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Preface

The book aims to provide an overview of current knowledge regarding germ cells. It deals
with the germ cell specification; the regulation of germ line stem cells and their neighboring
somatic cells in the fruit fly, Drosophila melanogaster; and their reprogramming. In addition, a
review is included on the membrane dynamics of spermatozoa during capacitation, new in‐
sight into germ cell signaling, and the genotoxic in vitro studies in testicular germ cells. Au‐
thors have also contributed articles on the origin, specification, and development of the
female germ line in placental mammals and the germ cell tumors and their association with
pregnancy. This book will be of interest to scientists, physicians, and lay readers wishing to
review recent developments in the field of germ cells.

Ahmed Ragab Gaber
Division of Anatomy and Embryology

Zoology Department
Faculty of Science

Beni-Suef University, Egypt
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Abstract

Multicellular species use gametes for their propagation. Gametes are formed from pri-
mordial germ cells (PGCs), which develop during embryogenesis. In some species, PGCs 
are specified by the inheritance of a RNA granule known as germ plasm. During germ cell 
specification, the germ plasm conveys a unique set of properties, e.g. the germ cell spe-
cific meiotic cell cycle to the PGCs. Germ plasm assembly is controlled by independently 
evolving organizer proteins like Oskar in Drosophila or Bucky ball in zebrafish. These 
organizers are intrinsically disordered proteins, which rapidly changed their amino acid 
sequence during evolution. A common recipe has emerged by studies on organizer pro-
teins for animals that use germ plasm to specify their germline. Investigating the nature 
of these organizers might therefore provide a clue to germ cell specification in other 
species, which are less accessible to molecular-genetic and embryological approaches. 
Moreover, we might understand how the first metazoans modified their existing cellular 
structures from unicellular eukaryotes to ensure their reproduction.

Keywords: zebrafish, germ plasm, primordial germ cell, Bucky ball, Oskar, intrinsically 
disordered protein, stem cells

1. Introduction

Germ cells are precursors to animal gametes. After fusion, gametes have the impressive capac-
ity to develop into a new organism. As all cells of this organism are descendants of PGCs, they 
are considered totipotent. Interestingly, gametes are also formed in every subsequent genera-
tion from the same germ cell. These features identify germ cells as a truly immortal cell line, 
whereas somatic cells die at the end of life. These are the same characteristics seen in stem 
cells, thus making germ cells the superior stem cell.

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Germline development has to be tightly regulated and controlled to ensure the development 
of a fertile adult organism. Any misregulation in the pathway would affect fertility and might 
lead to no offspring. Eventually, sterility might therefore result in the end of that lineage and 
ultimately in the extinction of the species. Hence, any errors in the germ cell program could 
have disastrous consequences for a species compared to mistakes in a somatic cell program 
like forming an organ.

Compared to somatic tissue, very little is known about the critical period of PGC specification. 
Understanding the biochemical activity of all germ plasm components could help us to grasp, 
how germ cells get specified. Furthermore, it could identify how “stemness” is achieved at 
the molecular level. This knowledge might help to treat many degenerative Wof new drug 
targets for therapy.

2. Mechanisms of germ cell specification

Two different modes of germ cell specification have been described.

2.1. Inductive mode

Germ cell specification by induction is often described as the ancestral or more prevalent 
mode (Figure 1A) [2]. In the induction mode, germ cell fate is specified through external sig-
nals from developing embryonic cells. Induction was described in some invertebrates and in 
some vertebrates like mammals [3, 4]. The most studied example is the mouse [5–7]. One of 
the signals inducing germ cells is BMP4 [8]. However, it is currently not clear how conserved 
this signal is during germ cell specification in other species of the animal kingdom.

Figure 1. Inherited vs. inductive mode. (A) Inductive mode. Somatic cells induce germ cells (white arrows) within the 
blastula to express germline factors and differentiate into PGCs (red). (B) Inherited mode. Maternal RNP granules or 
germ plasm (red) are asymmetrically localized in the oocyte and are inherited by a subset of blastomeres, which specifies 
PGCs [1].

Germ Cell2

Regardless whether PGCs are specified by induction or inheritance, they show several com-
monalities at the molecular level. In most species, numerous proteins and mRNAs like Vasa, 
Piwi, and Nanos are conserved [9, 10]. In spite of two different modes of specification, they 
activate common downstream components. We will address the evolutionary conservation 
of germ plasm again at the end of this chapter, when we describe a potential origin of germ 
plasm in unicellular organisms.

PGCs adopt different lineages, if transplanted to different parts of the embryo. In the mouse, 
which uses the induction mode, transplanted PGCs later on colocalize with neural plate and 
surface ectoderm cells [6]. In Xenopus, which uses the inherited mode, transplanted PGCs 
generate lineages of the three germ layers [11]. These results suggest that despite different 
specification modes, both types of PGCs still require signaling from extrinsic sources to main-
tain their fate as fully determined PGCs [12]. Hence, even though the two mechanisms seem 
starkly different, there may be a common underlying signaling mechanism which is universal.

The key to understanding the specification of PGCs is to separate species-specific adaptations 
from a core program of germ cell formation. As information about the initial phase of germ 
cell specification is still quite fragmentary in different organisms, the core program of germ 
cell specification is unclear. For instance, the molecule that acts as a master or “kick starter” for 
the germ plasm or PGC program appears to be different in each organism. Therefore, in the 
rest of this chapter, we will concentrate on the inherited mechanism of germ cell specification.

Publication Finding/Hypothesis

Weismann (1893) Inheritance depends on germ cells. Postulates that germ plasm localizes to the nucleus.

Hegner (1911), Boveri 
(1910)

Germline determinants (germ plasm) localize to the cytoplasm. Germ plasm is 
necessary (Hegner) and sufficient (Boveri) for germline development.

Bounoure (1934) Germ plasm for the first time visualized in a vertebrate egg.

Smith (1966) UV-irradiation of Drosophila eggs reduces the number of PGCs. The UV-wavelength 
suggest that nucleic acids are critical for germline development.

Illmensee and Mahowald 
(1977)

Ectopic germ plasm is sufficient for PGC formation.

Heasman (1984) The Balbiani body of Xenopus contains the germ plasm.

Ephrussi and Lehman 
(1992)

Ectopic expression of a single protein termed Oskar gives rise to functional PGCs in 
Drosophila.

Hashimoto (2004) Ablation of germ plasm in zebrafish reduces PGCs.

Bontems (2009) Ectopic Expression of a single protein termed Bucky ball induces PGCs in zebrafish.

Brangwynne (2009) Biophysical studies on embryonic germ plasm reveal a liquid-like hydrogel in C. elegans.

Tada (2012) Germ plasm transplantation in Xenopus induces ectopic germ cells.

Boke (2016) The Xenopus Balbiani body forms amyloid aggregates.

Table 1. Listing selected discoveries that paved the way for the current model of the inherited strategy of germ cell 
specification.
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2.2. Inherited mode

Inheritance of cytoplasmic determinants represents the second mode, by which germ cells 
are specified (Figure 1B). This mechanism of germ cell specification is described amongst 
others in dipteran insects (e.g. Drosophila), nematodes (e.g. C. elegans) anuran amphibians 
(e.g. Xenopus), zebrafish, and birds [2, 13]. The molecular mechanisms of germ cell specifi-
cation are probably better understood at the molecular-genetic and biochemical level than 
induction, because forward genetics identified most of the known key factors [14, 15]. The 
best studied examples are probably Drosophila and C. elegans [16, 17]. Table 1 summarizes 
some historical highlights in the context of germ plasm research.

3. Germ plasm

3.1. Composition

Germ plasm is a collection of maternally provided RNAs, proteins, and organelles like mito-
chondria and endoplasmic reticulum [ER]. The entire assembly forms a cytoplasmic structure 
in the oocyte named Balbiani body [18]. Sometimes it is also referred to as the mitochondrial 
cloud in Xenopus [19]. The Balbiani body [Bb] was discovered in spiders and it seems to be 
omnipresent in oocytes of most species of invertebrates (e.g. spiders, insects, and molluscs) 
and vertebrates (e.g. frogs, birds, teleosts, and mammals) [20–22].

