKS
We present here the first large scale proteomics survey of the embryonic gonads at the onset of
sexual differentiation, so as to provide a valuable resource for understanding the molecular
landscape of gonadal development at the protein level. Further interrogation of this data set will
likely identify additional candidates involved in embryonic gonadal development. Considering the
popularity of performing comparative analyses in the study of embryonic gonad development, a
comparison of the differential expression of proteins either between the sexes or between different
time points as sexual differentiation takes place, will be an important goal for future studies to
identify novel proteins involved in sex- or stage-specific events in gonadal differentiation.
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SUMMARY
Establishment of an embryo’s sex occurs when gonads differentiate into either testes or ovaries.
This process of sex determination is controlled by a network of genes, many of which are unknown.
To extend our knowledge of sex determination and gonadal development beyond the transcriptome
level, we performed a proteomics screen of mouse embryonic gonads during a critical window in
sex determination. Utilising two-dimensional nanoflow liquid chromatography and tandem mass
spectrometry (2D LC-MS/MS) and DeCyder MS analysis software, we detected nine differentially
expressed peptides, corresponding to 15 proteins. These included four proteins up-regulated in
11.5 dpc ovaries (histone H4/LOC674678 and EEF1A1/EEF1A2); three proteins up-regulated in
11.5 dpc testes (EIF4A1/EIF4A2/EG433225); five proteins increasing in expression in testes
between 11.5 and 12.0 dpc (DDX3X/DDX3Y/D1PAS1, TUBB5 and ATP5A1); and three proteins
(HSPA5, VIM and TPI1) decreasing in expression in testes during the same interval. Except for
histone H4 and EIF4A1, the differential expression patterns we describe have not previously been
reported in analogous transcriptomics or proteomics studies. Thus, the data set contains potential
novel regulators of gonadogenesis, sex determination and germ cell development. Their expression
and function in mouse gonads, as well as associated links to human disorders of sex development
are discussed.

INTRODUCTION
From an embryological perspective gonadal development is unusual in that the common embryonic
precursor, the bipotential gonad, can differentiate into either a testis or an ovary. Bifurcation of the
developmental pathway occurs during the process of sex determination. Although the
morphological events defining mammalian gonad development and sex determination have been
well characterised for the testis and, to a lesser extent, the ovary, our understanding of the cellular
mechanisms and molecular participants orchestrating these events is incomplete.
The earliest sign of gonad formation in the developing mouse occurs around 10 days post coitum
(dpc), when the genital ridges arise as a stratified epithelium of somatic cells on the ventromedial
surface of the mesonephroi. Primordial germ cells (PGCs), the antecedents of sperm and oocytes,
migrate from the hindgut to populate the genital ridges from 10.5 dpc [46]. At this early stage, the
genital ridges of each sex remain morphologically indistinguishable. A number of genes, including
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Wilms’ tumour suppressor 1 (Wt1), steroidogenic factor 1 (Sf1), empty-spiracles homeobox gene 2
(Emx2), polycomb M33 (M33), and Lim homeobox gene 9 (Lhx9) are important for the development
of the genital ridges before sex determination, with mutation of these genes resulting in
developmentally delayed gonadogenesis, gonadal dysgenesis or complete regression of gonad
formation (for review see refs. [256,325]). How these genes function and interact to influence
gonadogenesis is not clearly defined, and it is likely that additional genes participate in this process.
Around 11.5 dpc, the genital ridges in male (XY) embryos begin rapid histological changes not
seen in their female (XX) counterparts. Testis-specific pre-Sertoli cells differentiate and are
responsible for coordinating subsequent events in early testis development via the production of key
regulatory factors. Moreover, mature Sertoli cells differentiate by 12.5 dpc and aggregate into testis
cords that accommodate germ cells. Pre-Sertoli cell signals instigate a dramatic increase in testis
size resulting from intensive somatic cell proliferation and increased migration of endothelial cells
[271,272]. Two somatic cell types (Leydig and peritubular myoid cells) differentiate around
12.5 dpc under the influence of pre-Sertoli cell signalling factors. Steroidogenic Leydig cell
precursors differentiate in the interstitial space between the testis cords; these cells produce
testosterone which drives development of the male reproductive tract. Peritubular myoid cell
precursors form a single, flattened, basement layer completely encapsulating the testis cords by
13.5 dpc; the smooth muscle contractility of these cells later assists in the export of mature sperm
from the testis. Endothelial cells are recruited from the adjacent mesonephros into the embryonic
XY genital ridges; these cells form an extensive vascular network between testis cords [271,272].
Hence, between 11.5 and 12.5 dpc the male gonads become larger and architecturally distinct from
the female gonads as a result of male-specific differentiation signals driving testis development
(reviewed in refs. [256,324-326]).
In eutherian mammals, a single gene in the sex-determining region of the Y chromosome (Sry)
induces the differentiation of pre-Sertoli cells and is considered the key genetic factor in male sex
determination, initiating the series of molecular events leading to testis formation [194,278-280].
Absence or impaired function of Sry results in ovary formation and male-to-female complete sex
reversal in both mice and humans [281-283]. In the mouse, Sry is active in Sertoli cell precursors
from 10.5 to 12.5 dpc. SRY-box containing gene 9 (Sox9) is directly up-regulated by SRY in these
cells, at around 11.5 dpc [292]. Sry and Sox9 encode HMG domain transcription factors and, similar
to Sry, Sox9 is both necessary and sufficient for testis differentiation [293-299]. Mutational analysis
confirmed several other genes to be involved in the molecular cascade leading to testis
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differentiation including GATA binding protein 4 (Gata4), friend of GATA 2 (Fog2), Sox8,
fibroblast growth factor 9 (Fgf9), DSS-AHC critical region on the X gene 1 (Dax1), desert
hedgehog (Dhh) and platelet derived growth factor receptor α (Pdgfrα), among others. The
mechanism of action and regulation of these genes is slowly being uncovered (see review refs.
[325,326]). However, a comprehensive network of genes controlling testis differentiation has not
yet been constructed, and it is probable that additional players are involved in coordinating the
various events in this multifaceted process.
In contrast to the extensive histological remodelling occurring in the XY genital ridges between
11.5 and 12.5 dpc, the XX genital ridges remain in an ‘undifferentiated’ state and do not display
definable female-specific structures until several days later. Although morphologically dormant, upregulation of multiple genes specifically in the somatic compartment of XX genital ridges by
11.5 dpc indicates the early induction of a robust molecular program for female sex determination
and ovarian differentiation in the mouse. One of these genes, R-spondin1 (Rspo1), has recently been
shown to play a pivotal role in early mammalian ovary differentiation. Indeed, removal or mutation
of Rspo1 causes partial female-to-male sex reversal in mice (including pseudo-hermaphroditism of
the genital ducts and ovotestis formation) and XX true hermaphroditism or complete female-tomale sex reversal in humans [317,318,321,323]. Several other genes pertinent to the ovarian
differentiation pathway have been identified through the analysis of mutant models, including
wingless-related MMTV integration site 4 (Wnt4), Dax1, follistatin (Fst) and forkhead box L2
(FoxL2) [324-326]. Thus, available evidence contradicts the dogma that ovarian differentiation is
the passive, default developmental pathway. Organisation and execution of the female
developmental program no doubt requires a multitude of genetic regulators, many of which remain
elusive.
In addition to somatic gonad sex determination and differentiation processes, bipotential germ cells
also commit to either a male or female developmental lineage by about 13.5 dpc in the mouse.
Germ cells within XX gonads enter meiosis from 13.5 dpc, and progress through meiotic prophase I
before arresting in diplotene stage just before birth, whereas their contemporaries in XY gonads exit
the mitotic cell cycle from 12.5 dpc and remain quiescent until shortly after birth. Germ cell sex
determination is not cell-autonomous (that is, reliant on intrinsic sex chromosome content), instead
relying on sex-specific cues from the embryonic gonad milieu. Retinoic acid (RA) produced in the
mesonephroi of both sexes induces meiosis in ovarian germ cells; a cytochrome p450 enzyme,
CYP26B1, counteracts this effect for germ cells inside the testis cords by degrading RA [213,214].
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Although these molecules have been linked with germ cell development and sex determination,
many more factors are likely to be involved [219].
A number of potential candidates regulating sex determination and gonadogenesis have been
identified via differential expression profiling techniques analysing the embryonic gonadal genome
and transcriptome [235,236,328-336,454-459]. These screens reveal little about the expression of
functionally active gene products, and accumulating evidence suggests that there is variable
correlation between mRNA and protein expression levels [460-464]. It is now considered important
to complement transcriptomics screens with proteomics analyses to provide insight into posttranscriptional modifications and post-translational events that regulate the formation, stability, and
biological activity of downstream gene products (for reviews see refs. [411-414]).
In this study, we utilised the resolving power of two-dimensional (2D) nanoflow liquid
chromatography [337,338] coupled directly with tandem mass spectrometry (LC-MS/MS) to
identify differentially expressed proteins in the testis between 11.5 and 12.0 dpc, a critical window
in gonad development and sex determination. For visualisation, detection and comparison a labelfree based quantitation package was used, known as DeCyder MS Differential Analysis Software
(DeCyder MS). Applying DeCyder MS to 2D LC-MS/MS data has been shown to provide a level
of accuracy equal to that of traditional separation and quantitation methods [465]. We identified
seven gonadal proteins that are sex-specifically regulated by 11.5 dpc and eight that are temporally
regulated within the testis over the 12 h period being examined.

EXPERIMENTAL PROCEDURES

Materials
Chemicals were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia) at the highest
research grade, with the exception of chloroform and methanol from Fronine (Riverstone, NSW,
Australia), urea from ICN Biochemicals (Solon, OH, USA) and trypsin from Promega (Annandale,
NSW, Australia).
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Animals
Institutional ethical approval was secured for the use of all mice in this study. Embryos were
collected from timed matings of the Swiss Quackenbush outbred strain, with noon of the day the
mating plug was observed designated 0.5 dpc. For more accurate developmental staging, the tail
somite (ts) stage of each embryo was determined by counting the number of somites posterior to the
hind limb [466]. Using this method, 11.5 dpc corresponds to approximately 18 ts and 12.0 dpc to
23 ts. Sexing of embryos at these early developmental stages was done using the X-linked enhanced
green fluorescent protein (EGFP)-expressing transgenic mouse line [340], a gift from Andras Nagy.

Embryonic gonad collection and preparation of protein extracts
In total, approximately 450 gonad pairs (with mesonephroi removed) were resected from three
sample groups (i.e. ~150 pairs per sample type): female mouse embryos at 11.5 dpc (17-19 ts;
before sexual dimorphism is histologically evident in either sex), male mouse embryos at 11.5 dpc
and male mouse embryos at 12.0 dpc (22-24 ts; when the first male-specific morphological changes
occur), for use in the proteomics screen. Following collection in ice-cold phosphate buffered saline
(PBS) tissues were rinsed in 250 mM sucrose (pH 7.4) with 10 mM Tris. Proteins were extracted for
1 h on ice (vortexing every 10 min) using 7 M urea, 2 M thiourea, 4% w/v CHAPS and 30 mM Tris.
Supernatants were collected by centrifugation at 10 000 x g for 10 min at 4°C and preserved as
aliquots at -80°C for subsequent use. Protein content of the supernatants was determined using
Ettan 2D Quant Kit according to the manufacturer’s instructions (GE Healthcare, Rydalmere, NSW,
Australia). Biological replicates (each collected from approximately 50 pooled gonad pairs) of
11.5 dpc XX (11.5XX), 11.5 dpc XY (11.5XY) and 12.0 dpc XY (12.0XY) gonadal protein extracts
were prepared in triplicate (giving a total of nine samples); 50 µg of protein extract was used for
each biological replicate (see Supplementary Data S11 for details).
Prior to proteomics analysis, the gonadal extracts were reduced with 2 mM dithiothreitol on ice for
30 min then alkylated with 5 mM iodoacetamide on ice for 30 min and precipitated with
methanol/chloroform to remove salts and detergents [341]. Protein pellets were resuspended in
50 mM ammonium bicarbonate containing 40 µg/ml trypsin to a ratio of 50:1 (w:w) and digested
overnight at 37°C. Tryptic peptides were dried using a vacuum concentrator (SpeedVac, Quantum
Scientific, Lane Cove West, NSW, Australia) at 60°C for approximately 2.5 h and resuspended in
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10 µl ion exchange (IEX) buffer A containing 20 mM citric acid in 25% w/v acetonitrile (ACN), pH
2.65.

Peptide separation by two-dimensional liquid chromatography
The Ettan multi-dimension liquid chromatography (MDLC) system (GE Healthcare, Pittsburgh,
PA, USA; ref. [342]), was used to purify, desalt and separate tryptic peptides prior to on-line mass
spectrometry (MS) and MS/MS analysis. The system was controlled by Finnigan Xcalibur software
(version 3.2, Thermo-Scientific, Waltham, MA, USA) in high throughput, dual nanoflow mode and
configured for off-line fractionation for enhanced sequence coverage and identification rate.
First dimension peptide pre-fractionation was performed by strong cation exchange (SCX) using a
Thermo-Scientific IEX column (BioBasics SCX, 5 µm, 30 x 0.32-mm internal diameter) at a
constant flow rate of 200 µl/min. A linear salt gradient of 0-60% IEX buffer B, which consisted of
IEX buffer A plus 1 M NH4Cl, was applied for approximately 30 min. Throughout the separations,
250-µl fractions were collected using a Fraction Collector, Frac-950 (GE Healthcare). A total of 20
fractions for each embryonic gonadal sample replicate were collected.
Second dimension peptide separation was performed by nanoflow reversed phase (RP) LC. Each
fraction was vacuum dried and redissolved in 5 µl RP LC buffer A (0.1% v/v formic acid). Half of
this volume was injected onto the nanoflow RP LC system equipped with two Agilent (Santa Clara,
CA, USA) Trap columns (Zorbax 330SB C18, 5 µM, 5 x 0.3-mm internal diameter) and two Agilent
RP LC columns (Zorbax 300SB C18, 3.5 µM, 15 x 0.075-mm internal diameter). Peptides were
eluted from a Trap column onto an analytical RP LC column for high-resolution separation which
was performed at a flow rate of 200 nl/min by applying a 50 min linear gradient of 0–60% RP LC
buffer B, consisting of buffer A plus 84% w/v ACN. The two Trap-RP LC column assemblies
alternated between equilibrating with buffer A and running sample to allow for continuous flow of
sample through the system.
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Mass spectrometry
Mass spectrometric analysis of eluted embryonic gonadal peptides was performed on a linear trap
quadrupole (LTQ) system (Thermo-Scientific) equipped with a nano-ion spray interface for on-line
coupling to the Ettan MDLC system. An electrospray ionisation (ESI) source needle (30 µm tip;
Proteomass, VIC, Australia) was used with a needle voltage of 1.6 kV in positive ion mode. The
mass spectrometer was operated in data-dependent mode, allowing automated collection of both
MS and MS/MS scan data. Each full MS scan, collected in profile mode, was followed by MS/MS
scans, collected in centroid mode, of the three most intense peaks in the MS spectrum with dynamic
exclusion set to 25 s after one occurrence.