Studies in Xenopus and Drosophila suggest that the Bb accumulates a subset of mitochondria. 
These mitochondria are designated to be delivered to the germ plasm and ultimately to the 
next generation via primordial germ cells [23–25]. Interesting experiments in Drosophila pro-
posed that germ plasm selects a healthy set of mitochondria by their level of ATP production 
[23, 24]. The mitochondria in oocytes show high levels of mitochondrial inner membrane 
potential [26, 27]. Perhaps this mechanism provides germ cells and by extension gametes with 
the fittest organelles. This ensures that the healthiest mitochondria and its descendants are 
passed on to the next generation.

3.2. Function

Loss of germ plasm leads to a decrease or no germ cells, whereas in gain of function experi-
ments more germ plasm leads to more germ cells [28] (Table 1). Germ plasm components are 
believed to act in stem cells to convey longevity and totipotency, similar to the magic sub-
stances ambrosia/amrit in Greek or Hindu mythology, which kept the gods immortal. Many 
components of germ plasm, like Vasa, are also present in multipotent stem cells flatworms 
[29]. Nanos is present in stem cells involved in regeneration in planarians [30]. Finally, Piwi 
also functions in maintaining both germline and somatic stem cells in Drosophila [31].

As several germ plasm components have a role in stem cells, it should have a much greater 
effect in maintaining “stemness” and increased longevity than their somatic stem cell coun-
terparts. As germ plasm conveys a high degree of longevity to germ cells, it would be of 
 stupendous importance to further dissect the germ plasm and study this network of protein 
and RNA to get further insights into these stemness features.

Germ Cell4

3.3. Assembly

In the section below, we will concentrate on the two organizer proteins Oskar in invertebrates 
and Bucky ball in vertebrates that are involved in germ plasm assembly. Both molecules spec-
ify germ cells indicating that their biochemistry and mode of action is similar.

4. Oskar in invertebrates

Oskar protein acts as a master regulator of germ plasm assembly [32]. In Drosophila, germ 
plasm is localized to the posterior pole during late oogenesis and hence, also known as 
pole plasm (Figure 3). Oskar was isolated in mutagenesis screens for maternal-effect genes 
required for embryonic patterning [33]. Oskar mutants showed posterior patterning defects 
and no germ cells [34]. osk RNA localizes to the posterior pole, where the protein gets trans-
lated and starts the assembly of germ plasm [34, 35]. Mutations in oskar affect the enrichment 
of other RNAs and proteins at the posterior pole, which are present in the germ plasm. This 
shows that Oskar indeed is essential to initiate germ plasm formation and by extension 
germ cells.

Mislocalization of Oskar protein at the anterior end of the embryo leads to ectopic germ cells 
and a second abdomen [32]. Oskar was the first protein, which is both necessary and sufficient 
to assemble germ plasm. Increasing the amount of Oskar protein in the fly embryo causes an 
increase in activity of the Nos protein. Thus, the amount of Osk protein and the level of Nos 
protein accumulation are related. Possibly the heightened expression of Nos represses the 
somatic cell fate pushing it to a germ cell lineage [36, 37]. Such an activity supports the role of 
Oskar as a master regulator of PGC specification in invertebrates.

osk mRNA is translated into two protein isoforms by alternative translation initiation [42, 43]. 
Long Osk (lOsk) is translated at the first start codon and encodes a protein of 606 amino acids. 
LOsk mainly anchors germ plasm at the posterior end. Long Oskar also traps and accumulates 
mitochondria at the site of PGC formation. Mutating specifically this long oskar form strongly 
decreases the number of mtDNA molecules inherited by PGCs [44]. Short Oskar (sOsk) starts 
at Methionine 139 and encodes a protein of 467 amino acids [42, 43]. sOsk assembles germ 
plasm and thereby plays a critical role to specify PGCs (Table 2).

Long Oskar Short Oskar

606 amino acids long 467 amino acids long

Anchoring germ plasm Assembling germ plasm

Associated with endosomes Associated with RNA granules

Interacts with Lasp to be tethered to posterior pole Interacts with Lasp to be tethered to posterior pole

Not essential for patterning and germ cell formation Necessary for germ cell formation and posterior patterning

Table 2. Differences between long and short Oskar.
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3.3. Assembly

In the section below, we will concentrate on the two organizer proteins Oskar in invertebrates 
and Bucky ball in vertebrates that are involved in germ plasm assembly. Both molecules spec-
ify germ cells indicating that their biochemistry and mode of action is similar.

4. Oskar in invertebrates

Oskar protein acts as a master regulator of germ plasm assembly [32]. In Drosophila, germ 
plasm is localized to the posterior pole during late oogenesis and hence, also known as 
pole plasm (Figure 3). Oskar was isolated in mutagenesis screens for maternal-effect genes 
required for embryonic patterning [33]. Oskar mutants showed posterior patterning defects 
and no germ cells [34]. osk RNA localizes to the posterior pole, where the protein gets trans-
lated and starts the assembly of germ plasm [34, 35]. Mutations in oskar affect the enrichment 
of other RNAs and proteins at the posterior pole, which are present in the germ plasm. This 
shows that Oskar indeed is essential to initiate germ plasm formation and by extension 
germ cells.

Mislocalization of Oskar protein at the anterior end of the embryo leads to ectopic germ cells 
and a second abdomen [32]. Oskar was the first protein, which is both necessary and sufficient 
to assemble germ plasm. Increasing the amount of Oskar protein in the fly embryo causes an 
increase in activity of the Nos protein. Thus, the amount of Osk protein and the level of Nos 
protein accumulation are related. Possibly the heightened expression of Nos represses the 
somatic cell fate pushing it to a germ cell lineage [36, 37]. Such an activity supports the role of 
Oskar as a master regulator of PGC specification in invertebrates.

osk mRNA is translated into two protein isoforms by alternative translation initiation [42, 43]. 
Long Osk (lOsk) is translated at the first start codon and encodes a protein of 606 amino acids. 
LOsk mainly anchors germ plasm at the posterior end. Long Oskar also traps and accumulates 
mitochondria at the site of PGC formation. Mutating specifically this long oskar form strongly 
decreases the number of mtDNA molecules inherited by PGCs [44]. Short Oskar (sOsk) starts 
at Methionine 139 and encodes a protein of 467 amino acids [42, 43]. sOsk assembles germ 
plasm and thereby plays a critical role to specify PGCs (Table 2).

Long Oskar Short Oskar

606 amino acids long 467 amino acids long

Anchoring germ plasm Assembling germ plasm

Associated with endosomes Associated with RNA granules

Interacts with Lasp to be tethered to posterior pole Interacts with Lasp to be tethered to posterior pole

Not essential for patterning and germ cell formation Necessary for germ cell formation and posterior patterning

Table 2. Differences between long and short Oskar.
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5. Germ cell specification by Oskar

Fascinating insight into sOsk function was recently gathered by crystallizing two of its 
domains. These were a domain at the N-terminus of sOsk [139–240aa], which was termed 
LOTUS domain and previously predicted to be involved in RNA-binding. The second struc-
ture described the C-terminal “OSK” domain, which resembles a SGNH hydrolase [40, 41] 
(Figure 2). However, looking carefully at the biochemical interactions and crystallizing sOsk 
with these binding partners revealed some unexpected information.

sOsk directly interacts with Vasa [45], which is an ATP-dependent helicase [41, 46]. Interesting 
biochemical and biophysical studies show that the eLOTUS domain of Oskar does not interact 
with RNA, but in fact binds to the RNA helicase Vasa, which is an important component of 
germ plasm. Surprisingly, the extension of the LOTUS domain (eLOTUS) encodes an intrinsi-
cally disordered motif, which forms a structured domain upon Vasa binding. This stretch of 
18 amino acids outside of the LOTUS domain is essential for the Vasa interaction. Moreover, 
binding the eLOTUS domain increases the ATPase activity of Vasa. This is the first time an 
instructive role was assigned to Oskar, which was previously regarded as a scaffold protein 
aggregating germ plasm components within the Drosophila oocyte [46].

The OSK domain shows a lot of similarity to a SGNH hydrolase, but lacks three of the four 
residues of the SGNH motif, as well as the serine triad to be an active hydrolase [41]. The 
C-terminal OSK-domain forms a globular structure, which carries several basic, positively 
charged residues at its surface suggesting it could interact with nucleic acids. Indeed, this 
domain binds in in vitro experiments mRNAs like the osk and nos 3’UTRs [40]. When the basic 
residues of the OSK domain are mutated, binding to RNA is disrupted [40]. In vivo pull-down 
experiments after UV-crosslinking suggest that Osk interacts with nos, pgc, and gcl mRNA in 
vivo [41]. All three RNAs are known to be localized to the germ plasm. Again, these exciting 
discoveries identify sOsk as a novel RNA-binding protein and suggest a more instructive role 
of in germline development than previously anticipated.

Taken the interaction data of sOsk together, a modified picture of germ cell specification 
emerges. sOsk initiates the assembly of germ plasm by binding to Vasa and mRNA. This 
interaction activates Vasa and might sterically bring it in proximity with specific RNA(s). This 
could regulate translation or stability of the RNA(s) involved in specifying PGCs [37]. Hence, 
Vasa and Osk seem to act in a co-operative manner to specify germ cells.

Figure 2. Comparison of long (lOsk) and short (sOsk) Oskar proteins. The NTE domain in lOsk inhibits Vasa-interaction 
and RNA-binding [16, 38, 39]. The eLOTUS (extended LOTUS) domain consists of the minimal LOTUS domain along 
with a short disordered region of 18 aa, which together are essential to bind Vasa. The OSK domain binds to RNA [40, 41].
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Vasa is also involved in piRNA processing. The amount of Vasa in the germ plasm, therefore, 
prevents the degradation of the germ cell genome by transposon activity, but piRNAs could 
also play an undiscovered early role in germ cells [47]. Aubergine, a well-known component 
of the piRNA pathway, is needed for Osk translation, which also needs Vasa to localize. This 
could indicate a feedback mechanism ensuring all the downstream germ plasm members 
are expressed [48]. Figuring out the biochemical process, which is initiated by sOsk/Vasa, 
is probably the key to understand the molecular mechanism of the germ cell specification 
program.

6. Zebrafish as a model organism to study germ cell specification in 
vertebrates

Compared to invertebrates such as Drosophila and C. elegans, much less is known about the 
molecular processes occurring in the germ plasm of vertebrates. In Xenopus, germ plasm 
research is mostly focused on processes during oogenesis [49–51]. However, among verte-
brates that specify their germ cells through inheritance of germ plasm, there are a numerous 
studies in the zebrafish. Zebrafish combines a number of features helpful for early develop-
mental studies. Embryos and oocytes are easily accessible and available in high numbers. 
Moreover, its transparent embryos enable tracing of fluorescently tagged proteins in vivo 
and allow detection of endogenous proteins by immunostaining. The genome is completely 
sequenced, and genomic manipulations via CRISPR/Cas9 are easy. Therefore, zebrafish as a 
vertebrate model is very well suited for the analysis of germ cell specification [52].

7. Bucky ball in zebrafish

To identify maternal factors controlling early vertebrate development, a maternal-effect 
mutant screen was carried out in zebrafish [15]. Among the mutants with a defect prior to 
midblastula transition (MBT), one line produced embryos with radial segregation of cyto-
plasm instead of animal pole aggregation. In addition, the fertilized embryo from the mutant 
mother does not show cellular cleavages and hence does not develop beyond the 1-cell stage. 
As the mutant embryo lacks polarity similar to Buckminsterfullerenes, it was referred to as 
bucky ball (buc) [15].

In the oocyte, Buc mutants fail to assemble germ plasm into a Balbiani body (Bb) (Figure 3A).  
Instead, germ plasm components like nanos and vasa mRNA are no longer localized to the 
Balbiani body, but rather distributed ubiquitously in the ooplasm [54]. This result described 
the first gene in vertebrates required for the formation of the Balbiani body and the localiza-
tion of germ plasm components in the oocyte. Moreover, if the cDNA of Buc is ectopically 
expressed from a transgene, ectopic Bbs are seen (Figure 3D) [55]. This leads to the con-
clusion that Buc, similar to sOsk in Drosophila, is necessary and sufficient for germ plasm 
assembly.
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7.1. The conservation of Buc across the vertebrate kingdom

Buc is present in vertebrates; however, across its homologs in the vertebrate phylum, the sequence 
changes quite rapidly [54]. Zebrafish has two paralogs of Buc in its genome, whereas the salmon 
has three [56]. Currently, the function of the other paralogs is not clear. The Xenopus Buc homolog 
Xvelo exists in two splice forms, long Xvelo and short Xvelo. Both seem to play redudant roles 
in maintaining germ plasm assembly [51]. In humans, two genetic loci show homology to Buc 
protein (Gene ID EU128483, EU128484) [54], but the sequence is interrupted by STOP-codons 
and hence, does not encode an open reading frame. Human ovaries show RNA expression from 
these loci, but their function is not known (Lyautey et al., unpublished). BUC might act as a 
noncoding RNA or encode a short peptide [54, 57]. Whether the homologs from other mammals 
have an open reading frame, like Velo in Xenopus or Buc in zebrafish and can in fact induce germ 
cells, would open an exciting new avenue for stem cell research as well as regenerative medicine.

8. Similarities between Oskar and Buc

Buc and sOsk show a striking homology at the genetic level regarding germ plasm forma-
tion. Both mutants show a defect in polarity and a failure of germ plasm aggregation [54, 
58]. Remarkably, ectopic overexpression of sOsk and Buc induces the formation of additional 
germ cells [32, 54]. To this end, no other proteins have been described, which can induce PGC 
formation in an organism.

Fascinatingly, ectopic expression of Drosophila sOsk in zebrafish induces the formation of pri-
mordial germ cells similarly to Buc (Figure 4) (Krishnakumar et al., unpublished). At the 

Figure 3. Scheme summarizing the role of Buc for germ plasm assembly during zebrafish oogenesis. (A) In buc mutant 
oocytes (buc-), germ plasm assembly is disrupted, and Balbiani body components are ubiquitously distributed in the 
oocyte (red haze) [54]. (B) Wild-type stage I zebrafish oocyte, the central nucleus (germinal vesicle; gray), germ plasm/
Balbiani body (red). (C) A transgene with the Buc cDNA is over-expressed, which leads to the ectopic formation of 
multiple Bbs (red) [54, 55].
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molecular level, buc as well as osk mRNA localize with other germ cell specific molecules to 
the germ plasm during oogenesis. This result suggests that Osk and Buc have an overlap in 
their biochemical network, which they use to form germ plasm and specify germ cells.

sOsk was shown to interact with Vasa, Valois, and Lasp [45, 53, 59]. For example, if Buc also 
binds to zebrafish Vasa, it could mean that Buc uses a similar set of germ cell core factors like 
Osk to specify germ cells. Vice versa, it would also suggest that Oskar might use zebrafish 
Vasa to induce germ cells. Taken together, identifying the Buc-interactome might identify 
conserved factors, which were already core components of the germ cell specification path-
way in the first multicellular animals (Scheme 1).

Figure 4. Ectopic PGC induction by germ plasm organizer overexpression. (A) Scheme showing a zebrafish 16-cell 
embryo in animal view. The middle blastomeres (red) contain endogenous germ plasm and hence, contribute to the 
PGCs of the embryo. The yellow blastomeres will not participate in germline development and form somatic structures 
e.g. neurons, muscle, etc. Buc overexpression (green) in a somatic blastomere is sufficient to reprogram germ cells 
formation. 24hpf stage embryo in a lateral oblique view, anterior to the left. Red cells highlight the endogenous germ 
cells. Overexpression of Buc in a somatic blastomere leads to the formation of ectopic germ cells (green). (B) Scheme 
showing Drosophila embryos at stage 5, anterior to the left, dorsal to the top. In wt embryos, sOsk is localized to the 
posterior pole (red), where it induces the formation of ectopic germ cells. Right embryo: germ plasm transplantation or 
anterior oskar localization (red) is sufficient for the specification of ectopic germ cells. Blue arrows point at extra germ 
cells.