Detection and quantitation of differentially expressed peptides
The LC-MS/MS files were imported into the DeCyder MS software package (version 1, GE
Healthcare; ref. [465]) using the Import module in fully automatic mode. This allowed full scan
precursor MS data to be presented in 2D signal intensity maps with peptide retention time (min)
plotted against peptide mass-to-charge ratio (m/z). Following visual interpretation of a complete 2D
map, the image retention time was cropped before the appearance of the first peptide and following
the appearance of the last eluted peptide. Typical cropped images were of 20 to 65 min retention
times.
The PepDetect module was then used for automated peptide detection; background subtraction;
charge state assignments (based on resolved isotopic peaks and consistent spacing between
consecutive charge states) and quantification based on MS signal intensities of individual MS
analyses. Standard filters were used with the following modifications: signal-to-background
threshold was set to ten with background subtracted quantitation checked and charge assignment
was enabled, where possible, with limited charge assignment from two peaks. Peptides below a
signal-to-noise of four and an unspecified charge with a signal-to-noise below four, together with
overlapping peptides, were removed. A typical run consisted of a peak width of 0.8 min. Following
peptide detection, peptides were manually inspected for accuracy of charge and correct assignment.
In cases of incorrect charge assignment, the m/z was manually modified. Peptides were manually
removed for incorrect detection, or added in cases where the program had clearly missed the
peptide.
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The PepMatch module was then used to match peptides across different signal intensity maps
allowing a quantitative comparison of elution profiles. The retention times for each imported 2D
image were aligned using standard parameters, and the individual peptides were matched using the
aligned retention times. Matching tolerances were 1.5 min elution times and m/z of 0.5 Da. The
intensity distributions for all peptides detected in each embryonic gonadal sample were used for
normalisation (no internal standards were added to the samples).
To determine whether a peptide was differentially expressed between the two sexes (11.5XX vs.
11.5XY), or underwent a change in expression during the developmental timeframe being assessed
(11.5XY vs. 12.0XY) the DeCyder MS software compared pixel intensities from nine images in
total, corresponding to three biological replicates each for 11.5XY, 11.5XX and 12.0XY. Peptides
that were detected in all three biological replicate images for each sample being compared, and that
exhibited an average fold difference in expression >3 were short-listed. Peptides that were detected
in at least two (of three) biological replicates for each sample, and that exhibited an average fold
difference in expression >5 were also short-listed. Label-free quantitation was based upon the MSprecursor scan. For this cause, peptide counts for all ms-scans for peptides of interest were summed.
Each peptide was then normalised, and compared across the groups. Student’s one-tailed t-tests
were performed on the short-listed peptides by finding the anti-log of the peptide signal intensity.
Peptides with a statistically significant difference in expression (p<0.05) were included.

Analysis of MS/MS data
For protein identification the derived mass spectrometric *.raw files were converted to
TurboSequest (Thermo-Scientific) generic format (*.dta) input files using the Bioworks Browser
(version 3.2). The files were then searched against the International Protein Index (IPI; ref. [343])
Mus musculus database (version 3.32, released August 6, 2007, European Bioinformatics Institute,
www.ebi.ac.uk/IPI/) containing the forward sequence of all 49,427 proteins in the data set using the
TurboSequest search algorithm (version 3.2). A decoy database was prepared by reversing the
sequence of each entry and re-running the searches. Search parameters were specified as follows:
oxidised methionine was set to differential modification, number of allowed missed cleavages was
set to 1.0, peptide tolerance was set to 1.0, intensity threshold was set to 100, parent ion selection
was set to 1.4 Da and fragment ion tolerance was set to 0.7 Da. Protein identifications were based
on single peptide hits using the following rigorous filtering standards: a minimum cross-correlation
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score (Xcorr) of 3.0 was required for peptides with a charge state of +1 or +2, and 3.5 for peptides
with a charge state of +3. In addition, collision-induced dissociation (CID) spectra were manually
validated to ensure correct assignment of the y and b ion series. Peak lists were generated using the
TurboSequest algorithm. In our differential protein analysis, all redundancies have been included.

Bioinformatics
All identifiable proteins that conformed to the above filtering criteria were subject to various
bioinformatic analyses. For comparisons with other proteomics studies and between proteomics and
transcriptomics studies, protein names and gene symbols were cross-referenced manually. Gene
expression data from three Affymetrix microarray screens [236,334,336] was retrieved using the
Gene Inspector function in the GeneSpring GX software package (version 7.3.1, Agilent
Technologies, Santa Clara, CA, USA). Information regarding protein/gene expression,
chromosomal mapping, mouse mutant phenotypes and association of proteins with known disorders
of human sexual development was obtained using the literature search engines Online Mendelian
Inheritance in Man (OMIM) and PubMed, both available at the National Center for Biotechnology
Information (NCBI; www.ncbi.nlm.nih.gov/), and the Mouse Genome Database, available at Mouse
Genome Informatics (MGI; 2009, The Jackson Laboratory, www.informatics.jax.org).

RESULTS

Identification of differentially regulated proteins in the embryonic gonads at the time of sexual
differentiation
To identify proteins that are differentially expressed at the time of sex determination, we used SCX
to pre-fractionate tryptic peptides derived from both male and female mouse gonads at the ages of
11.5 and 12.0 dpc, spanning a critical window in gonad and germ cell sexual development. Outputs
of 180 2D LC-MS/MS runs, corresponding to the first 20 SCX fractions from each of the three
11.5 dpc female, three 11.5 dpc male and three 12.0 dpc male gonad sample biological replicates,
were converted into 2D peptide signal intensity maps (Fig. 14) using DeCyder MS software. These
maps provided a visual overview of the peptides within each fraction and facilitated quantitative
comparisons between the different samples. The embryonic gonad samples were compared to
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identify peptides that were differentially expressed between the testis and ovary before sex-specific
morphological changes have begun, and to identify peptides that were up- or down-regulated during
the 12 h period when major morphological changes are initiated in the testis.

Fig. 14: DeCyder MS signal intensity map derived from LC-MS/MS analysis of 11.5 dpc male gonads.
The 2D map displays peptide retention time (x-axis) against m/z (y-axis). The density of the greyscale pattern
directly reflects the signal intensity of a peptide peak at a specific m/z, retention time and charge state. The
PepDetect module detected hundreds of peptides per fraction. MS data (used to quantify peptides) is denoted
by blue boxes, selected peptide is denoted by a yellow box, MS/MS data (used to identify peptides) is marked
with red crosses. The inset demonstrates the ability of the zooming function to permit visualisation of
resolved charge states.

In total, we identified nine peptides (Supplementary Data S12) that were differentially expressed
with more than three-fold average difference in relative abundance (Supplementary Data S13). The
sequence of each peptide was confirmed by manual inspection of the CID spectra (Supplementary
Data S14). When searched against the mouse IPI database, each peptide aligned to one or more
(redundant) proteins. Thus, we detected a total of 15 differentially expressed proteins
(Supplementary Data S15). This number included protein redundancies that could not be further
resolved. Since all CID spectra were manually validated, the set of identified proteins is accurate to
a high level of confidence.
Peptide sequences are displayed in the format generated by the TurboSequest search program which
adjoins a prefix and suffix to each peptide, denoting the adjacent amino acids N-terminal and Cterminal to the identified peptide. Gonadal proteins were digested with trypsin which cleaves at the
carboxy side of arginine (R) and lysine (K) residues unless a proline (P) is located C-terminal to the
80

potential cleavage site [467]. Hence, the prefix and the amino acid directly preceding the suffix of
each peptide should be either R or K.
Sex-specifically expressed proteins – The 2D signal intensity maps for the 11.5 dpc XY and XX
gonad sample biological replicates were compared to identify peptides that were expressed sexspecifically. At this initial stage in gonad sexual differentiation, two peptides (RDNIQGITKPAIRR
and REHALLAYTLGVKQ) already exhibited significantly higher expression in the ovary (p<0.05)
(Fig. 15A), and one (KMFVLDEADEMLSRG) exhibited significantly higher expression in the
testis (p<0.05) (Fig. 15B). The former two peptides aligned to a total of four proteins (two proteins
each), the latter peptide aligned to three proteins (Table 6).

Fig. 15: Relative abundance of gonadal peptides that are sex-specifically regulated at 11.5 dpc. DeCyder
MS 2D and 3D maps and signal intensity graphs comparing peptide abundance in 11.5 dpc XX and XY
gonads for (A) two peptides up-regulated in mouse ovaries, RDNIQGITKPAIRR and REHALLAYTLGVKQ
(*p<0.05), and (B) one peptide up-regulated in mouse testes, KMFVLDEADEMLSRG (*p<0.05). The 2D
maps display peptide retention time (x-axis) against m/z (y-axis). The 3D maps display 2D maps against
signal intensity (z-axis). The selected peptide is denoted by a yellow box. The graphs display peptide
expression for XX (pink) and XY (light blue) gonads measured as log2 signal intensity.
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Table 6: Proteins differentially expressed between the sexes at 11.5 dpc.
Proteins up-regulated in the ovary
Peptide
IPI
RDNIQGITKPAIRR
IPI00329998.2
IPI00407339.7
IPI00621374.1
IPI00621789.1
IPI00874920.1
IPI00876005.1
IPI00624840.2
IPI00624933.1
IPI00844736.1
IPI00623776.3
REHALLAYTLGVKQ
IPI00307837.6
IPI00831184.1
IPI00831365.1
IPI00119667.1

Gene Symbol
Histh4a
Histh4a
Histh4a
Histh4a
Histh4a
Histh4a
Histh4a
Histh4a
Histh4a
LOC674678
Eef1a1
Eef1a1
Eef1a1
Eef1a2

Proteins up-regulated in the testis
Peptide
IPI
Gene Symbol
KMFVLDEADEMLSRG IPI00118676.3
Eif4a1
IPI00462110.2
EG433225
IPI00400432.2
Eif4a2
IPI00409918.1
Eif4a2
IPI00857127.1
Eif4a2
a
Includes Hist1h4a-d/f/h-k/m, Hist2h4, Hist4h4
b
Average fold difference in expression is significant (p<0.05)

Protein Name
Histone H4

Av. Fold Diff.
6.77b

Similar to Histone H4
Elongation factor 1-A1

4.29b

Elongation factor 1-A2

Protein Name
Eukaryotic initiation factor 4-A1
Similar to EIF4-A1
Eukaryotic initiation factor 4-A2

Av. Fold Diff.
75.58b

Temporally-regulated testis proteins – The 2D signal intensity maps for the 11.5 and 12.0 dpc XY
gonad sample biological replicates were compared to identify peptides that were temporallyregulated within the testis. During this transitory period in testis development, three peptides
(RVGNLGLATSFFNERN,

RALTVPELTQQVFDAKN

and

RTGAIVDVPVGEELLGRV)

underwent a significant increase in expression (p<0.05; Fig. 16A), and another three
(RAKFEELNMDLFRS, RDGQVINETSQHHDDLE and KSNVNDGVAQSTRI) underwent a
significant decrease in expression (p<0.05; Fig. 16B). The former three peptides aligned to a total of
five proteins (three proteins were for one peptide), the latter three peptides aligned to a single
protein each (Table 7).
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Fig. 16: Relative abundance of testis peptides that are temporally-regulated between 11.5 and 12.0 dpc.
DeCyder MS 2D and 3D maps and signal intensity graphs comparing peptide abundance in testes at 11.5 and
12.0 dpc for (A) three peptides increasing with time, RVGNLGLATSFFNERN (**p<0.005),
RALTVPELTQQVFDAKN and RTGAIVDVPVGEELLGRV (*p<0.05), and (B) three peptides decreasing
with time, RAKFEELNMDLFRS (**p<0.005), RDGQVINETSQHHDDLE and KSNVNDGVAQSTRI
(*p<0.05). The 2D maps display peptide retention time (x-axis) against m/z (y-axis). The 3D maps display 2D
maps against signal intensity (z-axis). The selected peptide is denoted by a yellow box. The graphs display
peptide expression for 11.5 (light blue) and 12.0 dpc (dark blue) testes measured as log2 signal intensity.

83

Table 7: Testis proteins temporally regulated between 11.5 and 12.0 dpc.
Proteins that increase in expression
Peptide Sequence
IPI
RVGNLGLATSFFNERN
IPI00133708.1
IPI00230035.7
IPI00134371.1
RALTVPELTQQVFDAKN
IPI00117352.1
RTGAIVDVPVGEELLGRV IPI00130280.1
IPI00857439.1

Gene Symbol
D1Pas1
Ddx3x
Ddx3y
Tubb5
Atp5a1
Atp5a1

Proteins that decrease in expression
Peptide Sequence
IPI
Gene Symbol
RAKFEELNMDLFRS
IPI00319992.1
Hspa5
RDGQVINETSQHHDDLE
IPI00227299.6
Vim
KSNVNDGVAQSTRI
IPI00467833.5
Tpi1
a
Average fold difference in expression is significant (p<0.005)
b
Average fold difference in expression is significant (p<0.05)

Protein Name
DNA segment Chr 1 Pasteur Institute 1
DEA(D/H) box polypeptide 3 X-linked
DEAD box polypeptide 3 Y-linked
Tubulin B-5 chain
ATP synthase subunit A1

Av. Fold Diff.
1937.53a

Protein Name
78 kDa glucose-regulated protein
Vimentin
Triosephosphate isomerase 1

Av. Fold Diff.
99.73a
65.80b
7.73b

4.82b
3.89b
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Expression of proteins/genes in the gonads
The expression profile of each protein in the gonads was determined by interrogating the MGI and
PubMed literature databases. Of the 15 identified proteins, only one has reported expression in
embryonic mouse gonads at the protein level; histone H4 expression has been detected in most cells
of 17.5 dpc testes [468]. We detected histone H4 expression at higher levels in ovaries at 11.5 dpc.
Four of the 15 proteins have also been described in adult gonads (Table 8). Histone H4 expression
has been detected in germ-line cells of adult testes [469,470]. Tubulin β5 (TUBB5) expression has
been detected in Sertoli cells of adult testes, with negligible expression in germ-line cells [471]; we
detected an increase in TUBB5 expression in embryonic testis between 11.5 and 12.0 dpc. Heat
shock protein A5 (HSPA5) expression has been detected in germ cells of postnatal mouse testes
[472] and ovaries [473,474], and vimentin (VIM) expression has been detected in Sertoli cells of
postnatal/adult mouse testes [475,476]. We found a decrease in both HSPA5 and VIM expression in
embryonic testis between 11.5 and 12.0 dpc.
In mouse embryonic gonads, expression data were available for the genes corresponding to five of
the 15 proteins (Table 8). This included quantitative reverse transcription PCR (qRT-PCR) data for
three genes, DNA segment, Chr 1, Pasteur Institute 1 (D1Pas1), DEAD/H box polypeptide 3, Xlinked (Ddx3x) and DEAD/H box polypeptide 3, Y-linked (Ddx3y), in embryonic testis from 10.5 to
17.5 dpc [419]. D1Pas1 was not expressed, Ddx3x expression was consistently higher than Ddx3y
and relatively stable, whereas Ddx3y expression increased over the time course examined [419].
The latter result is consistent with our findings for DDX3Y. In mouse adult gonads, expression data
were available for the genes corresponding to 12 proteins, including qRT-PCR data for the same
three genes mentioned above (Table 8).