Scheme 1. Osk and Buc could have an overlap in their biochemical network, which they use to form germ plasm and 
specify germ cells.
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8.1. Conservation between Oskar and Buc

According to the sequence-structure-function paradigm, proteins with a conserved activity 
contain homologous sequence motifs to interact with similar binding partners. Conserved 
sequences were previously not identified between sOsk and Buc [41, 54, 60]. Buc does not have 
a visible LOTUS domain, which is required for multimerization and takes part in the interac-
tion with Vasa [46]. Moreover, Buc has no motif with homology to any known RNA binding 
domain. However, the OSK RNA-binding domain was also not described previously in other 
proteins and many RNA binding motifs do not show conserved domains [61]. Presently, none 
of the published bioinformatic analysis detected sequence similarities between the two germ 
plasm organizers Osk and Buc. Hence, their conserved activity remains a mystery. Overall, 
this would suggest that the structure or biophysical nature of both proteins might be similar 
in order to accomplish the same activity by which both would give rise to the “core” RNA-
protein complex. sOsk and Buc might, therefore, represent the first protein pair of a frequently 
postulated phenomenon: Two proteins with similar function without sequence similarity [62].

9. Vasa: the ubiquitous germ cell marker

Vasa seems to be the most widely used molecular marker to identify germ cells [63–67]. Vasa 
is well conserved during evolution and required for germline development. Vasa is a member 
of the DEAD-box protein family of RNA helicase suggesting that it resolves duplex RNA or 
RNA-protein hybrids. Mutations in Vasa show defects in posterior patterning and in germ 
cell specification in the Drosophila embryo [63] . Vasa mutant zebrafish do not form gametes 
and develop as sterile males [68]. Vasa-null male mice are infertile because their germ cell do 
not proliferate and differentiate [69]. The VASA-like gene DBY in humans also appears to be 
required for male fertility [70]. In gain of function experiments, ectopic Vasa expression in 
chicken embryonic stem cells induces expression of specific germline and meiotic genes [71]. 
When these cells are transplanted into chick embryos, they migrate to the gonad anlagen and 
differentiate into gametes. Overall these results support the theory that Vasa has a central role 
in establishing germ line identity and function, however the exact function is still not known.

Vasa RNA or protein expression is frequently used to label PGCs in animals. As at least one 
homolog seems to be present in all metazoans, Vasa is also an easily accessible marker across 
the animal kingdom [72]. However, the restriction of Vasa at the blastula stage to the germ 
plasm and prospective PGCs varies across species. In some species like the zebrafish, Vasa 
protein is ubiquitous at early stages and later gets restricted into PGCs [73], which raised 
concerns about the role of Vasa during germ cell specification.

Exciting results from Drosophila provided a novel perspective on Vasa and germ cell speci-
fication [46]. Vasa has been shown to be activated by sOsk. This would mean that not the 
localization of Vasa protein or RNA labels the region of the early embryo, where germ cells 
are specified, but it only matters, where Vasa is active. So far, the activity of Vasa was only 
determined biochemically by the hydrolysis of ATP, but we still do not know what the activ-
ity of Vasa in vivo is. It would, therefore, be interesting to differentiate between inactive and 
active Vasa in the developing embryo and whether the active form labels specified germ cells. 
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In conclusion, regulatory proteins of Vasa activity like sOsk seem to be a much more reliable 
marker for germline specification.

10. Low complexity proteins

Low complexity (LC) proteins are of two types, amyloid and intrinsically disordered proteins 
(IDPs) [74–76]. Table 3 compares the differences between the two types of LC-proteins.

Both Buc and sOsk have been suggested to have low complexity regions [41, 75, 77]. Indeed, 
it was shown that sOsk contains an intrinsically disordered region critical for Vasa binding. In 
Buc and Velo1, it was shown that parts of the conserved BUVE-motif form prions or amyloid-
like aggregates. IDPs frequently evolve faster than structured proteins [74, 82]. This feature 
might hide conserved motifs in both proteins, which are critical to interact with the same 
biochemical network.

IDPs are also known to act as hubs for supra-molecular complexes and are also more prevalent 
in RNA-binding proteins. As sOsk fits this profile, it would be interesting to know whether 
Buc binds RNA to explain their conserved activities. Moreover, IDPs form liquid-liquid phase 
separations such as RNA-granules, which were also described for the germ plasm in C. elegans 
[79]. Some evidence was provided by in vivo imaging of germ plasm in zebrafish [83] and 
Drosophila [84] that germ plasm is liquid. Nonetheless, the level of intrinsic disorder of germ 
plasm organizers and the liquid properties of germ plasm in fly and fish are still not clear. It is 
presently unknown how the protein components like Oskar, Vasa, assemble into a germ gran-
ule aggregate. RNA-binding proteins have been shown to undergo phase transitions from 
a soluble to viscous state [85–87]. Thus, RNAs may be trapped by germ plasm aggregates, 
which become a granule and thereby facilitate more RNA-RNA and RNA-protein interac-
tions. Oskar has been suggested to contain disordered regions, which connect the domains 
that were crystallized. These regions could push for the propensity to form aggregates as well.

Interestingly, Buc has been discussed to have both amyloid and IDP regions. In Xenopus, the 
Buc homolog Velo1 aggregates into an amyloid like assembly forming the Balbiani body [77]. 

Properties Amyloid IDP

Structure Low complexity regions form beta sheets. Very low complexity with FG or FXXG repeats, in 
most cases with no secondary structure formation.

Chemical Aggregates are resistant to SDS and high salt 
concentrations.

Aggregates are dissolved by SDS or high salt 
concentrations.

Aggregation Aggregates are resistant to 1,6 hexanediol. 1,6-hexanediol dissolves hydrogels formed by IDPs.

Staining Stain positively with Thioflavin S and T. No accumulation of Thioflavin.

Examples: Amyloid plaques, Balbiani body 
Xvelo protein in Xenopus (Boke et al. [77]).

Examples: Nuclear pores [Nucleoporins (Frey et al. 
[81])], germ plasm in C. elegans.

References [77–81].

Table 3. The differences between the two classes of low complexity proteins, amyloid and IDP.

Germ Cell Specification: The Evolution of a Recipe to Make Germ Cells
http://dx.doi.org/10.5772/intechopen.71557

11



8.1. Conservation between Oskar and Buc

According to the sequence-structure-function paradigm, proteins with a conserved activity 
contain homologous sequence motifs to interact with similar binding partners. Conserved 
sequences were previously not identified between sOsk and Buc [41, 54, 60]. Buc does not have 
a visible LOTUS domain, which is required for multimerization and takes part in the interac-
tion with Vasa [46]. Moreover, Buc has no motif with homology to any known RNA binding 
domain. However, the OSK RNA-binding domain was also not described previously in other 
proteins and many RNA binding motifs do not show conserved domains [61]. Presently, none 
of the published bioinformatic analysis detected sequence similarities between the two germ 
plasm organizers Osk and Buc. Hence, their conserved activity remains a mystery. Overall, 
this would suggest that the structure or biophysical nature of both proteins might be similar 
in order to accomplish the same activity by which both would give rise to the “core” RNA-
protein complex. sOsk and Buc might, therefore, represent the first protein pair of a frequently 
postulated phenomenon: Two proteins with similar function without sequence similarity [62].

9. Vasa: the ubiquitous germ cell marker

Vasa seems to be the most widely used molecular marker to identify germ cells [63–67]. Vasa 
is well conserved during evolution and required for germline development. Vasa is a member 
of the DEAD-box protein family of RNA helicase suggesting that it resolves duplex RNA or 
RNA-protein hybrids. Mutations in Vasa show defects in posterior patterning and in germ 
cell specification in the Drosophila embryo [63] . Vasa mutant zebrafish do not form gametes 
and develop as sterile males [68]. Vasa-null male mice are infertile because their germ cell do 
not proliferate and differentiate [69]. The VASA-like gene DBY in humans also appears to be 
required for male fertility [70]. In gain of function experiments, ectopic Vasa expression in 
chicken embryonic stem cells induces expression of specific germline and meiotic genes [71]. 
When these cells are transplanted into chick embryos, they migrate to the gonad anlagen and 
differentiate into gametes. Overall these results support the theory that Vasa has a central role 
in establishing germ line identity and function, however the exact function is still not known.

Vasa RNA or protein expression is frequently used to label PGCs in animals. As at least one 
homolog seems to be present in all metazoans, Vasa is also an easily accessible marker across 
the animal kingdom [72]. However, the restriction of Vasa at the blastula stage to the germ 
plasm and prospective PGCs varies across species. In some species like the zebrafish, Vasa 
protein is ubiquitous at early stages and later gets restricted into PGCs [73], which raised 
concerns about the role of Vasa during germ cell specification.