Comparison with previous proteomics and transcriptomics screens
Literature searches and data mining tools were used to compare the redundant list of 15 proteins
with outcomes of published proteomics and transcriptomics studies.
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Table 8: Protein (and/or gene) expression in embryonic and adult gonads.
Proteins up-regulated in the ovary at 11.5 dpc
Gene Symbol Expression in embryonic gonada
Hist1h4a
17.5 dpc testis (IHC) [468]
Histh4b
LOC674678
Eef1a1

17.5 dpc testis (IHC) [468]
No expression data
12.5 dpc ovary+mesonephros (cDNA) [479-481]

Eef1a2

No expression data

Proteins up-regulated in the testis at 11.5 dpc
Gene Symbol Expression in embryonic gonada
Eif4a1
No expression data
EG433225
No expression data
Eif4a2
No expression data
Testis proteins that increase in expression
Gene Symbol Expression in embryonic gonada
D1Pas1
Absent from 10.5-17.5 dpc testis (qRT-PCR)
[419]
Ddx3x

10.5-17.5 dpc testis (qRT-PCR) [419]

Ddx3y
Tubb5

10.5-17.5 dpc testis (qRT-PCR) [419]; 15 dpc
testis (cDNA) [477-479]
No expression data

Atp5a1

No expression data

Expression in adult gonad
Testis (IF, IHC, NB, RT-PCR) [468-470]; testis,
spermatid (cDNA) [477-479]
Testis (IF, IHC, NB, RT-PCR) [468-470]
No expression data
Testis, ovary (RT-PCR) [482]; testis, ovary
(newborn), unfertilised egg (cDNA) [479-481]
Absent from testis, ovary (RT-PCR) [482]

Expression in adult gonad
No expression data
No expression data
Oocyte (RT-PCR) [483]; testis (cDNA) [484]

Expression in adult gonad
Testis, absent from ovary (qRT-PCR, ISH, NB)
[417,419]; testis, spermatocyte (cDNA)
[417,478,479,484]
Testis, ovary (RT-PCR, qRT-PCR, NB)
[419,482,485]; unfertilised egg (cDNA) [479481]
Testis, absent from ovary (qRT-PCR, RT-PCR)
[419,486]
Testis (IF, NB) [471,487]; testis, ovary (RTPCR) [482]; ovary (newborn) (cDNA) [479481]
Testis (cDNA) [478]

Testis proteins that decrease in expression
Gene Symbol Expression in embryonic gonada
Hspa5
No expression data

Expression in adult gonad
Testis (IHC, WB) [472]; ovary (IHC) [474];
oocyte (IF) [473]; testis, ovary (RT-PCR) [482]
Vim
12.5 dpc ovary+mesonephros, 15 dpc testis
Testis (IF, IHC) [475,476]; oocyte (RT-PCR)
(cDNA) [478-480,484]
[488]; 8 dpp spermatogenic cell, 15 dpp Sertoli
cell (cDNA) [479]
Tpi1
No expression data
Testis (NB) [489]; ovary (newborn) (cDNA)
[479-481]
a
Expression data does not include published transcriptomics or proteomics screens of the embryonic gonads
b
Includes Hist1h4b-d/f/h-k/m, Hist2h4, Hist4h4
dpc, days post coitum; dpp, days post partum; IF, immunofluorescence; IHC, immunohistochemistry; NB, Northern
blot; qRT-PCR, quantitative reverse transcription PCR; RT-PCR, reverse transcription PCR; sISH, section in situ
hybridisation; WB, Western blot

Proteomics screens – Two proteomics screens using embryonic whole gonads or PGCs have been
carried out previously [344,345]. The proteomics data sets were manually compared by crossreferencing either protein names or gene symbols. The screen by Wilhelm et al. [345] identified
three proteins, namely heterogeneous nuclear ribonucleoprotein A1 (hnRPA1), polymorphic tumour
rejection antigen (TRA1) and heat shock cognate 71 kDa protein (HSC71), that were specifically
up-regulated in the testis at 13.5 dpc in the mouse. None of these proteins was identified in our
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present screen (Fig. 17). The total proteome screen by Han et al. [344] identified 44 proteins
expressed in cultured chicken PGCs. Three of these proteins, HSPA5, TUBB5 and VIM, were also
identified in our current differential expression analysis (Fig. 17).

Fig. 17: Comparison of present screen and two other proteomics screens of embryonic gonads/PGCs.
Venn diagram comparing present data set (Ewen) with those of Wilhelm et al. [345] and Han et al. [344].

Transcriptomics screens – We examined the outcomes of 17 differential gene expression screens
performed using mouse embryonic whole gonads or flow sorted gonadal cells [235,236,328336,454-459]. The screens by Wertz and Hermann [330], Bouma et al. [455] and Small et al. [336]
used experimental designs similar to that used here (i.e. analysing expression in male and female
whole gonads at either 11.5 or 12.0 dpc), and were thus directly comparable. The data sets were
compared by manually cross-referencing gene symbols (for refs. [330,455]), or by retrieving
Affymetrix gene expression data using GeneSpring GX and then cross-referencing gene symbols
(for ref. [336]). As shown in Table 9, no overlapping identifications were found between our
proteomics screen and the screens of Wertz and Hermann [330] and Bouma and colleagues [455].
The Affymetrix cDNA microarray screen by Small and co-workers [336] identified 3693
differentially expressed transcripts including Ddx3y which was male-specifically up-regulated from
11.5 to 14.5 dpc (Supplementary Data S16). A similar expression pattern was found by others
[235,236,334,456,458] (Supplementary Data S16). DDX3Y was identified in the present
proteomics analysis but it was not male-specifically up-regulated (Table 9).
To gain a broader understanding of the relationship between patterns of protein and gene
expression, and to see how our results correlate with the entire collection of differential expression
screens, we compared the outputs from the present screen to the remaining 14 differential fetal
gonadal gene expression studies (as described above). The Affymetrix microarray screen by
Beverdam and Koopman [334] identified 558 genes as sex-specifically expressed in somatic gonad
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cells at 11.5 dpc. Histone h4 (Hist1h4a/h-j) was female-specifically up-regulated at 11.5 dpc in
their screen (Supplementary Data S16) and in the present proteomics screen (Table 9). The
Affymetrix microarray screen by Nef et al. [236] found 2306 transcripts exhibiting sexually
dimorphic expression patterns in the somatic compartment of the gonads between 10.5-13.5 dpc.
Eukaryotic initiation factor 4a1 (Eif4a1) was male-specifically up-regulated at 11.5 dpc in their
screen (Supplementary Data S16) and in ours (Table 9). The suppression subtraction hybridisation
screen by McClive and co-workers [333] identified 54 genes with higher expression in the testis
than the ovary at 12.0-12.5 dpc. Two of these genes, elongation factor 1a1 (Eef1a1) and Vim, were
also identified in our proteomics analysis but they were not male-specifically up-regulated
(Table 9). Finally, the Affymetrix cDNA microarray screen by Bouma et al. [458] identified 2177
sexually dimorphic transcripts in whole gonads at 13.0 dpc. Two of the genes up-regulated in the
testis, Ddx3y and Vim, and one up-regulated in the ovary, Ddx3x (Supplementary Data S16), were
also identified in our proteomics analysis but they were not sex-specifically expressed (Table 9).

Function of proteins in the gonads and association with human disorders of sex development
The function of each protein in gonadogenesis, sex determination, germ cell differentiation and
ultimately reproduction, was ascertained by searching MGI and NCBI databases. Of the 15
identified proteins, five have been functionally analysed via targeted null and/or heterozygous
mutations of the associated genes in mouse models. When mutated, none of these genes reportedly
produces a gonadal or fertility phenotype (Table 10). Specifically, the Vim-/- mutant mouse
exhibited normal reproductive function. Homozygous mutation in mice caused embryonic lethality
for ATP synthase subunit a1 (Atp5a1), Hspa5 and triosephosphate isomerase 1 (Tpi1), and early
postnatal lethality for Eef1a2, making sexual development and/or reproductive competence difficult
to determine.
The 15 proteins identified in this screen were also examined for potential ties to human disorders of
sexual development (DSDs). Three of the proteins (LOC674678, EG433225 and D1PAS1) have no
human orthologues. None of the remaining 12 proteins was transcribed from a gene with a human
orthologue mapping to a locus associated with DSDs of unknown genetic origins. However, we did
identify two proteins (DDX3Y and TPI1) transcribed from genes with human orthologues that are
directly linked to DSDs relating to male infertility (Table 10).
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Table 9: Comparison with transcriptomics screens.
Gene
Symbol

Transcriptomics Screena
[235] [333] [454] [455] [332]

[328] [329] [331] [335] [330] [459]
[236] [336] [334] [458] [456] [457]
Histh4b
Yc
LOC674678
NI
NI
NI
NI
NI
NI
NI
NI
Eef1a1
D
Eef1a2
Eif4a1
Y
EG433225
NI
NI
NI
NI
NI
NI
NI
NI
Eif4a2
D1Pas1
Ddx3x
D
Ddx3y
D
D
D
D
D
D
Tubb5
Atp5a1
Hspa5
Vim
D
D
Tpi1
a
Screens are listed in chronological order
b
Includes Hist1h4a-d/f/h-k/m, Hist2h4, Hist4h4
c
Includes Hist1h4a/b/h-j only
D, differentially expressed but not compared in same way as our screen; NI, gene was not included on Affymetrix microarray; Y, differential expression
agrees with our screen
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Table 10: Protein function in gonads and association with human DSDs.
Proteins up-regulated in the ovary at 11.5 dpc
Mouse
Gene Symbol Cytoband
Mutant Model
Histh4a
13A2-A3
None
LOC674678
6
None
Eef1a1
9E1
None
Eef1a2
2H4|110.0cM
Spontaneous
Proteins up-regulated in the testis at 11.5 dpc
Mouse
Gene Symbol Cytoband
Mutant Model
Eif4a1
11B3|39.0cM
None
EG433225
19A
None
Eif4a2
16B1|14.2cM
Gene trapped
Testis proteins that increase in expression
Mouse
Gene Symbol Cytoband
Mutant Model
D1Pas1
1H5|101.5cM
None
Ddx3x
XA1.1|42.0cM None
Ddx3y
YA1-A2
None
Tubb5
17B1
None
Atp5a1
18E3|50.0cM
Spontaneous

Testis proteins that decrease in expression
Mouse
Gene Symbol Cytoband
Mutant Model
Hspa5
2B|22.5cM
Targeted K/O
Vim
2A2|7.0cM
Targeted K/O
Tpi1
6F2|60.2cM
ENU induced

Abnormal Gonad and/or Fertility Phenotype

Homozygotes lethal by 28 dpp [490]

Abnormal Gonad and/or Fertility Phenotype

Mouse not available [359]

Abnormal Gonad and/or Fertility Phenotype

Homozygotes embryonic lethal by 12.5 dpc,
heterozygotes exhibit normal reproduction [494]

Abnormal Gonad and/or Fertility Phenotype
Homozygotes embryonic lethal by 3.5 dpc [495]
Homozygotes exhibit normal reproduction [475]
Homozygotes early embryonic lethal,
heterozygotes exhibit normal phenotype [496]

Human
Cytoband
6p21.3
None
6q14.1
20q13.3

Human
Cytoband
17p13
None
3q28

Human
Cytoband
None
Xp11.3-p11.23
Yq11
6p21.33
18q12-q21

Human
Cytoband
9q33-q34.1
10p13
12p13

DSD (for loci)
None

DSD (for gene)
None

None
None

None
None

DSD (for loci)
None

DSD (for gene)
None

None

None

DSD (for loci)

DSD (for gene)

None
None
None
None

None
Azoospermia [449,491-493]
None
None

DSD (for loci)
None
None
None

DSD (for gene)
None
None
Male infertility [497]

a

Includes Hist1h4a-d/f/h-k/m, Hist2h4, Hist4h4
dpc, days post coitum; dpp, days post partum; K/O, knock out
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DISCUSSION
In this study, we performed a differential expression analysis of proteins in the embryonic gonad at
the critical period of sexual differentiation in mice. Using 2D LC-MS/MS technology coupled with
DeCyder MS analysis software, we identified four proteins up-regulated in the ovary and three
proteins up-regulated in the testis at 11.5 dpc. Also, we identified eight proteins that are temporallyregulated during the initial phase of testis differentiation. This is the first screen of differentially
expressed proteins in the mouse embryonic gonads at this early developmental stage and extends
upon existing studies conducted at the transcriptomics level. The identified proteins provide new
insights into the biology and molecular regulation of sex determination, gonadal organogenesis and
germ cell differentiation.

Technical considerations
Each of the 15 differentially expressed proteins was identified by only one peptide, most probably
due to a combination of circumstances. First, single peptide identifications typically indicate low
protein quantities [338,409,498,499]. Embryonic gonads are small (~1mm long) and timeconsuming to dissect in large numbers, and so we collected only enough to generate the minimum
quantity of protein required to perform our analysis. Second, some peptides may not have
fragmented or ionised. Interestingly, Küster et al. [500] estimated that fewer than 10% of peptides
presented to an MS in adequate amounts actually contribute to useful peptide identifications. Third,
the DeCyder MS package we used was first generation software. The output of this program
required labour-intensive manual scrutiny and correction (as mentioned in the Materials and
Methods section) which may have limited the total number of accurately identified peptides. Hence,
few peptides, even from high abundance proteins, were detected.

Comparison to previous screens
The differential expression patterns in the embryonic gonads described here have not previously
been reported at the protein level, and few have been detected at the mRNA level. Thus, our screen
provides new candidates that potentially regulate gonadogenesis, sex determination and germ cell
differentiation.
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Proteomics screens
The one other differential protein expression analysis of mouse whole embryonic gonads compared
13.5 dpc male and female gonads with mesonephros attached [345]. Wilhelm and co-workers [345]
used 2D electrophoresis coupled with matrix-assisted laser desorption/ionisation-time of flight
(MALDI-TOF) MS and identified three differentially up-regulated proteins (hnRPA1, TRA1 and
HCS71) in the male gonads. None of these proteins was found to be differentially expressed in the
present screen, suggesting that they are either not present at detectable levels at the stage examined
in our screen (11.5 to 12.0 dpc), and/or that the sex-specific differences in expression of their
proteins are minimal or begin after 11.5 dpc, perhaps reflecting a role in later stages of gonad
differentiation. Conversely, the seven proteins identified as sex-specifically regulated in the present
screen are either no longer expressed at detectable levels at 13.5 dpc, or there is little or no sexspecific difference in expression of these proteins by 13.5 dpc. This suggests roles for those seven
proteins in the initial stages of sex determination that require additional research.
Differences in the methods used to identify differentially expressed proteins in the present study
compared to that of Wilhelm and co-workers [345] may also have contributed to the lack of
correlation between data sets. In a recent study comparing the output of 2D electrophoresis coupled
with MALDI-TOF MS to that of one-dimensional sodium dodecyl sulphate polyacrylamide gel
electrophoresis (1D SDS-PAGE) followed by LC-MS/MS using an ovarian cancer cell line, Gagne
and co-workers [501] showed that congruent identifications for each technique were very low.
In their total proteome screen of cultured chicken PGCs, Han and colleagues [344] used 2D
electrophoresis coupled with MALDI-TOF MS and LC-MS/MS and reported the expression of 44
proteins. However, they did not perform any quantitative comparative analyses. We found that three
of these proteins (HSPA5, TUBB5 and VIM) were differentially expressed in the testis between
11.5 and 12.0 dpc. These proteins are structural or housekeeping components of most eukaryotic
cells, but their detection in both screens implies a conserved role in germ cell development.

Transcriptomics screens
The advantage of microarray transcriptomics analysis over studying protein expression is that RNA
can be amplified quickly and easily, an important consideration when working with embryonic
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tissue. The sensitivity of these microarrays is also greater than that of proteomics methodologies.
Well over a dozen comparative expression analyses of mouse embryonic gonadal material have
been performed at the mRNA transcript level, together identifying differential expression of
thousands of genes [235,236,328-336,454-459].
The vast majority of differentially expressed genes identified in those screens were not detected in
the present screen at the protein level. There are a number of possible explanations for this
discordance. First, variations in mRNA expression may not manifest at the protein level. Second,
the expression differences of the resultant gene products may be temporally delayed and may not
have occurred within the developmental timeframe of the present study. Third, the variation in
levels of the protein products may be minor and/or transient. In these instances, the differences may
not be detectable, they may not be above the threshold set for the proteomics screen, or they may
not be statistically significant. Finally, the corresponding proteins may be unstable and/or of low
abundance, so as to escape detection by the proteomics technology used. Nonetheless, the sexspecific differences in expression reported at 11.5 dpc for genes, Hist1h4a/h-j [334] and Eif4a1
[236], concurred with the differential expression patterns observed for their encoded proteins
(histone H4 and EIF4A1) in our data set.
Similarly, differential expression patterns of genes corresponding to the remaining 13 proteins
identified here were not reported in any of the transcriptomics screens analysed [235,236,328336,454-459]. Aside from explanations analogous to those given above, the genes may not be
represented on the array platforms used in these screens. This limitation applies particularly to
Affymetrix cDNA microarrays [236,334-336,454,456-458], which do not contain probes for genes
encoding two proteins (LOC674678 and EG433225) identified in the present proteomics screen.
This deficiency highlights the importance of complementing transcriptomics studies with
proteomics analyses.
As has been demonstrated in this study, and by others [411,460-464], there is often little or no clear
correlation between the total abundance of an mRNA and its encoded protein, nor between their
differential expression profiles. Indeed, only two (of 15) proteins from our screen had similar gene
expression profiles. Moreover, the advantage of studying the proteome (rather than the
transcriptome) is that it reports on the functionally active gene products that directly regulate
molecular events, in our case these include gonad organogenesis, sex determination and
differentiation of germ cells. With further improvements in the sensitivity, proteomics techniques
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are likely to assume an increasingly complementary role in efforts to generate a complete molecular
profile of the biological system being analysed (for reviews see refs. [411-414]).

Identification of proteins potentially regulating sex determination
The seven sex-specifically expressed proteins identified in this study have not been detected
previously at the protein level in embryonic gonads at the time point studied and so provide novel
leads for further study.

Proteins up-regulated in the ovary
Four redundant proteins had increased expression specific to the embryonic ovary at 11.5 dpc and
are possibly involved in initiating the female gonad developmental pathway. These proteins are
histone H4, a protein similar to histone H4 (LOC674678) and EEF1A isoforms 1 and 2.
Histone H4 is a core component of the nucleosome, the function of which is to organise
chromosomal structure thereby affecting all chromosomal processes including gene regulation,
chromosome condensation, recombination, and replication [502,503]. The present study is the first
to report histone H4 protein expression in the mouse embryonic gonads at 11.5 dpc, though it has
been detected in testes at a later stage in development [468]. Interestingly, Beverdam and Koopman
[334] found higher levels of Hist1h4a/b/h-j transcripts in the ovary at 11.5 dpc, similar to the
present observations at the protein level, making it a strong candidate for a role in ovary
differentiation. However, histone H4 protein has been reported in mouse adult testis germ-line cells
[468-470], indicating that its function is not restricted to ovary development. At present, a targeted
knock-out mouse for histone H4 is not available, though it will be of interest to examine such a
mouse, when available, for a phenotype related to embryonic ovary differentiation. LOC674678
contains an additional 55 amino acids at the N-terminal of histone H4, and may carry out an
equivalent function in packaging DNA. However, no human orthologue exists and, at present, no
other expression data are available in mouse gonads at either the gene or protein level. Also, the
peptide used for identification was redundant for both histone H4 and LOC674678, therefore it is
possible that only the former protein is differentially expressed.
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EEF1A binds to aminoacyl tRNA and delivers it to the entry site of the ribosome, making it a key
component in the elongation phase of protein translation [504]. In the mouse, the two isoforms
(EEF1A1 and 2) share more than 90% sequence identity, potentially performing the same or similar
roles in protein synthesis. Eef1a1 was reported in mouse 12.5 dpc ovary/mesonephros and also in
adult testis and ovary [482], indicating that its function is not restricted to embryogenesis nor to the
ovary. McClive and co-workers [333] found higher levels of Eef1a1 in the testis at 12.0-12.5 dpc, in
contrast to our present data for the protein at 11.5 dpc. Resolving this discrepancy requires
additional analysis. Eef1a2 has not been analysed in mouse embryonic gonads, and it is reportedly
absent from the adult testis and ovary [482], so our present findings may suggest an embryospecific function. However, the spontaneous Eef1a2-/- ‘wasted’ mutant mice do not exhibit any
developmental abnormalities in the gonads [490], suggesting that this isoform does not play a
significant part in gonad development and/or sex determination events. Moreover, the peptide used
for identification was redundant for both EEF1A proteins, so it is possible that EEF1A1 is the only
isoform that is differentially expressed.
Identification of these proteins further supports the concept that, although the ovary is
morphologically quiescent, a female-specific molecular program is in place by this early stage in
gonadogenesis (for reviews see refs. [325,505]). How the proteins mentioned above fit into this
molecular program remains to be investigated.

Proteins up-regulated in the testis
Three redundant proteins had increased expression specific to the embryonic testis at 11.5 dpc and
are possibly involved in initiating the male gonad developmental pathway. These proteins are
EIF4A isoforms 1 and 2 and a protein similar to EIF4A1 (EG433225).
EIF4A is required for binding of mRNA to the ribosome thereby regulating initiation of
transcription and translation. The murine EIF4A isoforms 1 and 2 belong to a family of ATPdependent DEAD-box RNA helicases [506,507], share approximately 90% amino acid sequence
identity, and likely execute comparable functions during protein synthesis. Nef and colleagues
[236] detected higher levels of Eif4a1 mRNA in the testis at 11.5 dpc, making it a strong candidate
for a role in testis differentiation. Eif4a2 mRNA expression has not previously been associated with
embryonic gonads, but has been reported in mouse adult testis and in oocytes [483], indicating that
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its function is neither embryo- nor testis-specific. The gene-trapped mouse for Eif4a2 [359] is not
publicly available at present, but should be analysed for a gonadal/reproductive phenotype. Nielsen
and Trachsel [508] reported similar levels of Eif4a1 in all mouse tissues examined, while Eif4a2
levels were much more varied. EG433225 shares almost 90% sequence identity with EIF4A1, and
may have an analogous function in transcriptional/translational regulation. However, there is no
human orthologue and currently no other expression data available in mouse gonads at either the
gene or protein level. In addition, the peptide used for identification was redundant for both EIF4A
isoforms and EG433225, making it possible that the latter protein is not differentially expressed.

Identification of proteins potentially regulating testis differentiation
The eight temporally-regulated testis proteins identified in this study have not previously been
detected at the protein level in embryonic testes during the time course studied. Hence, they provide
potential insights into the dynamics of testis differentiation at a critical point in its development.

Up-regulated proteins
Five proteins had increasing expression in the embryonic testis from 11.5 to 12.0 dpc. These
include three redundant proteins, DDX3X, DDX3Y and D1PAS1, as well as TUBB5 and ATP5A1.
These proteins are likely to be performing functions necessary for the continued differentiation of
the testis and/or inhibiting the ovarian developmental pathway.
Mouse DDX3X, DDX3Y and D1PAS1 belong to the DEAD-box family of ATP-dependent RNA
helicases and are involved in initiation of translation of mRNA at the ribosome [509]. DDX3X and
DDX3Y are sex chromosome homologues that share approximately 90% protein sequence identity
and may therefore perform a similar function. D1PAS1 is their autosomal homologue [509] and
shares over 90% identity with DDX3X, and approximately 85% identity with DDX3Y, at the amino
acid level.
Ddx3x mRNA has been detected in embryonic mouse testes at high levels that remain stable
throughout testis development and in adult gonads of both sexes [419,482,485]. Moreover, Bouma
et al. [458] detected elevated levels of Ddx3x in the ovary compared to testis at 13.0 dpc, suggesting
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that its function is not specific to the embryo or the testis. Ddx3x expression is induced in response
to fibroblast growth factors (FGFs) [485].
Ddx3y mRNA also was detected in mouse embryonic testes; expression levels increased gradually
during embryonic development [419]. This expression profile is comparable to that observed here,
making Ddx3y a strong candidate in testis differentiation. The increase in protein expression
(~2000-fold) was far greater than the increase observed for the mRNA transcript (3-fold) [419],
possibly as a result of post-transcriptional and/or post-translational modifications, or of the different
methods used to extract and identify proteins and transcripts. Ddx3y was also found in adult mouse
testis, but not ovary [419,486], indicating that its function is not embryo-specific. Ddx3y was also
identified male-specifically in previous screens of embryonic gonads [235,236,334,336,456,458],
consistent with it being encoded on the Y-chromosome. In humans, absence or mutation of the
orthologous gene DDX3Y, is associated with azoospermia, a condition resulting in male infertility
[449,491-493]. In mice, Ddx3y maps to a syntenic region linked with spermatogenesis [486].
However, when this region is deleted, introduction of Ddx3y as a transgene does not rescue
spermatogenesis in mice [448]. This species difference is thought to be attributed to the expression
of D1Pas1 [419,448].
D1Pas1 mRNA has not previously been detected in embryonic testis or adult ovary but was found
in the adult testis in the mouse [417,419]. In the adult testis, D1Pas1 expression was restricted to
germ-line cells where it functions in pre-mRNA processing during spermatogenesis [417-419]. No
human orthologue has been reported for D1PAS1, indicating that this role in mouse
spermatogenesis is species-specific. As D1PAS1 does not reportedly function in the embryonic
testis, and because the peptide used for identification was redundant for all three protein
homologues (DDX3X, DDX3Y and D1PAS1), it is likely that D1PAS1 is not the differentially
expressed protein detected in the present screen.
Tubulin β is a principal subunit of microtubules which form a diverse variety of eukaryotic cell
structures such as the mitotic apparatus, cilia, flagella, and cytoskeletal elements [510]. Lewis et al.
[487] found expression of Tubb5 mRNA in mouse testes at 22 dpp, and Lewis and Cowan [471]
detected TUBB5 protein in adult mouse Sertoli cells. Freeman et al. [482] also reported Tubb5
mRNA expression in adult testis and ovary, supporting the notion that TUBB5 function is not
specific to developmental stages in the testis. Moreover, TUBB5 protein was found in chicken
PGCs by Han et al. [344], suggesting a conserved function in male germ cell development.
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ATP5A1 is a subunit of ATP synthase which localises to the mitochondrial membrane. ATP
synthase uses a hydrogen ion (H+) pump to establish a H+ gradient across the membrane to produce
ATP via oxidative phosphorylation [511]. Atp5a1 cDNA is reportedly expressed in mouse adult
testis [478], indicating that its function is not embryo-specific. A spontaneous null mutation in
Atp5a1 is embryonic lethal in mice [494], making any major testis differentiation abnormalities
difficult to detect. It is therefore possible that ATP5A1 plays an as yet undefined role in
development of the testis.

Down-regulated proteins
Three proteins (HSPA5, VIM and TPI1) had decreasing expression in the embryonic testis from
11.5 to 12.0 dpc. These proteins may be expressed at peak levels very early in testis differentiation
(before 12.0 dpc). Alternatively, they may not be necessary for (or antagonise) testis differentiation
and/or they could have a pro-ovary developmental role.
HSPA5 is a stress-inducible endoplasmic reticulum (ER) chaperone that belongs to the HSP70
family. It is involved in many cellular processes including protein folding, assembly and transport,
targeting mis-folded proteins for proteasome degradation, regulating calcium homeostasis, and
serving as a sensor of ER stress [512]. Hspa5 mRNA has not been analysed in the embryonic or
adult mouse gonads. Huo and co-workers [472] found increasing levels of HSPA5 in germ cells of
1-, 4- and 7-week old mouse testes, and suggested a possible anti-apoptotic role for HSPA5 in
spermatogenesis. In mouse adult ovaries, HSPA5 was reportedly expressed in both follicular and
luteinising germ cells, with expression levels increasing throughout the menstrual cycle and
peaking at ovulation [474]. This expression was localised to the oolemma and again its function
was postulated to be anti-apoptotic [473]. Moreover, Han et al. [344] detected HSPA5 protein in
developing chicken PGCs. Together these data indicate a potentially function for HSPA5 in germ
cell development that is conserved between species but not restricted to the testis during
embryogenesis. Hspa5 homozygous null mutant mice die at the peri-implantation stage [495],
making it impossible to determine if any abnormalities in gonad and germ cell differentiation occur.
Vimentin is an intermediate filament responsible for stabilising the architecture of the cytoskeleton
of mesenchymal cells [513]. VIM protein was found in Sertoli and interstitial cells of adult mouse
testes [475,476], negating an embryo-specific function. Han et al. [344] also detected VIM in
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developing chicken PGCs, which could indicate a conserved role in germ cell development between
species. McClive and co-workers [333] detected Vim mRNA in the epithelium of both embryonic
testes and ovaries; the Vim transcript was found at higher levels in the embryonic testis at 12.0 and
13.0 dpc [333,458], indicative of a function in testis differentiation. This possibility is at odds with
what we can conclude from the protein expression profile and this discrepancy requires additional
analysis. However, Vim homozygous null mutant mice exhibited normal reproductive function
[475], suggesting that any role vimentin plays in gonad/germ cell development and/or sex
determination events is minor and/or redundant.
TPI1 is a metabolic enzyme with a key role in glycolysis, gluconeogenesis, fatty acid synthesis, and
the pentose phosphate shunt. TPI1 catalyses the inter-conversion between dihydroxyacetone
phosphate and D-glyceraldehyde 3-phosphate [514]. Tpi1 mRNA was found in mouse postnatal
ovary and testis [434,489], reflecting that its function is neither embryo- nor testis-specific.
Interestingly, Russell and Kim [434] show that retinol and retinoic acid induce Tpi1 transcript
expression in adult rat Sertoli cells. The opposite could therefore be occurring in the embryonic
testis, where retinoic acid is degraded by Cyp26b1 [213,214], potentially leading to the decrease in
TPI1 that we report. The associated decrease in Sertoli cell glycolysis may in turn influence the
timing of male germ cell mitotic arrest, because it is well established that Sertoli cells convert
glucose to lactate which they then supply to germ cells as their main energy source [515,516]
without which, the germ cells arrest. This hypothesis warrants further investigation. ENU-induced
Tpi1 null mutant mice (Tpi1-/-) die early in embryogenesis [496], making major abnormalities in
gonad and germ cell differentiation impossible to detect. In addition, the human orthologue for
TPI1 influences sperm-egg binding and therefore male fertility [497]; however this function is not
related to embryonic testis development.