Exciting results from Drosophila provided a novel perspective on Vasa and germ cell speci-
fication [46]. Vasa has been shown to be activated by sOsk. This would mean that not the 
localization of Vasa protein or RNA labels the region of the early embryo, where germ cells 
are specified, but it only matters, where Vasa is active. So far, the activity of Vasa was only 
determined biochemically by the hydrolysis of ATP, but we still do not know what the activ-
ity of Vasa in vivo is. It would, therefore, be interesting to differentiate between inactive and 
active Vasa in the developing embryo and whether the active form labels specified germ cells. 

Germ Cell10

In conclusion, regulatory proteins of Vasa activity like sOsk seem to be a much more reliable 
marker for germline specification.

10. Low complexity proteins
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might hide conserved motifs in both proteins, which are critical to interact with the same 
biochemical network.
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tions. Oskar has been suggested to contain disordered regions, which connect the domains 
that were crystallized. These regions could push for the propensity to form aggregates as well.

Interestingly, Buc has been discussed to have both amyloid and IDP regions. In Xenopus, the 
Buc homolog Velo1 aggregates into an amyloid like assembly forming the Balbiani body [77]. 

Properties Amyloid IDP

Structure Low complexity regions form beta sheets. Very low complexity with FG or FXXG repeats, in 
most cases with no secondary structure formation.

Chemical Aggregates are resistant to SDS and high salt 
concentrations.

Aggregates are dissolved by SDS or high salt 
concentrations.

Aggregation Aggregates are resistant to 1,6 hexanediol. 1,6-hexanediol dissolves hydrogels formed by IDPs.

Staining Stain positively with Thioflavin S and T. No accumulation of Thioflavin.

Examples: Amyloid plaques, Balbiani body 
Xvelo protein in Xenopus (Boke et al. [77]).

Examples: Nuclear pores [Nucleoporins (Frey et al. 
[81])], germ plasm in C. elegans.

References [77–81].

Table 3. The differences between the two classes of low complexity proteins, amyloid and IDP.
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By contrast, BucGFP molecules showed hydrogel or liquid droplet-like behavior in the early 
zebrafish similar to the P-granules in C. elegans [79, 83]. This suggests a controlled transition 
from an amyloid plaque to a soluble hydrogel at the end of oogenesis. Understanding, how 
the same protein can generate different aggregates and how these transitions are regulated in 
vivo will be quite exciting. Finding the molecular mechanism, by which the oocyte dissolves 
amyloids, might also provide a therapeutic strategy to dissolve protein aggregates during 
neurodegenerative diseases like Alzheimer’s.

Overall the aggregation of IDPs emerge as a central theme in germ cell specification. Just like 
Vasa, which is also intrinsically disordered region [88] and like the polymerizing substrates 
of P-granules which are the MEG1 and MEG 3 proteins in C. elegans [89], Buc and Osk self-
aggregate and assemble germ plasm via phase transition.

11. A common recipe to make germ cells

If Osk and Buc have diverged from a common ancestor, their precursor would have been an 
ancient protein of low complexity, which induces germ cell formation. Both proteins probably 
have unrelated sequences as consequence of their role as intrinsically disordered scaffolds. This 
structural role releases the constraints to maintain a defined protein structure as described for 
other IDPs [90]. This divergence probably hides conserved motifs, which bind to a similar inter-
actome such as Vasa, Valois, and probably other common mRNA binding partners (Figure 5). 
Finding interaction partners and mapping the interaction motifs like for the sOsk-Vasa interac-
tion will determine, to which level interaction motifs are conserved between sOsk and Buc.

Figure 5. Model for germ plasm formation. Single monomer molecules of germ plasm organizer (red) aggregate 
through weak interactions of their intrinsically disordered regions (hooks and loops), until a threshold concentration is 
reached. This leads to a liquid-liquid phase separation (red haze) to form hydrogel-like germ plasm. The aggregate then 
selectively recruits protein (geometric shapes) and mRNA (lines). This gets packed into germ plasm e.g. as shown above 
in the Balbiani body of the oocyte.
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Describing the Balbiani body, a picture of the popular “bubble tea” comes to mind. In this 
picture, the organizer proteins form a scaffold probably via self-aggregation or upon binding 
with their interactors similar to the chewy alginate balls, which form during polymerization. 
During this process, germ plasm assembles and thereby integrates RNA and proteins into this 
3D liquid lattice. The assembly also initiates Vasa’s activity to start the downstream program, 
e.g. to protect RNAs and proteins from degradation [91]. The germ plasm also exchanges 
components with the cytoplasm similar to those spheres floating in the bubble tea. When 
inherited into a cell, the germ plasm probably releases some proteins whose translation and 
stability is tightly controlled. Once these factors are unleashed from the bubble spheres, they 
change the transcriptional program to specify the maturation of a PGC to a gamete.

12. Conclusion

Why should germ cell specification be conserved? Reproduction is a conserved feature of all 
biological systems and must have been, therefore, be present in the first metazoans before 
other cell types like neurons, muscle or a vascular system. Germ cell specification was, there-
fore, present before the formation of an eye or even a nervous system. Nonetheless, the con-
servation of the master regulator Pax6/Eyeless showed that light sensing organs were already 
present at the base of metazoan evolution [92]. Although this hallmark finding is currently 
accepted in the scientific literature, the insect compound eye and the vertebrate camera-eye 
were regarded as a paradigm for convergent adaptations. We, therefore, speculate that germ 
cell formation is the more ancient tissue compared to eyes, would use an even more conserved 
molecular regulation than Pax6/Eyeless.

When animals started to become multi-cellular, they could no longer continue to reproduce 
by simple cell cleavage. They needed to set the germline apart from the soma for their repro-
duction [93]. For this task, they had to evolve proteins, which served as master switches for 
germ cell specification. Any changes to the function of these proteins could have lasting con-
sequences on the propagation of that species. However if these proteins were IDPs, they could 
still perform their function, despite of rapid (localized or random) changes. These changes 
could have roles in speciation or better coordinated control of specification. Whatever the case, 
if they still aggregated and setup the “core” complex, a germ cell would have still formed.

13. Future directions and recommendations: back to the future

Ciliates form a cytoplasmic aggregate called the conjusome [94]. This structure is pres-
ent only during sexual reproduction. Similar to the Balbiani body in Xenopus and the 
P-granules in C. elegans, the conjusome is made up of fibrous, electron dense material [94]. 
It also contains a Piwi related protein TWI, which protects the integrity of the genome [95]. 
These commonalities with germ plasm are very striking and suggest that the conjusome 
might be the ancestral form of germ plasm. Hence, the organizer protein in Ciliates prob-
ably displays a very different amino acid sequence from Osk and Buc. However, the Ciliate 
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 organizer might have similar characteristics like Osk and Buc, such as forming the protein-
RNA core or even induce germ cells in zebrafish. If indeed a germ plasm like structure 
existed in unicellular organisms, germ cell specification by induction would have emerged 
after the transition to multicellularity, because signaling requires a multicellular environ-
ment. It will, therefore, be quite interesting to find out to which level germ plasm in meta-
zoans and structures like the conjusome in unicellular organisms are conserved. Therefore, 
if these conjusomes could be chemically isolated, its proteins and RNA can be compared 
to the known components of germ plasm. This will show if there is an evolutionary clue 
between the conjusome in lower organisms and germ plasm in higher organisms thus pro-
viding the missing link.