CONCLUDING REMARKS
We present here the first differential protein expression analysis of embryonic gonads at the onset
of sex determination, in order to provide a useful resource to further our understanding of the
molecular landscape of gonadal development at the protein level. We report the novel sex- or stagespecific differential expression patterns of 15 proteins, none of which have previously been reported
in the embryonic gonads at the time of sex determination. Thus, each protein represents a potential
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new lead in the study of gonadogenesis, sex determination and germ cell differentiation, and human
disorders associated with these processes.
Although the present data set is small in comparison to available transcriptomics screen analyses, it
reports expression of the functionally active gene products. In addition, our data set is five times
larger than the only other differential proteome screen of similar gonadal samples, reflecting
advances made in the sensitivity of proteomics technologies and larger samples of input proteins
derived from a small and inaccessible biological tissue.

FUTURE STUDIES
One challenge for further studies will be to determine which of the redundant proteins identified in
the present screen is genuinely differentially expressed. One approach to validate the differential
expression patterns could involve immunoblotting followed by densitometry. Also, the spatiotemporal expression of candidate proteins could be confirmed using immunohistochemical
methods. In each instance, antibodies capable of distinguishing between the highly homologous
proteins would be necessary to address the redundancy issue.
There are also a variety of MS-based quantitative proteomics approaches that could validate,
complement and extend upon the results obtained in this screen. These ‘gel-free’ methods utilize a
protein/peptide labelling step prior to separation. The most common methods include: isotope
coded affinity tag (ICAT) labeling [517,518];

18

O isotope labelling [519,520]; stable isotope

labelling by amino acids in cell culture (SILAC) [521-523]; and labelling with isobaric tags for
relative and absolute quantification (iTRAQ) [524,525]. Each labelling method (except iTRAQ)
imparts a mass difference as the basis for quantitation by measurement of relative peak areas of MS
and/or MS/MS mass spectra. The main disadvantages of these techniques are that: only 2-3 samples
can be compared at one time except with iTRAQ which allows comparison of up to eight samples;
and label binding chemistries which all rely on the presence of specific amino acids except enzyme
catalyzed 18O labelling.
A ‘gel-based’ protein separating technology, 2D difference gel electrophoresis (DIGE; [526,527],
followed by MALDI-TOF MS for protein identification, was also considered when this study was
initiated. As above, this technique utilizes a protein pre-labelling step with fluorescent cyanine dyes
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(CyDyes). The main benefits of 2D DIGE are that: it requires only a small amount of protein (~5 µg
per sample when performing saturation labelling) to perform quantitative differential analyses; and
gel-to-gel variations typical of traditional 2D gel techniques) are eliminated with the inclusion of an
internal standard [526]. The main disadvantages are that: only 2-3 samples can be compared at one
time; label binding chemistries (as mentioned above); inferior protein resolving compared to ‘gelfree’ methods; and, most importantly, it requires a large amount of protein (several orders of
magnitude greater than that required in the methodology chosen for this screen) to actually identify
any differentially expressed proteins by MALDI-TOF MS [528,529]. Only when these hurdles are
overcome could 2D DIGE be re-considered as a complementary approach for this screen.
Finally, targeted inactivation of corresponding genes, either singly or in combination, and either
constitutively or tissue-specifically, will further illuminate the functional relevance of the proteins
in the present data set.
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SUMMARY
Background Information: Germ cell sex differentiation in the mouse embryo is denoted by meiosis
entry in females and mitotic arrest in males. Because p38 MAP kinase (MAPK) signalling initiates
mitotic arrest in other differentiating cell types, we investigated its potential role in male germ cell
differentiation in mice. Results: We report here that p38 MAPK is phosphorylated, and therefore
activated, only in male germ cells around the time of sex differentiation. Quantitative RT-PCR
analysis showed that 14 known targets of p38 MAPK signalling are expressed in the embryonic
gonads at this time. Inhibition of p38 MAPK signalling in male germ cells ex vivo reduced
expression of the pluripotency marker POU5F1 and increased expression of Stra8 and SCP3, premeiosis and meiosis markers, respectively, to levels similar to those observed in female germ cells.
Conclusions: These data suggest that p38 MAPK signalling inhibits meiosis in male germ cells,
instead directing them towards quiescence.

INTRODUCTION
Germ cells are the precursors of the gametes, which are responsible for conveying DNA from one
generation to the next. Following colonisation of the embryonic gonads, germ cells (also known at
this stage as gonocytes) exhibit a sexually dimorphic developmental pattern, characterised by
meiosis entry in the ovary and mitotic arrest in the testis. Differentiation is not cell-autonomous but
instead is controlled by factors emanating from the somatic environment (for reviews see refs.
[212,530]). What happens within germ cells upon receipt of these somatic cues remains to be
investigated.
Recent studies highlight the central role that retinoic acid (RA) plays in initiating meiosis entry in
female mouse embryos around 13.5 days post coitum (dpc) [213,214]. RA is synthesised in both
sexes in the mesonephroi, which lie adjacent to the embryonic gonads, and diffuses or is transported
into the developing gonads. Once in the gonads, RA is thought to induce the expression of the gene
Stra8, which encodes a protein required for pre-meiotic DNA replication and subsequent entry into
meiosis prophase I [167,172,173]. From 13.5 dpc meiotic germ cells down-regulate the germline
pluripotency marker Pou5f1 (or Pou5f1) [179,180], and up-regulate the meiosis markers Sycp3 (or
Scp3) [174,175] and Dmc1 [177,178], indicating that differentiation has occurred. It has not been
determined how RA acts on female germ cells to up-regulate Stra8 and initiate meiosis.
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In male gonads, active removal of RA prevents male germ cells from entering meiosis [213,214].
By 12.5 dpc, germ cells are sequestered within testis cords composed of Sertoli cells (reviewed in
ref. [325]). Sertoli cells express the cytochrome P450 gene Cyp26b1, which encodes a RAdegrading enzyme. As a result of this degradation of RA, male germ cells do not up-regulate Stra8
and do not enter meiosis until after birth [213,214]. The delay in meiosis entry is evidently
necessary for proper testis development, in view of the observation that meiotic germ cells have a
detrimental effect on testis cord formation [169].
Instead of entering meiosis around 13.5 dpc, germ cells in XY embryos exit the mitotic cell cycle at
the G1 phase and remain quiescent until shortly after birth, when they re-commence mitotic
division and then enter meiosis [163]. The molecular mechanisms underlying entry into mitotic
arrest of male germ cells remain unknown. CYP26B1-mediated removal of RA from the testis
appears to be required [240], but it is not known whether CYP26B1 has other direct or indirect
influences on male germ cells to ensure meiosis inhibition and/or mitotic arrest. Moreover, male
germ cell differentiation relies on secretion of other, as yet unidentified, factors from Sertoli cells
via the endosomal transmembrane protein TMEM184A, to inhibit meiosis and induce mitotic arrest
[219,238,239]. These other somatic cues presumably affect germ cell intracellular signalling
pathways and ultimately gene transcription.
The p38 mitogen-activated protein kinase (MAPK) intracellular signalling pathway is activated in
response to various cellular stresses, inflammatory cytokines and growth factors (reviewed in refs.
[531-533]). Phosphorylation at Thr180 and Tyr182 by upstream MAPK kinases -3, -4 and -6
activates p38 MAPK [534-536]. Once activated, p38 MAPK either remains in the cytoplasm [537]
or is translocated into the nucleus where it elicits its effects on transcription [538]. p38 MAPK
signalling can initiate G1 mitotic arrest in a variety of terminally differentiating cell types [245,539543], prompting us to examine its potential involvement in the regulation of sex-specific
differentiation of mouse germ cells.
In this study, we analysed the expression and activation of p38 MAPK, and several of its
downstream targets, during mouse fetal germ cell differentiation. We found that activation of p38
MAPK is specific to male germ cells from 12.5 dpc, and that 14 of its targets are also expressed in
male germ cells around the time of sex differentiation. When this signalling pathway was inhibited,
male germ cells appeared to differentiate along the female, meiotic lineage. These data point to a
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hitherto unknown role for p38 MAPK in inhibiting meiosis possibly by initiating mitotic arrest in
male germ cells.

EXPERIMENTAL PROCEDURES

Animals
Ethical approval was secured from Institutional and State authorities for the use of all mice in this
study. Embryos were collected from timed matings with noon of the day the mating plug was
observed designated 0.5 dpc. For more accurate developmental staging, used for microarray studies,
the tail somite (ts) stage of each embryo was determined by counting the number of somites
posterior to the hind limb [466]. Using this method, 11.5 dpc corresponds to approximately 18 ts,
12.0 dpc to 23 ts, and 12.5 dpc to 28 ts. The X-linked enhanced green fluorescent protein (EGFP)
marker transgenic mouse line [340], which was a kind gift from Andras Nagy, was used for all
experiments except fluorescence immunostaining studies and gonadal cell separation experiments,
which used the CD1 outbred mouse strain. Sexing of CD1 embryos was determined by Zfy
polymerase chain reaction (PCR) using 5’-GACTAGACATGTCTTAACATCTGTCC-3’ and 3’CCTATTGCATGGACTGCAGCTTAT-5’ primers [544].

Embryo and gonad collection and preparation
For the Affymetrix microarray screen, gonads were dissected in ice-cold phosphate buffered saline
(PBS) from X-EGFP mice at 11.5, 12.0 and 13.5 dpc and mesonephroi were removed. Sexed
gonads (5-10 pairs) were pooled into their relevant sex/age-specific groups in triplicate [545]. For
immunofluorescence experiments, 11.5, 12.5 and 13.5 dpc CD1 embryos were collected in ice-cold
PBS and fixed for several hours with 4% w/v paraformaldehyde (PFA; Sigma-Aldrich) in PBS.
Embryos were then paraffin embedded before sectioning (5 µm, sagittal) with a microtome (Leica).
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MiniMACS germ and gonad somatic cell separation
Gonads were isolated from 12.5 and 13.5 dpc CD1 mice embryos by dissecting in ice-cold PBS.
Each cell separation used embryonic gonads pooled from 4-6 litters and was repeated 3 times. XX
and XY gonads were kept separate with mesonephroi removed. Gonads were rinsed twice with
GIBCO cell dissociation buffer (Invitrogen) and incubated with agitation in the dissociation buffer
for 5 min at 37°C before dissociation using a 21G needle. Dissociated cells were diluted to 1.5 ml
with MACS buffer (PBS containing 2 mM ethylenediaminetetraacetic acid (EDTA) and 0.5% w/v
bovine serum albumin) and centrifuged at 500 x g for 10 min at 4°C. Pelleted cells were
resuspended in 1:50 dilution of rat anti-mouse E-Cadherin (Santa Cruz) in MACS buffer and
incubated with agitation for 45 min at 4°C. Cells were then washed twice with MACS buffer by
centrifugation and incubated in 1:5 dilution goat anti-rat IgG magnetic beads (Miltenyi Biotec) in
MACS buffer with agitation for 15 min at 4°C. Cells were then washed twice with MACS buffer by
centrifugation, resuspended in 1.5 ml MACS buffer and applied to a pre-soaked MiniMACS
column (Miltenyi Biotec) on magnetic backing. Somatic cells were eluted with 3 ml of MACS
buffer and the column was then removed from the magnetic backing and germ cells eluted in 3 ml
MACS buffer. Purified somatic and germ cells were then centrifuged at 10 000 x g for 1 min in
preparation for immediate RNA extraction and subsequent analysis by quantitative reverse
transcription PCR (qRT-PCR).
Purity of the cell populations was determined using qRT-PCR analysis for expression of two germ
cell markers, Mvh and Pou5f1 [37,114]; two XY somatic cell markers, Sox9 and 3βHsd [289,546];
and two XX somatic cell markers, Wnt4 and Fst [315,316]. qRT-PCR primers are listed in
Table 11. Using these methods germ cell purity was estimated at >75% for 12.5 dpc and >90% for
13.5 dpc populations.
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Table 11: qRT-PCR primers.
Gene Symbol
18S
Mvh
Pou5f1
Sox9
3βHsd
Fst
Wnt4
Stra8
Scp3
p38α
p38β
p38γ
p38δ
Mk2
Mk3
Mk5
Mnk1
Msk1
p53
p21
Stat1
c-Myc
n-Myc
Elk1
Mef2a
Atf2
Ets1
Sp1
Tau
c-Pla2
Creb1
C/Ebpa

Accession #
X56974
NM_010029
NM_013633
NM_011448
NM_008293
NM_008046
NM_009523
NM_009292
NM_011517
NM_011951.1
NM_011161.4
NM_013871.2
NM_011950.1
NM_008551.1
NM_178907.1
NM_010765.1
NM_021461.2
NM_153587.2
NM_011640.1
NM_007669.2
NM_009283.2
NM_010849.4
NM_008709.2
NM_007922.3
NM_001033713.1
NM_009715.2
NM_001038642.1
NM_013672.1
NM_010838.3
NM_008869.2
NM_133828.2
NM_007678.2

Primer Sequence (forward)
GATCCATTGGAGGGCAAGTCT
ACGGAATGCCATCAAAGGAACAAC
TGCGGAGGGATGGCATACTG
AGTACCCGCATCTGCACAAC
GGACAAAGTATTCCGACCAGAAACC
GACAATACTCTCTTCAAGTGGATGTTT
CTGGACTCCCTCCCTGTCTTT
CCTAAGGAAGGCAGTTTACTCCCAGTC
AAATCTGGGAAGCCACCTTTGG
AACCAGACAGTGGATATTTGGTC
GTCCTGAAGTTCTGGCAAAGA
ACCTGATGAGTCTCTGGACGA
TCGGAGCTTCCATGATTTCT
CAGCAAAAATTCGCCCTAAA
GACACCCTGCTACACTCCCTA
GTGTTTGCTAACAGTGTACAGTTCC
TGGCTGGAAGACACCAGTC
ATCTCCTTTCACTGTCGATGG
ACGCTTCTCCGAAGACTGG
TCCACAGCGATATCCAGACA
TGAGATGTCCCGGATAGTGG
CCTAGTGCTGCATGAGGAGAC
CCTCCGGAGAGGATACCTTG
CTGCTCCCCACACATACCTT
AGAGTTTTCTGCAAGAATCAAACA
GCTGGCAGGACCATGAAT
TGGTTTCACAAAAGAACAGCA
GCCCCTATTGCAAAGACAGT
AGCAGGCATCGGAGACAC
GTGAGGGGCTTTATTCCACA
CCAAACTAGCAGTGGGCAGT
TGAGAAAAATGAAGGGTGCAG

Primer Sequence (reverse)
CCAAGATCCAACTACGAGCTTTTT
CCCAACAGCGACAAACAAGTAACTG
GCACAGGGCTCAGAGGAGGTTC
TACTTGTAATCGGGGTGGTCT
CAGCAGTGTGGATGACAACAGAGATG
GGTTTATTCTTCTTGTTCATTCGACAT
CATGCCCTTGTCACTGCAA
GCAGGTTGAAGGATGCTTTGAGC
TGGAGCCTTTTCATCAGCAACATC
TGAGCTTCAACTGATCAATATGGT
CACTGCTGAGGTCCTTCTGG
CCAGATCAGTGCCCATGAAT
TTCCATCCCCATGATCTTCT
AGTGCAGCTCCACCTCTCTG
CAGGACTTGTCATACTTCTCTGGA
CATCTCCATTACAATTAAGAGTCGAG
TCACTGCTGCCCATCTCC
GAGGCTCACTTTTTAAAATTCTCCTA
AGGGAGCTCGAGGCTGATA
GGACATCACCAGGATTGGAC
CGCCAGAGAGAAATTCGTGT
CCTCATCTTCTTGCTCTTCTTCA
TCTCTACGGTGACCACATCG
GGGTGCAATTGGACTCAGA
TCCAATCTCCTAATGCATCGT
TACTTCCCAAGTTGCCATCTAGT
GACGTGGGTTTCTGTCCACT
GCTGTTTCTTTTTGCCAGGA
CATTTCCTGTCCTGTCTTTGC
GAAACCCCCACCTGAACC
CCCCATCCGTACCATTGTT
CGGGATCTCAGCTTCCTGT

Amplicon (nt)
103
119
140
145
146
128
136
137
111
103
90
68
73
67
69
72
75
74
67
60
75
68
90
96
104
60
70
60
92
65
77
60
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Gene Symbol Accession #
Ddit3
NM_007837.2
Max
NM_008558.1
Hbp1
NM_153198.1
nt, nucleotide(s)

Primer Sequence (forward)
GCGACAGAGCCAGAATAACA
TGCTCTTCTGGAGCAACAAGT
TTCCATGAATAGCCACCACA

Primer Sequence (reverse)
GATGCACTTCCTTCTGGAACA
TGGAGTCTGAACCCCCATC
GACAATGACACCGACACCAT

Amplicon (nt)
61
146
115
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Gonad explant culture
Urogenital ridges (UGRs, mesonephros plus gonad complex) were isolated from 11.5 dpc X-EGFP
or CD1 embryos by dissecting in GIBCO Leibovitz’s L-15 medium (Invitrogen) at room
temperature. UGRs from at least two litters were pooled for each of at least three independent
culture experiments. XX and XY UGRs were kept separate and cultured in GIBCO DMEM
medium containing 10% v/v fetal calf serum and 50 µg/ml ampicillin for 72 h at 37°C with 5% CO2,
as described previously [214,547]. Culture medium also contained either of the p38 MAPK
inhibitors SB202190 or SB203580 (10 µM; Merck; refs. [548,549]), or equivalent DMSO solvent.
Fresh culture media was added daily. For experiments analysed by qRT-PCR (where good
morphology was not critical), UGRs were cultured on polycarbonate filters (5.0 µm; GE Corp.)
floating on the appropriate medium. Cultured UGRs were then stored in RNAlater (Applied
Biosystems)

at

4°C in preparation for

RNA extraction.

For

cultures

analysed

by

immunofluorescence or histological staining (where good morphology was critical), UGRs were
suspended on discs of 1.5% w/v Bacto agar (BD) in GIBCO DMEM medium (Invitrogen) that had
been pre-equilibrated in the appropriate medium. Cultured UGRs were then fixed with 4% w/v PFA
(Sigma-Aldrich) in PBS, embedded in paraffin and sectioned (5 µm, sagittal) with a microtome
(Leica).

RNA extraction and cDNA synthesis
For whole gonad microarrays, total RNA was extracted, amplified and fragmented as previously
described [545]. For purified gonadal somatic and germ cells, total RNA was isolated using the
RNeasy Micro kit (Qiagen) as per manufacturers’ instructions, including the optional DNaseI step.
For cultured UGRs, the SV total RNA isolation system (Promega) was used as per manufacturer’s
instructions. RNA quality and quantity was determined by spectroscopy at 230, 260 and 280 nm
using a Nanodrop (Nanodrop Technologies). cDNA was synthesised from 1 µg RNA by reverse
transcription (Superscript III, Invitrogen) using random primers (Promega) according to
manufacturers’ instructions.
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Microarray screen
The Affymetrix microarray screen has been described previously [545]. Briefly, whole gonad
amplified RNA samples were hybridised with probes affixed to Affymetrix mouse 430v2 chips.
Chips were then hybridised before being washed and stained on a Fluidics Station 450 using
protocol EukGE-WS2v5. Chips were then scanned with an Agilent GeneArray Scanner 3000 and
analysed using DNA-Chip Analyzer software (DChip 2005). Probe sets for the p38 MAPK
isoforms were identified in GeneSpring. Results for the seven corresponding probe sets are
represented as mean normalised expression ± SEM. To determine the probability that gene
expression differences were due to chance alone, p-values were calculated in DChip using a paired
t-test.

Quantitative RT-PCR
All experiments were performed in triplicate and repeated on three independent cDNA samples.
Briefly, samples were analysed in 25 µl reactions containing 1 µl cDNA, SYBR Green PCR master
mix (Applied Biosystems) and 150 nM stock of each forward and reverse primer (GeneWorks).
Intron-spanning primers were designed for each gene using the Universal Probe Library tool
(https://www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp) and are available in Table 11
(above). The ABI Prism-7000 Sequence Detection System (Applied Biosystems) was used to
analyse relative cDNA levels. Cycling conditions used an initial 10 min step at 95°C followed by
40 cycles of 95°C for 15 s and 60°C for 1 min in a two-step thermal cycle. Target cDNA levels
were analysed by the comparative cycle time (Ct) method for qRT-PCR. For purified gonadal
somatic and germ cells, values were normalised to 18S rRNA levels. For cultured UGRs, values
were normalised to Mvh mRNA expression levels. Results are represented as mean ± SEM and the
Students’ t-test (two-tailed) was used in Excel to calculate a p-value determining the probability
that expression differences for each gene were due to chance alone.
qRT-PCR dissociation curves were analysed for each primer set to verify the amplification of a
single product. Standard electrophoresis protocols using 2% w/v agarose gels were also used to
confirm that each primer set amplified a single product of the expected size and to confirm the
absence of genomic DNA. Finally, PCR products were gel-purified, cloned and sequenced using
standard procedures, to confirm that the correct gene was amplified.
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Section immunofluorescence and histological analysis
Mouse embryo and cultured UGR sections were dewaxed with xylene and rehydrated through an
ethanol series. Immunofluorescence was performed as described previously [277]. Primary
antibodies used were: anti-phospho p38 MAPK (rabbit monoclonal; Cell Signalling Technology),
anti-POU5F1 (mouse monoclonal; Santa Cruz) and anti-SCP3 (mouse monoclonal; Abcam), all
used at 1:50. Secondary antibodies used were: goat anti-rabbit Alexa Fluor 488 (Invitrogen) and
goat anti-mouse Alexa Fluor 594 (Invitrogen), used at 1:200. For morphological analysis of
cultured UGRs, sections were stained with hematoxylin and eosin (H&E; Sigma-Aldrich). All
sections were then mounted in PBS with 60% v/v glycerol.
Immunofluorescence-labelled sections were imaged using an LSM-510 META inverted confocal
microscope (Zeiss). H&E section images were captured on an Olympus BX51 brightfield/darkfield
microscope. Photographs were taken with an Olympus DP-70 camera using the default settings of
the Olympus software DP Controller (version 2.1.1.183). Representative images from one of three
experiments are presented.

RESULTS

Expression of p38 MAPK isoforms in whole embryonic gonads
In order to test the hypothesis that p38 MAPK might be involved in sex-specific differentiation of
fetal germ cells, we first determined expression levels for genes encoding p38 MAPK isoforms in
mouse embryonic gonads around the time of germ cell differentiation. We extracted total RNA
from gonads aged 11.5 to 13.5 dpc and performed a microarray expression screen using the
Affymetrix mouse 430v2 chipset representing over 45,000 transcripts. All p38 MAPK isoform
genes (α, β, γ and δ; corresponding to Mapk14, 11, 12 and 13) were represented on the microarray
chipset. One p38α probe (1416703_at) was ~1.5-fold higher sex-specifically in 13.5 dpc XX gonads
(p<0.05; Fig. 18A); two other p38α probes (1416704_at and 1451927_a_at) decreased ~60% and
~80% (respectively) in XX gonads during the developmental period analysed (p<0.01 and p<0.05,
respectively; Fig. 18A); p38β (1421925_at and 1421926_at) was not differentially expressed (Fig.
18B); p38γ (1449283_a_at) decreased ~30% in XY gonads during the developmental period
analysed (p<0.05; Fig. 18C); p38δ (1448871_at) increased ~2-fold in XY gonads between 11.5 and
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12.0 dpc (p<0.05) and was ~2.5- and ~3-fold (respectively) higher sex-specifically in 12.0 and
13.5 dpc XY gonads (p<0.01 and p<0.05, respectively; Fig. 18D).

Fig. 18: p38 Mapk transcripts are expressed in embryonic gonads. Graphs show Affymetrix microarray
expression levels for p38 MAPK isoforms in XY and XX gonads between 11.5 and 13.5 dpc. (A) p38α was
higher in XX gonads at 13.5 dpc (1416703_at), p38α also decreased in XX gonads over the time period
analysed (1416704_at and 1451927_a_at); (B) p38β was similar in all gonads (1421925_at and 1421926_at);
(C) p38γ decreased in XY gonads over the time period analysed (1449283_a_at); and (D) p38δ was
consistently higher in XY gonads, p38δ also increased in XY gonads over the time period analysed
(1448871_at). Results are represented as mean normalised expression from raw intensity values ± SEM (n =
3); * p<0.05, ** p<0.01.
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Expression of p38 MAPK isoforms in purified embryonic germ cells
To characterise gene expression levels for the four p38 MAPK isoforms (α-δ) specifically in
differentiating germ cells, we isolated RNA from immuno-purified germ and somatic cell
constituents of XY and XX gonads at 12.5 and 13.5 dpc and performed qRT-PCR. Results were
normalised against expression of 18S rRNA to control for cell number (Fig. 19).

Fig. 19: p38 Mapk transcripts are expressed in embryonic germ cells. Germ cells (GC) and somatic cells
(Soma) were immuno-purified at 12.5 and 13.5 dpc and expression levels for p38 MAPK isoforms were
determined by qRT-PCR. (A) p38α was consistently higher in XX germ cells; (B) p38β was higher in XY
germ cells at 13.5 dpc, p38β also decreased in XX germ cells over the time period analysed; (C) p38γ was
similar in all germ cells; and (D) p38δ was consistently higher in XY germ and somatic cells. Results are
represented as mean expression relative to 18S ± SEM (n = 3); * p<0.05, ** p<0.01.

Expression of all four isoforms was observed in embryonic testes and ovaries during germ cell
differentiation (Fig. 19). p38α was consistently elevated ~2-2.5-fold sex-specifically in XX germ
cells (p<0.01 at 12.5 dpc; p<0.05 at 13.5 dpc) and was ~2-fold higher in 12.5 dpc XX germ cells
compared to somatic cells (p<0.01; Fig. 19A); p38β decreased ~50% in XX germ cells over the
time period examined (p<0.01), was ~5-fold higher sex-specifically in 13.5 dpc XY germ cells
(p<0.05) and was ~3-fold higher in 13.5 dpc XX somatic cells compared to germ cells (p<0.05;
Fig. 19B); p38γ was not sex-specifically expressed in germ cells but was ~3.5-fold higher sexspecifically in 13.5 dpc XX somatic cells (p<0.01; Fig. 19C); p38δ was elevated ~3-fold sex113

specifically in 13.5 dpc XY germ cells (p<0.05), was ~7- and ~18-fold (respectively) higher sexspecifically in 12.5 and 13.5 dpc XY somatic cells (p<0.05 and p<0.01, respectively) and was
consistently ~4-4.5-fold higher in XX germ cells compared to somatic cells (p<0.05; Fig. 19D).
These data confirm that all p38 MAPK isoform transcripts are expressed in purified embryonic
male germ cells at the time of sex differentiation.

Activation of p38 MAPK precedes differentiation of male germ cells
Expression of p38 MAPK genes does not necessarily mean that the corresponding proteins are
expressed and functionally active. To analyse the expression of the active p38 MAPK protein in
embryonic gonads we sectioned XY and XX mouse embryos at 11.5 to 13.5 dpc and performed
immunofluorescence analysis with antibodies directed against POU5F1 to identify undifferentiated
germ cells and phospho-p38 MAPK to specifically detect the activated kinase. POU5F1 expression
was observed in both XY and XX gonads at all developmental stages studied. Fewer POU5F1positive germ cells were found in 13.5 dpc ovaries concomitant with their entry into meiosis at this
time (Fig. 20). In contrast, phosphorylated p38 MAPK was observed only in XY germ cells from
12.5 dpc with approximately 80% of 12.5 dpc and 95% of 13.5 dpc XY germ cells expressing
phospho-p38 MAPK. The co-expression with POU5F1 indicates that the kinase signalling pathway
is activated in germ cells that have not differentiated (Fig. 20).
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Fig. 20: p38 MAPK is activated in embryonic male germ cells prior to differentiation. Paraffin section
immunofluorescence shows expression of POU5F1 (red) and phospho-p38 MAPK (green) in XY and XX
gonads at 11.5, 12.5 and 13.5 dpc (delineated by white dashed lines). Germ cells in both sexes expressed
POU5F1. p38 MAPK was activated, determined by phosphorylation, only in XY germ cells from 12.5 dpc
(denoted by yellow staining). Insets (top right) show representative germ cells for each sample. Scale bar,
50 µm.

Expression of p38 MAPK downstream targets in purified embryonic germ cells
To further show that p38 MAPK is active in XY germ cells, we analysed the expression of p38
MAPK signalling targets at the transcriptional level by performing qRT-PCR on immuno-purified
germ and gonad somatic cells at 12.5 and 13.5 dpc. Results were normalised against expression of
18S rRNA (Fig. 21).
Fig. 21: p38 MAPK targets are expressed in embryonic germ cells. Germ cells (GC) and somatic cells
(Soma) were immuno-purified at 12.5 and 13.5 dpc and expression levels for p38 MAPK targets were
determined by qRT-PCR. (A-N below) Mk5, Msk1, Max, c-Myc, n-Myc, Hbp1, C/Ebpα, Elk1, Ets1, Atf2,
Stat1, Sp1, p21 and Tau (respectively). Results are represented as mean expression relative to 18S ± SEM (n =
3); * p<0.05, ** p<0.01.
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Expression of 14 target genes including kinases (Mk5 and Msk1), transcription factors (Max, c-Myc,
n-Myc, Hbp1, C/Ebpα, Elk1, Ets1, Atf2, Stat1 and Sp1), and others (p21 and Tau) was observed in
embryonic XY and XX gonads (Fig. 21A-N, respectively). Preliminary expression data for another
three kinases (Mk2, Mk3 and Mnk1), three transcription factors (Creb, Ddit3 and Mef2a), and two
other direct targets (cPla2 and p53) were also recorded (Supplementary Data S17).
Significantly higher expression was observed in purified XY germ cells for c-Myc when compared
to XX germ cells at 12.5 dpc (p<0.05; Fig. 21D); Mk5, Max, Hbp1 and C/Ebpα when compared to
XX germ cells at 13.5 dpc (p<0.05 for all except Hbp1 where p<0.01; Fig. 21A, C, F and G,
respectively); Mk5 and n-Myc when compared to XY somatic cells at 12.5 dpc (p<0.05; Fig. 21A
and E, respectively); and Mk5, Max, Hbp1 and p21 when compared to XY somatic cells at 13.5 dpc
(p<0.01 for all except Max where p<0.05; Fig. 21A, C, F and M, respectively). Significantly higher
expression was observed in purified XX germ cells for Mk5 when compared to XY germ cells at
12.5 dpc (p<0.01; Fig. 21A); none when compared to XY germ cells at 13.5 dpc (p<0.05); Mk5 and
Elk1 when compared to XX somatic cells at 12.5 dpc (p<0.01 and p<0.05, respectively; Fig. 21A
and H, respectively); and Mk5 and Sp1 when compared to XX somatic cells at 13.5 dpc (p<0.05;
Fig. 21A and L, respectively). In addition, in XY germ cells, a significant increase in expression
was observed between 12.5 and 13.5 dpc for Mk5 and Hbp1 (p<0.01 and p<0.05 respectively;
Fig. 21A and F, respectively). In XX germ cells, no significant increase in expression was observed
between 12.5 and 13.5 dpc for any target genes (p<0.05). These studies reveal that at least 14 p38
MAPK target transcripts are expressed in purified embryonic male germ cells when this signalling
pathway is activated.