Expanding on this hypothesis, protein phase transition might have been present before the 
first unicellular organisms. If the beginning of life was an RNA world [96] and formation of a 
cell was needed to protect the genetic material, it would have been easier to have a hydrogel 
aggregate of slime or protein lock the RNA into an RNA granule than to establish a lipid 
bilayer with an internal framework. Indeed if that was the case, this structure would have 
been more similar to the germ plasm that we see today than to a membrane-bound cell. Thus 
the origin of life would have been from a germ plasm ancestor similar to a drop of Amrit or 
Ambrosia spilled from the heavens.
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Abstract

The Drosophila germline stem cells (GSCs) remain as one of the most well-understood 
adult stem cells. The number of stem cells that self-renews and differentiates must be 
tightly controlled to maintain tissue homeostasis. The Drosophila GSCs are maintained 
by local signals emanated from the niche, which is composed of the surrounding somatic 
cells. Notably, GSC homeostasis is also known to be influenced by systemic signals and 
external stimuli. The Drosophila hormone ecdysone and its signalling cascade were found 
to regulate GSC homeostasis. The insulin signalling pathway as well as nutrient availabil-
ity can also regulate GSC number. Furthermore, neuronal sex peptide signalling induced 
in female flies after mating was shown to increase GSC number. Hence, the Drosophila 
GSC system serves as a useful model towards understanding the mammalian stem cells. 
Compared with the mammalian stem cell models, the Drosophila GSC system is anatomi-
cally simpler where stem cells can be easily identified, imaged and manipulated geneti-
cally. Nevertheless, recent findings have facilitated our understanding into how GSCs 
and their neighbouring somatic cells sense and respond to changes in a variety of local, 
systemic and external stimuli.

Keywords: Drosophila, germline stem cells (GSCs), stem cell niche, nutrients, insulin 
signalling, insulin-like peptides (Ilps), ecdysone, sex peptide (SP), mating

1. Introduction

Germline stem cells (GSCs) are adult stem cells that give rise to gametes. Sperm and egg 
production is an important process, whereby genetic information is transferred to the next 
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generation by GSCs. Hence, GSC self-renewal and differentiation must be tightly regulated 
to ensure a homeostasis for a healthy egg and sperm production. The GSCs in both female 
and male Drosophila are one of the best-understood adult stem cells by far. The Drosophila 
is a useful in vivo model to study how GSCs and their surrounding somatic cells are co-
regulated. Short-range signals from GSC niche, systemic signals and external stimuli aid 
to determine the fate of GSCs. Upon these signals, GSCs undergo asymmetric divisions, 
whereby they self-renew to produce one cell that remains as a stem cell and another daugh-
ter cell that is displaced away from the niche and is fated to differentiate. The daughter cell 
maintains its stemness because it stays in direct contact to and receives immediate signals 
from the niche, whereas the other daughter cell receives low/no signals because it is further 
away from the niche and, hence, is programmed to differentiate. Under certain circum-
stances such as genetic mutation or impaired internal or external signals, GSCs become 
poorly regulated, leading to over-proliferation of GSCs (GSC tumours) or precocious differ-
entiation of the GSCs (GSC loss). Both conditions are unfavourable for the organism as they 
can cause infertility and hence impaired reproduction and endangering the species popula-
tion. In this chapter, a brief description on the Drosophila’s ovary and testis will be covered. 
In addition, the molecular mechanisms underlying GSC maintenance by short-range signals 
produced from the niche and long-range signals such as hormones and insulin-like peptides 
produced from the brain or external stimuli such as nutrient availability and mating will be 
discussed.

2. The Drosophila ovary and testis germ cell system

2.1. The Drosophila ovary system

The female Drosophila has a pair of ovaries each of which consists of about 17 repeated units 
called the ovarioles. The ovarioles are further subdivided into two main parts with the ante-
rior region being the germarium, and a series of gradually differentiated egg chambers are 
positioned at the posterior end. The germarium is where all the stem cell activity takes place, 
and there are two types of stem cells present in the germarium: GSCs which eventually gener-
ate gametes and somatic stem cells (SSCs, also referred to as follicle stem cells (FSCs)). The 
apical tip of the germarium consists of approximately 8–10 terminal filament (TF) cells fol-
lowed by 5–7 cap cells (CCs) at the base of TF cells which are directly in contact with 2–3 
GSCs [1–3]. The cap, TF cells and ECs (escort cells that line at the surface of the anterior 
half of the germarium) provide the stem cell niche for the regulation of GSCs by short-range 
signals. The GSCs divide asymmetrically to produce one daughter cell that stays in contact 
with the CCs and hence maintains its stem cell identity and another daughter cell that moves 
away from the niche to differentiate called a cystoblast (CB) [4, 5]. Loss of GSCs can signal 
the neighbouring GSCs to go through symmetric division, producing two daughter cells that 
both retain GSC fate and stay in contact with CCs; hence, this mechanism replaces the unoc-
cupied niche space [6]. The GSCs stay connected to the CCs through adherens junction and 
loss of adherens junction can lead to GSCs moving away from the niche to differentiate [7]. 
GSCs and its differentiated progeny can be recognized by the presence of fusome, which 
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are germ-specific organelles rich in membrane skeletal proteins like the α-spectrin and hu-li 
tai shao (Hts) [8, 9]. The fusome appears round in shape (also referred to as spectrosome) in 
GSCs and cystoblasts (CBs) but is branched in the CB progenies. In the female, the fusome 
degenerates shortly after the formation of 16-cell cysts [8]. The CBs will undergo synchronous 
division with incomplete cytokinesis to produce 2-, 4-, 8- and 16-cell cysts. The early cyst cells 
are encased by long cytoplasmic extension from escort cells (ECs), whereas the late-stage cysts 
are encased by follicle cells (FCs) produced by the FSCs [10]. The 16-cell cysts surrounded by 
FCs will bud off from the germarium to produce individual egg chambers [10]. The female 
GSCs are dominantly regulated by the bone morphogenic protein (BMP) signalling from the 
niche. In Drosophila, the decapentaplegic (dpp) and glass-bottom boat (gbb) are ligands for BMP 
and are mainly expressed in the TF cells and CCs. Loss of dpp and gbb caused GSCs to dive 
into differentiation mode, whereas too much of dpp leads to over-proliferation of GSCs and 
forms GSC tumours [11, 12]. The bag of marbles (bam) and benign gonial cell neoplasm (bgcn) are 
essential for CB differentiation [13–15]. CBs lost the ability to differentiate with bam loss of 
function and eventually form germline tumour [11, 14]. On the other hand, overexpression 
of bam caused loss of GSCs as seen in dpp loss of function [11, 16]. BMP signalling promotes 
GSC self-renewal by the mechanism, whereby mothers against dpp (Mad) is phosphorylated 
leading to the formation of Mad and Med complex, which subsequently translocates into the 
nucleus to bind to bam promoter and, hence, represses the transcription of bam in GSCs [12]. 
The GSC niche formed by TF cells, CCs and ECs also expresses P-element-induced wimpy 
testis (piwi), fs(1)Yb (also known as Yb) and hedgehog (hh), which are required for GSC main-
tenance [17–19]. Piwi and hh expressions in the GSC niche require Yb. Loss of function of piwi 
and Yb in the GSC niche causes GSC exhaustion as seen in BMP signalling mutants, whereas 
overexpression of piwi or Yb expands GSC number to 2.5-folds, although the increase was not 
as dramatic as dpp overexpression which led to GSC tumour [17, 19]. Hh mutation in the GSCs 
niche affects the GSC population at a lower rate which may suggest that it has a minor role in 
GSC maintenance [19]. Additionally, Hh signalling activation in ECs promotes germline dif-
ferentiation [20–22]. Besides that, the Notch signalling controls the formation of GSC niche, 
whereby elevated Notch signalling resulted in increased niche size (CC number) and hence 
more GSCs; reduced Notch signalling resulted in decreased CC number and niche size which 
in turn reduced the number of GSCs (Figure 1) [23].