Inhibition of p38 MAPK in male germ cells initiates differentiation
Expression of activated p38 MAPK in testicular germ cells at the time of their differentiation
suggests a role for this MAPK in the differentiation process. To test this hypothesis we used a UGR
organ culture system and inhibited activation of p38 MAPK using the specific inhibitors SB202190
or SB203580 [548,549]. To assess germ cell differentiation, we measured Pou5f1 transcript
expression by qRT-PCR. Results were normalised to the expression of Mvh, a gene expressed only
by germ cells within the developing gonad [114], to control for germ cell number [214]. Both p38
MAPK inhibitor treatments decreased Pou5f1 expression ~50% in XY germ cells, but did not
significantly affect Pou5f1 expression in XX germ cells (p<0.05; Fig. 22A).
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Fig. 22: Loss of p38 MAPK function reduces expression of a pluripotency marker in male germ cells ex
vivo. (A) qRT-PCR was used to determine expression levels for Pou5f1 in XY and XX UGRs cultured with
DMSO, SB202190 (202) or SB203580 (203). Pou5f1 was lower in inhibitor-treated XY germ cells. Results
are represented as mean expression relative to Mvh ± SEM (n = 3); * p<0.05, ** p<0.01. (B) paraffin section
immunofluorescence shows expression of POU5F1 (red) in XY and XX UGRs cultured with either DMSO or
SB203580 (gonad delineated by white dashed lines). Fewer XY germ cells expressed POU5F1 protein when
treated with the inhibitor. Insets (top right) show representative germ cells for each treatment. Scale bar,
50 µm.

To confirm this result at the protein level, we performed POU5F1 immunofluorescence of control
and inhibitor-treated, cultured UGRs. In control and inhibitor-treated XX UGRs, fewer than 10% of
germ cells expressed POU5F1. Similarly, few POU5F1-positive germ cells were found in inhibitortreated testes (~10-20%) when compared to DMSO-treated control testes (Fig. 22B), suggesting
that p38 MAPK signalling is normally associated with continued POU5F1 expression and therefore
differentiation of XY germ cells.
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Inhibition of p38 MAPK in male germ cells initiates meiosis entry
To determine if blocking p38 MAPK signalling not only blocks male differentiation, but also
promotes female differentiation, i.e. entry into meiosis, we used the same inhibitor-treated UGR
organ culture system as mentioned above and measured Stra8 and Scp3 transcript expression by
qRT-PCR. Addition of either of the p38 MAPK inhibitors to UGR cultures increased ~4-8-fold the
expression of Stra8 in XY germ cells (p<0.05; Fig. 23A). Addition of SB203580 also increased ~3fold the expression of Scp3 in these cells (p<0.05; Fig. 23A). Addition of either of the p38 MAPK
inhibitors did not significantly affect Stra8 or Scp3 expression in XX germ cells (p<0.05; Fig. 23A).
Results were normalised to the expression of Mvh.
To verify this result at the protein level, we sectioned and performed immunofluorescence of
control and SB203580 inhibitor-treated cultured gonad explants with an SCP3 antibody. SCP3 was
expressed in ~60-75% of germ cells in all XX UGRs and in ~5-10% of germ cells in inhibitortreated XY UGRs but not in germ cells in XY UGRs cultured under control conditions (Fig. 23B).
Germ cell morphology was analysed following control and inhibitor treatments. In cultures of XY
UGRs with control medium, germ cells presented a typical, resting morphology (Fig. 23C, white
arrows) and meiosis was rarely (<1%) observed. In cultures of XY UGRs with SB203580, about
10% of germ cells exhibited meiotic characteristics, such as chromatin condensation typical of the
leptotene/zygotene stages, similar to XX germ cells (Fig. 23C, black arrows). Collectively, these
findings imply that p38 MAPK signalling normally represses Stra8 and SCP3 expression, thereby
inhibiting meiosis entry and maintaining POU5F1 expression in male germ cells.
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Fig. 23: Loss of p38 MAPK function ex vivo increases expression of pre-meiosis and meiosis markers in
male germ cells. (A) qRT-PCR was used to determine expression levels for Stra8 and Scp3 in XY and XX
UGRs cultured with DMSO, SB202190 (202) or SB203580 (203). Both Stra8 and Scp3 were higher in
inhibitor-treated XY germ cells. Results are represented as mean expression relative to Mvh ± SEM (n = 3); *
p<0.05, ** p<0.01. (B) paraffin section immunofluorescence shows expression of SCP3 (green) in XY and
XX UGRs cultured with either DMSO or SB203580 (gonad delineated by white dashed lines). More XY
germ cells expressed SCP3 protein when treated with the inhibitor. Insets (top right) show representative
germ cells for each treatment. (C) histological staining of paraffin sections show germ cells in XY and XX
UGRs cultured with either DMSO or SB203580. Resting germ cells (white arrows) were present in control
testes. Meiotic germ cells (black arrows) were present in control and inhibitor-treated ovaries as well as in
inhibitor-treated testes. Scale bars, 50 µm.

DISCUSSION
In this study, we analysed the expression and function of p38 MAPK in embryonic gonads during
the germ cell sex differentiation period. We demonstrated for the first time that p38 MAPK is
activated specifically in XY germ cells and that induced loss of p38 MAPK signalling in these cells
initiates a female-like expression pattern of germ cell differentiation markers and entry into meiosis.
Our data suggest a role for p38 MAPK in preventing meiosis in testicular germ cells, and possibly
inducing mitotic arrest (Fig. 24).
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Fig. 24: Proposed model of male germ cell sex differentiation including a novel role for p38 MAPK
signalling. Schematic shows key regulators in XY germ cell differentiation [213,214,219,239], the
association of p38 MAPK with pluripotency, and the role of p38 MAPK in inhibiting meiosis and possibly
initiating mitotic arrest, suggested by the present data. Novel pathway (black), unsubstantiated pathway
(grey), nucleus (N).

In the p38 MAPK signalling cascade, various extracellular stimuli such as cellular stresses,
cytokines, and growth factors activate different upstream members of the pathway before
eventually activating p38 MAPK (reviewed in refs. [531-533]). Determining which upstream
MAPK kinase activates p38 MAPK in XY germ cells may help to narrow down the search for the
somatic signal that initially activates this pathway.
Hypoxic environmental conditions have been shown to activate p38 MAPK signalling [550].
Unlike germ cells in an embryonic ovary, which are relatively evenly distributed, male germ cells
are sequestered within testis cords at the time of their differentiation, effectively barricading them
from the interstitial environment. They also proliferate rapidly compared to ovarian somatic cells at
the time of germ cell differentiation (reviewed in ref. [325]). It remains to be investigated whether
this combination of circumstances causes hypoxic conditions, which in turn may activate p38
MAPK and contribute to inhibiting entry into meiosis. In support of this, hypoxia up-regulated
protein (HYOU1) was male-specifically expressed in whole gonads at 12.0 dpc, when testis cords
begin to form [551]. Measuring oxygen partial pressure within the embryonic testis cords and/or
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determining expression of HYOU1 and hypoxia-inducible factor (HIF) in the cord lumen would
establish whether XY germ cells experience hypoxic conditions prior to mitotic arrest.
A host of growth factors, including Steel factor (also known as Kit ligand, KL) and fibroblast
growth factors (FGFs), also activate p38 MAPK [552,553]. A complex, combined role for FGF-4, 8 and KL has been shown to regulate embryonic germ cell proliferation in both sexes [77]. Whether
KL and/or FGFs signal to p38 MAPK in XY germ cells, inhibiting meiosis and causing mitotic
arrest, requires further analysis. It does seem clear, however, that secretion of some factors from
Sertoli cells via the transmembrane protein TMEM184a is an important determinant of sex-specific
germ cell behaviour [219,239]. In the ovary, these somatic signals/cellular stresses are either absent
or not transduced due to the lack of necessary proteins such as TMEM184a. Further analysis is
required to determine: what is regulating the male-specific expression of Tmem184a; the potential
relationships between Cyp26b1, Tmem184a and p38 MAPK expression and function; and what
putative factor(s) is secreted through TMEM184a that causes meiosis inhibition.
Gerits and co-workers [554] reviewed homozygous null mutant phenotypes for all known p38
MAPK pathway members, including upstream activators and downstream kinase substrates. Most
mutant mouse models were either embryonic lethal or viable and fertile, with no mention of
reproductive defects. It is therefore likely that there is a substantial element of redundancy between
pathway members at each step of the signalling cascade, including the four isoforms of p38 MAPK.
Recently, the gene encoding c-Jun N-terminal kinase 1 (JNK)-associated leucine zipper protein
(JLP) was ablated in mice [555]. JLP is a scaffolding protein required for both p38 MAPK and JNK
signalling. Jlp-/- mutant XY animals were sub-fertile, indicating the importance of this scaffolding
protein and its role in facilitating p38 MAPK and possibly JNK signalling, in XY germ cell
development. This mutant model provides a tentative in vivo link between p38 MAPK signalling
and male reproductive competence. Further to this, we provide the first evidence that p38 MAPK
signalling inhibits meiosis in male germ cells.
What is the mechanism by which p38 MAP kinase acts in germ cells? We confirmed expression of
14 known p38 MAPK targets at the mRNA level in testicular germ cells during the differentiation
period. Phospho-specific antibodies for each target are now required to determine whether they are
also functionally active. Among these targets, the proto-oncogene c-Myc was down-regulated and
the related gene Max was up-regulated in differentiating testicular germ cells, which might
represent the molecular mechanism of male germ cell differentiation. MYC and MAX are basic
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helix-loop-helix/leucine zipper (bHLH/LZ) proteins that dimerise and bind DNA to regulate
transcription [556]. MYC/MAX heterodimers exhibit sequence-specific DNA binding with greater
affinity than MYC homodimers. MAX also forms homodimers which recognise the same target
sequence as MYC/MAX heterodimers, but which are unable to function as transcriptional activators
[557,558]. The proto-oncogene MYC is one of the most important genes controlling cell division
and differentiation [559]. Furthermore, the transcription factors MYC and MAX are directly
phosphorylated by p38 MAPK in various cell types [560-563], raising the possibility that this might
translate into altered transcription of cell cycle genes in male germ cells.
Of the p38 MAPK targets, the gene encoding the transcriptional repressor Hbp1 was up-regulated
in XY germ and somatic cells at the time of germ cell differentiation, which might represent
another means of cell cycle control in differentiating testicular germ cells. These data are consistent
with previous reports of testis-specific, germ cell-dependent expression of Hbp1 [241,331]. HBP1
protein is stabilised via p38 MAPK-mediated phosphorylation, resulting in G1 mitotic arrest in a
range of terminally differentiating cells [244-246]. Further analysis is required to determine
whether mitotic arrest in male germ cells results from p38 MAPK-mediated MYC/MAX and/or
HBP1 activity, or from other male-specific stimuli.
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CHAPTER 5
GENERAL DISCUSSION

The sex organs are necessary for establishing the appropriate sexual phenotype of an embryo and
for housing germline cells which are crucial later in life for sexual reproduction and species
survival. The primitive embryonic gonads begin as undifferentiated organs that commit to a male or
female lineage in response to genetic cues established at fertilisation. Gonad sex determination is
denoted by the differentiation of somatic cells into Sertoli, peritubular myoid and Leydig cells in
the testis or granulosa and theca cells in the ovary. The morphology of the ovary remains relatively
unaltered during the early stages of this process, whilst the testis expands and is dramatically
remodelled into sex cords housing the germ cells and an interstitial compartment. Germ cells, sperm
in males and oocytes in females, also begin as bipotential cells that commit to either sexual lineage
in response to cues from their somatic gonadal environment. Germ cell sexual differentiation is
denoted by the transition from mitotic to meiotic cell division in the ovary, and mitotic arrest in the
testis. Testicular germ cells remain arrested until shortly after birth when they re-enter mitotic
division and then enter meiosis. Thus, both gonad and germ cell sexual differentiation are complex
events involving multiple cell types and a variety of genetic and paracrine signals.
Failure to orchestrate the normal program of sexual differentiation can lead to various
developmental defects and disease states including sex-reversal, infertility and germline cancers.
Understanding how the normal developmental program unfolds, and what is controlling it, is
therefore of the utmost importance. With this in mind, I sought to identify additional regulators of
gonad and germ cell development at the time of sexual differentiation.

REGULATORS OF GONAD DEVELOPMENT
For many years a major goal of research into sex determination was to identify testis differentiation
genes, perhaps due to the misconception that ovarian differentiation was a passive process. These
early studies of sex determination were particularly fruitful and our understanding of testis
development was advanced with the discovery of the key testis-determining genes, Sry and Sox9
[194,279,280,289,295], among others. Interestingly, in recent years, research into ovary
development has progressed with the identification of an active ovary-determining pathway
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involving R-spondin1 and WNT signalling [317,318,321]. From these single-candidate based
studies we could begin to piece together the network of genes regulating gonad sexual
differentiation, but it was apparent that other players were involved, and that broad screening
techniques were needed to find them.

Gene expression screens
DNA- and RNA-based screening techniques, which allow for sample amplification, are well suited
to the study of small tissues such as the embryonic gonads. To date at least 17 such screens have
been performed on whole embryonic gonads or their purified cellular constituents. These studies
have utilised a variety of techniques including mRNA differential display [328,329], cDNA library
screening followed by whole-mount in situ hybridisation [330], representational difference analysis
[459], suppression subtractive hybridisation [235,331-333], quantitative real-time RT-PCR
comparative analysis [455] and cDNA microarray analysis [236,334-336,454,456-458].
High throughput, large scale technologies currently in use are far more sensitive than screening
techniques used a decade ago which has led to an exponential increase in the number of candidate
genes identified as potential regulators of gonad and germ cell development and sex determination.
For example, using mRNA differential display, Nordqvist and Töhönen [328] identified two genes
encoding the steroid hydroxylases, 3βHSD1 and CYP17, which were up-regulated male-specifically
in the embryonic gonads. Menke and Page [235] identified 19 male- and two female-specifically
up-regulated genes in the developing gonads using suppression subtractive hybridisation. Nef and
co-workers [236] measured the differential expression of approximately 34,000 genes in isolated
somatic cells of the embryonic gonads using cDNA microarrays. They identified 2306 genes that
were sex-specifically expressed and defined a robust, early ovarian genetic program [236]. These
screens (and those mentioned above) have identified many gene candidates that were either already
known, or subsequently shown, to be pertinent to gonad and germ cell development and sex
determination.
The inherent disadvantage of these screens, however, is that they do not describe the expression of
functionally active gene products, and mounting evidence suggests that there is variable correlation
between mRNA and protein expression levels [460-464]. Moreover, they reveal little about posttranscriptional modifications and post-translational events that regulate the expression and function
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of gene products. Microarray screening technologies are also limited to analysing only those genes
present in the chipset and do not include many novel genes and transcript splice variants. Proteomic
screens avoid these limitations and can therefore both complement and extent upon genomic and
transcriptomic screens.