2.2. The Drosophila testis system

The male Drosophila has a pair of testes and at the apical tip is where the stem cell niche is housed. 
The stem cell niche consists of postmitotic hub cells, GSCs and cyst stem cells (CySCs). In the male 
Drosophila, about 6–12 GSCs are arranged in a rosette pattern around a tightly packed cluster of 
hub cells by adherens junction rich in E-cadherin [24, 25]. Each GSC is encased by a pair of somatic 
CySCs, which are also in contact with the hub cells by their cytoplasmic extensions such that the 
distance of the CySC nuclei is further from the hub cells compared to the GSC nuclei [26]. The 
female and male GSCs have many processes in common; one of them is the asymmetric division 
of GSCs to produce one daughter cell that self-renews and another that differentiates. By doing 
so, the male GSCs generate one daughter cell that stays in contact with the hub cells and retains 
its stem cell identity and another daughter cell that is further away from the hub cells, called goni-
alblast (GB). The GB is fated for differentiation due to the lack of local signals it receives from the 
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niche and is programmed to advance into four rounds of transit-amplifying divisions to generate 
2-, 4-, 8- and 16-spermatogonial cells. These 16-spermatogonial cells will then enter the premei-
otic S-phase followed by spermatocyte growth and spermatogenesis to produce spermatids and 
eventually mature sperms [27]. A pair of cyst cells which are progenies of CySCs continue to 
completely wrap around each GB and its progenies of differentiated spermatogonial cells; cyst 
cells do not increase in number but only grow to accommodate the expanding spermatogonial 
cells. CySCs and cyst cells provide protective layer which also isolate germ cells from each other, 
and only ring canals can connect the spermatogonial cells together [27]. The spectrosomes also 
appear spherical in the GSCs and GBs but are branched fusome in the differentiated spermato-
gonial cells. However, unlike the fusome in the ovaries which perishes after mitosis, fusome in 
the Drosophila testis continues to develop further through meiosis and spermatid elongation [28].

The male GSCs are also regulated by local signals from the niche to ensure a balanced popu-
lation of germ cells. The Janus kinase-signal transducers and activators of transcription (JAK-
STAT) signalling pathway was the first to be discovered to regulate GSCs in the fly testis. The 
ligand of the pathway called Unpaired (Upd) is expressed in the hub cells, whereby it activates 
the JAK-STAT signalling in the adjacent GSCs and CySCs. When the transcription factor STAT is 
exhausted from the testis, GSCs and CySCs are lost, whereas misexpression of Upd led to GSCs 
and CySCs that can self-renew without close proximity to the niche [29, 30]. Activation of STAT in 
somatic cells outside the niche is adequate to initiate CySC and GSC self-renewal but, STAT acti-
vation in GSCs was inadequate to activate GSC self-renewal outside the niche. This suggests that 

Figure 1. A schematic diagram of the Drosophila ovary. (A) A pair of Drosophila ovaries consisting of several ovarioles 
each and the zoom in section of the germarium. (B) The stem niche of the Drosophila ovary consisting of TF, CC and GSC 
and the signalling pathways that maintain the niche.

Germ Cell26

CySCs with activated JAK-STAT signalling may provide signals which support the self-renewal 
of adjacent GSCs and that CySC loss might have directly caused the loss of GSCs in the previous 
STAT depletion study [31]. The zinc-finger homeodomain protein 1 (zfh1) is expressed in the 
CySCs and is required for its maintenance. Zfh1 is a target of JAK-STAT, whereby it is likely that 
the activation of BMP ligands in the CySCs is through zfh1 [31]. The expression of zfh1 in the 
cyst cells outside the niche caused self-renewal of CySCs and GSCs outside the niche as seen in 
previous similar study with STAT [32]. Chronologically inappropriate morphogenesis (chinmo) 
is another target of JAK-STAT signalling, and it is required for CySC maintenance [33]. Just like 
in the female Drosophila, the BMP signalling is likewise involved in the regulation of GSCs in the 
Drosophila testis. Dpp and gbb are expressed in both the hub cells and CySCs, and they activate 
the self-renewal of GSCs while repressing the transcription of bam (Figure 2) [34–37].
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3. Nutrients and the insulin signalling pathway regulate the germ cell 
system in both the ovary and testis of Drosophila

3.1. Nutrition plays a big role in the development of Drosophila ovary

Besides the local signals from the niche, stem cells can respond to external signals such as 
changes in nutrient availability. Under life-threatening environment such as starvation, 
organisms often respond by compromising their developmental and/or reproductive pro-
grammes. When female flies were fed with diet lacking protein (poor diet), egg-laying was 
greatly affected with 60-fold difference compared to flies fed on a yeast-rich diet. The ovaries 
were also greatly reduced in size under poor diet. These effects can be seen within 1 day of 
switching the flies from normal to poor food, and it takes 2 days for these flies to recover from 
the effect of poor food to normal egg production and ovary size. Such rapid reproductive 
changes suggest that egg production is highly dependent on changes in nutrition. Switching 
female flies from normal to poor food caused a reduction in proliferation rates in both germ-
line and somatic stem cells as well as their progenies to two to fourfold. This is to a lesser 
extent when compared to female flies raised entirely on poor diet. Although the proliferation 
rates were reduced, the number of active stem cells remained the same. On the other hand, a 
checkpoint mechanism was identified at the region 2a and 2b of the germarium. Under poor 
nutrient condition, apoptosis of the cyst cells was detected at the region where FCs first begin 
to surround the germline cysts. Cysts moving through the 2a region are preparing for meio-
sis, and nutrient limitation might have activated cell death programme of both the cysts and 
somatic cells. Lacking somatic cells to envelope the cysts, this programmed cell death upon 
nutrient deprivation can prevent insufficient somatic cells from encasing the cyst and cause 
developmental lapse. The dramatic decline in egg production under poor nutrition might 
have been due to a slower proliferation programme of the germ line and FSCs and its prog-
enies as well as apoptosis that occurred in the 2a and 2b region [38].

3.2. Nutrition regulates GSCs and CySCs in the Drosophila testis

Just like the female flies, the male germ cells are also affected by poor nutrition. When male 
flies were switched from standard food to poor food for 20 days, their testes become much 
thinner overtime. The GSCs of these testes declined in numbers to about 35% and nearly 50% 
for CySCs and early cyst cells. The number of proliferating GSCs measured by cells in the 
S-phase of mitotic division also reduced greatly from 28 to 17% on 20 days of poor diet. No 
apoptosis of germ cells was detected in starving flies suggesting that apoptosis did not cause 
the loss of GSCs but direct differentiation. As seen in the fly ovaries, such phenotypes caused 
by nutrient deprivation are reversible. Upon switching flies back to normal diet after poor 
diet, testis development improved, and their testes returned to normal size. The prolifera-
tion of GSCs resumed leading to healthy GSC number, and spermatogonia repopulated the 
testis tip [39]. The ovaries and testes of the flies prove to be not the only organs affected by 
poor nutrition. The fly intestinal stem cells (ISCs) and its daughter cell called the enteroblast 
(EB) showed the same effect. The intestine became much smaller, and both the ISCs and EB 
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reduced in numbers when switched from rich to poor diet. When rich food was available 
again after starving, the intestine regained its original size. ISCs proliferated at a normal rate, 
and both ISCs and EB increased in numbers [39].

3.3. The insulin signalling pathway as the nutrient sensor which regulates the 
development of Drosophila ovary

The Drosophila insulin signalling pathway has been known for its role in regulating the body, 
organ and cell size of the animal as well as ageing and lifespan. In Drosophila, the insulin sig-
nalling consists of insulin-like peptides (Ilps), insulin receptor (InR) and insulin-like substrate 
or chico which are mediated by the PI3K, phosphoinositide-dependent kinase 1 (Pdk1) and 
Akt pathway. Genetic defects in components of the pathway caused developmental delays in 
Drosophila giving rise to smaller body and cell size, less cells, increased fat and sterile females. 
These effects are not caused by insulin signalling alone but can be seen in flies that were 
starved during development which suggests a link between the insulin signalling pathway 
and nutrient availability [40, 41]. In fact, research done on the endoreplicating tissues (ERTs) 
which constitute majority of the Drosophila larva showed that inhibition of PI3K can suppress 
cell growth as seen in starved animal; introducing InR or PI3K can rescue cell loss in starved 
animal; and PI3K activity is activated when nutrition is available [41].