Protein expression screens
Proteomics is a relatively new approach, having been used in only two prior screens for identifying
candidates regulating gonadogenesis and sexual differentiation. Han and colleagues [344] used 2D
electrophoresis coupled with MALDI-TOF MS and LC-MS/MS to study chicken germ cells. They
identified 44 proteins in a screen of the total proteome [344]. Using a similar method, Wilhelm and
co-workers identified three male-specifically up-regulated proteins, hnRPA1, TRA1 and HSC71, in
mouse embryonic gonads after sex determination had occurred [345]. HSC71 was also shown to be
male-specifically phosphorylated, implying that post-translational modification of proteins is
important for later stages of gonad sexual differentiation and highlighting the advantage of
analysing the gonads at the protein level.
The most recent proteomics methodology applied to the analysis of mouse gonad development and
sex determination utilised the resolving power of 2D nanoflow LC coupled directly with tandem
MS [337,338]. In the present study, this technology was used to perform a global survey of the
embryonic gonad proteome [551], and was also combined with DeCyder MS analytical software
[465] to detect differentially expressed gonadal proteins (this thesis). These novel proteomic
approaches have identified many useful leads for further investigation into normal gonad
development and sex determination, as well as candidates that may underlie human DSDs.
The global screen confirmed the expression of 1037 gonadal proteins at the time of sex
determination, including 68 proteins transcribed from genes with potential links to human DSDs of
unknown genetic origins [551]. CXCL15, SCYE1 and HYOU1 are candidates from the total
proteome screen that warrant additional analysis. These proteins were identified by peptides
specific to each protein and have no previous association with gonad development. Expression of
CXCL15 and the hypoxia up-regulated protein HYOU1 is temporally restricted to the embryonic
testis, which is indicative of a developmental function. Whether the embryonic testis experiences
hypoxic conditions and the role HYOU1 plays during gonadogenesis have not been thoroughly
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investigated. CXCL15 and SCYE1 are chemotactic cytokines which may have a role in the cell-cell
communications occurring during gonadogenesis. The CXC chemokine family regulates
angiogenesis [443] and whether CXCL15 and its as yet unknown receptor are involved in
establishing the vascular network in the embryonic testis has not been explored. KHDRBS1 and
TKT are candidates from the total proteome screen that are potentially associated with human
DSDs and warrant additional analysis. Both proteins were identified by peptides specific to each
protein and KHDRBS1 has not previously been reported in the embryonic gonads. Khdrbs1 has
tentative links with human cases of male-to-female sex reversal with hypogonadotrophic
hypogonadism [394], male pseudohermaphroditism [382] and cryptorchidism [356], and Khdrbs1-/male mice are infertile [383], suggesting that KHDRBS1 has a role in male gonad development that
requires further research. Tkt has proposed links with human cases of gonadal dysgenesis [366] and
sex reversal with dysplastic gonads [398], and Tkt+/- male mice have reduced gonad mass while
Tkt+/- females exhibit reduced fertility levels [371], implying that TKT has a role in gonadogenesis
that warrants additional analysis.
The differential expression screen identified eight proteins that were sex-specifically expressed and
seven temporally-regulated testis proteins, including two proteins transcribed from genes with
human orthologues that are directly linked to DSDs relating to male infertility (this thesis). TPI1 is
a candidate from the differential expression screen that is directly associated with human DSDs and
warrants additional analysis. TPI1 was identified by a peptide specific to that protein, it has not
previously been reported in the embryonic gonads and it exhibits a decrease in expression in the
embryonic testis that has not been detected at the mRNA level. TPI1 influences sperm-egg binding
and the human orthologue has a direct link with cases of male infertility [497], however this
function is not related to gonad development. Tpi1-/- mice are embryonic lethal [496], making
sexual development and/or reproductive competence difficult to determine, thus the function of
TPI1 in the embryonic testis warrants further investigation.
The importance of analysing protein expression was further emphasised by several key findings
presented in this thesis. First, the major molecular functions of embryonic gonad proteins include
RNA post-transcriptional modification, post-translational modification, protein folding and protein
synthesis, indicating that gonadal cells are producing many and varied gene products not detectable
at the transcript level [551]. Second, 330 proteins identified in the total proteome screen [551] were
not represented at the transcript level on an analogous cDNA microarray screen [336], and
representative transcripts for two proteins identified in the differential expression screen (this
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thesis) were not included in any of the eight published embryonic gonad cDNA microarrays
[236,334-336,454,456-458]. Finally, 52 proteins identified in the total proteome screen [551],
including the chemokine CXCL15, were not detected at the transcript level in an analogous cDNA
microarray screen [336] and the expression patterns for 13 proteins identified in the differential
expression screen (this thesis), including TPI1, were not reported in any comparative DNA- or
RNA-based studies [235,236,328-336,454-459]. These findings confirm the complementary nature
of the gene- and protein-based technologies and highlight the advantage of the proteomics
approach.
The main disadvantage of the protein-based approach, however, is the lack of sensitivity when
compared to more recently developed transcriptomic screening techniques [412,413]. Indeed, it
took over 18 months, and hundreds of embryos, to accrue sufficient protein to complete the screens
described in this thesis. This time and resources could have perhaps been better spent on analysing
existing candidates from comparative DNA- or RNA-based screens. Furthermore, as only the
minimum starting material was collected for the proteomics screens, only a low number of proteins
were identified when compared to similar microarray screens, and many of these protein
identifications did not conform to the standard of two peptide hits required for a confident
identification. If next generation proteomics screening technologies can incorporate a protein or
peptide amplification step, it would dramatically increase the sensitivity of these methods, perhaps
to the depths attainable with transcriptomic screens such as microarrays. Improvements such as this
would make proteomics even more useful and attractive to research fields using limited tissues such
as developmental biology. Until proteomics technologies can be revolutionised in such a way, the
focus of research into gonad development and sex determination should be maintained on
determining the role of existing gene and protein candidates.

REGULATORS OF GERM CELL SEXUAL DIFFERENTIATION
For several decades few candidates were suggested as regulators of germ cell sexual differentiation,
a search which was confounded by a lack of clear understanding of whether this process was
controlled by an intrinsic mitotic clock or by external somatic stimuli. What was evident was that
the sex chromosome constitution of the germ cells did not determine their sexual phenotype [191]
and that if somatic cues were involved they must act within a finite window in development
[165,184]. In recent years, however, research into germ cell sexual differentiation has been
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revolutionised with the discovery that retinoic acid (RA), and its degrading enzyme Cyp26b1,
regulate germ cell sexual fate [213,214]. A model of germ cell sexual differentiation (Fig. 25) has
been constructed which incorporates current literature findings and results from this thesis.

Fig 25: Proposed model of germ cell sexual differentiation. Schematic shows key regulators in XX and XY
germ cell differentiation [213,214,219,239,240,564] as well as the novel role of the p38 MAPK pathway (this
thesis). In an ovarian environment (pink), RA from the mesonephros induces expression of STRA8 and PI3K
activity in the germ cell cytoplasm. STRA8, which can be phosphorylated by PI3K, shuttles into the nucleus
and may function as a transcription factor to initiate meiosis. In a testicular environment (blue), CYP26B1
from Sertoli cells degrades RA. Putative somatic growth factors may also signal via TMEM184a to induce
p38 MAPK activity in germ cells. p38 MAPK signalling inhibits meiosis and may lead to mitotic arrest.
Known pathway (black), unsubstantiated pathway (grey), novel pathway (green; this thesis), nucleus (N).

XX germ cell sexual differentiation
Our current understanding of germ cell sexual differentiation in the ovary (Fig. 25) relies on signals
emanating from the adjacent mesonephros and places RA at the top of the somatic signalling
hierarchy [173,213,214]. These studies show that RA induces STRA8 expression in the germ cell
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cytoplasm which heralds entry into meiosis in ovarian germ cells, identified by up-regulation of
meiosis markers such as Scp3 and Dmc1 and down-regulation of pluripotency genes such as
Pou5f1.
STRA8 contains nuclear import/export protein motifs and has been shown to actively shuttle
between the germ cell cytoplasm and nucleus [564]. This shuttling is potentially regulated by
phosphorylation events which can rapidly unmask nuclear localisation and export signals [565].
Interestingly, once in the nucleus, STRA8 can directly bind to DNA and regulate gene transcription
in a variety of cell lines [564]. Whether STRA8 can act as a transcriptional regulator in germ cells
remains to be investigated.
It has been suggested that RA has a second role in signalling through phosphoinositide 3-kinase
(PI3K) to prevent germ cell mitotic arrest [240]. Further analysis is required to determine whether,
after RA stimulates Stra8 gene expression, PI3K phosphorylates cytoplasmic STRA8, causing the
protein to shuttle into the nucleus where it regulates the transcription of cell cycle genes that inhibit
mitotic arrest and promote meiosis, as suggested in Fig. 25.

XY germ cell sexual differentiation
Our present understanding of germ cell differentiation in the testis (Fig. 25) also hinges on sexspecific factors in the gonadal somatic cells and places CYP26B1 at the front line of the process
[213,214]. Bowles et al. [214] and Koubova et al. [213] showed that RA in the testis is metabolised
by the cytochrome P450 enzyme, CYP26B1, resulting in a failure to up-regulate STRA8 and
meiosis genes.
Recent studies have supported the requirement for the secretion of an additional somatic signal(s),
through the Sertoli cell transmembrane protein TMEM184a, in regulating meiosis inhibition in
testicular germ cells [219,239]. Best and co-workers [219] showed that blocking all secretion in the
embryonic testis caused male-to-female germ cell sex reversal, and Svingen and colleagues [239]
showed that magnetofecting Tmem184a into the embryonic ovary inhibited XX germ cells from
entering meiosis. Further analysis is required to determine: what is regulating the male-specific
expression of Tmem184a; the potential relationships between Cyp26b1, Tmem184a and p38 MAPK
expression and function; and what putative factor(s) is secreted through TMEM184a that causes
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meiosis inhibition. It is likely that this paracrine factor(s) initiates an intracellular signalling cascade
in order to elicit such an affect.
p38 MAPK is activated male-specifically in germ cells where it prevents meiosis entry and is
associated with continued pluripotency (this thesis). Several p38 MAPK target genes are also upregulated in male germ cells, including the transcription factors c-Myc, Max and Hbp1 (this thesis)
which are known regulators of mitotic progression and differentiation [244-246,556-559,561,563].
Further analysis is required to determine whether Sertoli cell signalling factor(s), secreted via
TMEM184a, activate p38 MAPK and its downstream targets, which then regulate the transcription
of cell cycle genes that inhibit meiosis and cause mitotic arrest, as proposed in Fig. 25. For
example, to determine the affect of TMEM184a secretions on p38 MAPK activity, a
phosphorylation assay measuring the ability of MKK3 and MKK6 to phosphorylate p38 MAPK in
immuno-purified germ cells, could be performed using medium collected from immuno-purified
Sertoli cells before and after they had been cultured with/out inhibitors of TMEM184a gene/protein
function. Also, to determine the affect of TMEM184a secretions on male germ cells’ ability to enter
meiosis, immunohistochemical analysis could be performed on isolated germ cells cultured with the
same Sertoli cell culture medium.

SUMMARY AND FUTURE DIRECTIONS
Analysing embryonic gonads using large-scale proteomics screening tools is a novel strategy in the
search for regulators of gonad development and sex determination, which has for many years been
grounded in genomic and transcriptomic approaches. The advantage of proteomics is that the
functionally active expression of the new candidates has already been established. The total and
differential proteomic screens have not only provided considerable insight into the gonads’ cellular
machinery and the cellular processes occurring at the time of sex determination, but they have also
generated new candidates regulating normal gonad development, such as HYOU1, CXCL15,
SCYE1 and TPI1, and additional candidates with potential links to human DSDs, such as
KHDRBS1 and TKT, that require further investigation.
To validate these candidates, and to complement and extent upon these screen, immunoblotting
analysis and/or alternative MS-based screening methods could be employed. To further analyse
these new screen candidates, the next step would be to establish their individual expression profiles
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over a broader developmental timeline, using immunohistochemical techniques, which may help to
pinpoint when and where the protein is most active and what its function is. Analysis of posttranslational modifications would also help to determine the activity status of the protein. To
ascertain the function of these new candidates in the embryonic gonads, a variety of in vitro, ex vivo
and/or in vivo studies could be performed. These include (but are not limited to), transfection assays
and/or inhibitor/activator studies using purified gonadal cells, available cell lines or gonad explants;
and generating conditional gain- and loss-of-function mouse models. These mouse models could
also be compared to equivalent models in humans if they are available.
Analysing the activity of the p38 MAPK intracellular signalling pathway in germ cells has shed
light on the process of male germ cell sexual differentiation and has helped to formulate a model of
how this process is regulated in both sexes. Although this model is not complete, and will likely
change as new information comes to hand, it does provide new avenues for additional research. For
example, can PI3K phosphorylate cytoplasmic STRA8 in XX germ cells? Does STRA8 act as a
transcription factor to regulate XX germ cell meiosis entry? If so, what genes does STRA8
regulate? Do Sertoli cell factors secreted through TMEM184a activate the p38 MAPK pathway in
XY germ cells? If so, what are these factors? How does p38 MAPK signalling inhibit meiosis in
XX germ cells? Does p38 MAPK signalling cause XX germ cells to exit mitotic division? If so,
how does it act? The primary research focus should now be on answering these questions in order
to confirm the proposed signalling pathway components.
Combining our knowledge of p38 MAPK pathway activators with our knowledge of male-specific
genes/proteins that could be secreted through TMEM184a may help to identify the elusive male
somatic signal(s). Using immunohistochemical techniques would determine which p38 MAPK
targets are present in male germ cells, and using phospho-specific antibodies would determine
which of these targets are active. Phosphorylation assays would help to determine whether
TMEM184a-secreted factors could activate the p38 MAPK pathway in male germ cells (as already
mentioned), whether p38 MAPK can actually activate its downstream targets in male germ cells,
and whether PI3K can phosphorylate STRA8 in female germ cells and cause it to shuttle into the
nucleus. Also, the same range of functional assays mentioned above could be applied to verify the
function of p38 MAPK, its targets and STRA8 in regulating meiosis entry in female germ cells and
mitotic arrest in male germ cells.
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The molecular regulation of gonad and germ cell development and sexual differentiation is not only
intricate and sophisticated, but also convoluted by the complexity of events that are occurring in
concert by the multiple cell types involved. If we can decipher how individual events are regulated
within the larger framework of development, we will gradually build an understanding of the
molecular mechanisms governing the entire process. Continued study of gonad and germ cell
development will likely generate new insights into cellular differentiation, migration, cord
formation, cell cycle regulation, inter- and intra-cellular signalling and organogenesis in general,
and will provide us with a better understanding of human DSDs.
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