There are seven Drosophila insulin-like peptides (Ilps) in total with three (Ilp2, Ilp3 and Ilp5) 
being produced in two clusters of the medial neurosecretory cells in both larvae and adult 
Drosophila brain [42, 43]. However, among the three Ilps produced in the brain, only Ilp3 
and Ilp5 are regulated by nutrient availability, whereas Ilp2 remain stable during starvation. 
The Ilp5 is also found in the FCs of the female adult ovaries [44]. The remaining Ilps are 
expressed in other parts of the animal such as imaginal discs, gut and ventral nerve cord [43]. 
When neurosecretory cells were ablated in the third instar larvae, female adult flies which 
eclosed later on showed a severe reduction in ovary size and vitellogenic oocytes leading to 
decreased fecundity [44]. The ability of FCs to proliferate was severely affected in female flies 
with ablated neurosecretory cells even when rich food was available [45]. A partial decline in 
proliferation of follicle cells can likewise be seen in female flies with homozygous mutation 
for chico and fed on rich food, reminiscence of flies on poor food. Chico mutant caused a seri-
ous impairment of egg chambers to develop beyond vitellogenesis in spite of the availabil-
ity of rich food [38]. Besides that, loss of neurosecretory cells can cause a reduction in body 
weight and wing area of eclosed flies and reduced length of larvae to half the normal size, 
and development was slowed down by double [44, 46]. The developmental delays caused by 
fewer neurosecretory cells can be rescued by expression of Ilp2 during larvae stage but not the 
proliferation rate of the FCs [45]. These larvae also have higher levels of glucose and trehalose 
compared to wild type, and this can be rescued when Ilp2 was expressed which suggests 
that insulin signalling pathway can regulate energy metabolism in the animal [46]. Unlike in 
mammals where Ilps are produced in the pancreas, expression of Ilps in the brain is common 
in insects [47–49]. For instance, the Bombyx mori secretes Ilps from the neurosecretory cells in 
response to nutrients [50]. Taken together, this shows that the brain is the main organ that 
produces Ilps to control oogenesis, development and energy metabolism.
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When the Drosophila insulin receptor (InR) was mutated in the germ cells of female flies, the devel-
opment and size of the germline cysts were greatly reduced. Germ cells with homozygous mutant 
for InR led to cysts which fail to complete vitellogenesis and degenerate. A complete loss of func-
tion of InR in the germ line resulted in a comprehensive hindrance in vitellogenesis. However, 
such hindrance was only partial when the neurosecretory cells were ablated. Therefore, Ilp5 
produced in the follicle cells most likely works together with the brain Ilps to control vitellogen-
esis. On the other hand, InR mutation in the GSCs of the female flies divides at a much slower 
rate, and their division rate is dependent on InR activity, suggesting that GSCs receive Ilp signal 
directly and not through the niche to regulate its division [45]. There were less GSCs and CCs 
in InR mutant compared to control, and such loss of GSCs and CCs was quicker with increased 
age which can be suppressed by overexpression of Ilp2 in somatic cells. CCs with InR mutation 
showed decreased ability to attach to GSCs due to changes in E-cadherin levels [51]. Loss of chico 
in the female GSCs caused a decline in GSCs and its division rate which can be rescued when 
wild-type chico transgene was introduced or PI3K was activated in the GSCs [45, 51].

3.4. The insulin signalling pathway regulates the GSCs in Drosophila testis

In the male flies, the InR is expressed in the hub cells, GSCs and early germline and somatic cells. 
Loss of GSCs was seen when InR mutation was activated for 10 days in the GSCs. Constitutive 
expression of InR in early germ cells resulted in partial rescue of GSC loss in starved flies, 
whereas expression of InR in both the GSCs and hub cells led to a significant suppression of 
GSC loss. Similar trend was seen when the activated form of Drosophila PI3K was expressed 
in both the GSCs and hub cells. These results indicate that InR can regulate GSC maintenance 
and constitutive activation of InR in the GSCs and hub cells can effectively overturn the loss of 
GSCs under poor nutrition [39]. A combination of InR mutation can cause sterility in both male 
and female flies. In male sterile flies, their testis showed a reduction of germ cells or sperms. 
Further investigations showed a decrease in GSCs with increased age in these InR mutant 
male flies. A severe decrease in spermatocyte cysts was also found in testes with InR or chico 
mutation even in newly eclosed males. Ablation of neurosecretory cells can also cause a decline 
in spermatocyte cysts. InR mutant testes also showed a decrease in phosphorylated Akt com-
pared to control suggesting that loss of GSCs and spermatocyte cysts can be caused by inac-
tive insulin signalling through the PI3K/Akt pathway. Besides that, InR mutation in the testes 
affected the cell cycle progression of GSCs. There were less GSCs in the S-phase and G2/M 
phase of the mitotic cycle in the InR mutant testes. The spermatocytes undergo a dramatic 
increase in size before meiosis takes place. These results suggest that InR plays a role in the 
asymmetric division of the male GSCs, the cell cycle progression of GSCs and the cell growth 
of spermatocytes [52]. The CySCs of the male Drosophila requires the PI3K/target of rapamycin 
(Tor) activity to differentiate, and lack of which directs the CySCs into a proliferative state [53].

In another study, centrosome misorientation was found to be the culprit of GSC loss or GSC 
proliferation delay caused by reduced insulin signalling or poor nutrition in male flies. The 
cell cycle of GSCs is halted in the event of centrosome misorientation and will resume once 
the orientation is back to normal [54–56]. Male flies under poor nutrition had higher percent-
age of GSCs with misoriented centrosome compared with flies grown on rich food. However, 
the spindle orientation remained normal which advocates that the centrosome orientation 
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checkpoint was intact. This means that the GSCs had a slower cycling rate under poor nutri-
tion. The impaired centrosome orientation was reversible and restored within 3–5 days when 
flies under poor diet were transferred to rich diet. To investigate if centrosome misorientation 
can be affected by insulin signalling, a dominant-negative form of InR or hypomorphic InR 
mutant was expressed in the germ cells, and the result was a significant increase in centrosome 
misorientation occurrence regardless of nutrient condition. When the active form of InR was 
expressed, centrosome misorientation reduced significantly even in poor diet. Another compo-
nent of the insulin signalling pathway, Akt, also regulates centrosome orientation. Knockdown 
of Akt led to high frequency of centrosome misorientation, and the opposite effect can be seen 
in overexpression of Akt regardless of nutrient condition. Overexpression of Ilp1, Ilp2, Ilp3, Ilp5 
and Ilp6 also reduced centrosome misorientation even in poor food, but this effect was not seen 
in Ilp4 and Ilp7 overexpression. These suggest that GSC centrosome orientation or GSC pro-
liferation is controlled by insulin signalling pathway and nutrient availability (Figure 3) [57].

Figure 3. The effect of nutrient availability and insulin signalling pathway on the Drosophila ovary and testis. (A) A 
summary of the effect of poor diet and disrupted insulin signals on the Drosophila ovary. (B) The effect of poor diet and 
compromised insulin signalling pathway on the stem cell niche of the Drosophila testis and such effects are reversible 
when conditions become favourable again.
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When the Drosophila insulin receptor (InR) was mutated in the germ cells of female flies, the devel-
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tion of InR in the germ line resulted in a comprehensive hindrance in vitellogenesis. However, 
such hindrance was only partial when the neurosecretory cells were ablated. Therefore, Ilp5 
produced in the follicle cells most likely works together with the brain Ilps to control vitellogen-
esis. On the other hand, InR mutation in the GSCs of the female flies divides at a much slower 
rate, and their division rate is dependent on InR activity, suggesting that GSCs receive Ilp signal 
directly and not through the niche to regulate its division [45]. There were less GSCs and CCs 
in InR mutant compared to control, and such loss of GSCs and CCs was quicker with increased 
age which can be suppressed by overexpression of Ilp2 in somatic cells. CCs with InR mutation 
showed decreased ability to attach to GSCs due to changes in E-cadherin levels [51]. Loss of chico 
in the female GSCs caused a decline in GSCs and its division rate which can be rescued when 
wild-type chico transgene was introduced or PI3K was activated in the GSCs [45, 51].

3.4. The insulin signalling pathway regulates the GSCs in Drosophila testis

In the male flies, the InR is expressed in the hub cells, GSCs and early germline and somatic cells. 
Loss of GSCs was seen when InR mutation was activated for 10 days in the GSCs. Constitutive 
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checkpoint was intact. This means that the GSCs had a slower cycling rate under poor nutri-
tion. The impaired centrosome orientation was reversible and restored within 3–5 days when 
flies under poor diet were transferred to rich diet. To investigate if centrosome misorientation 
can be affected by insulin signalling, a dominant-negative form of InR or hypomorphic InR 
mutant was expressed in the germ cells, and the result was a significant increase in centrosome 
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of Akt led to high frequency of centrosome misorientation, and the opposite effect can be seen 
in overexpression of Akt regardless of nutrient condition. Overexpression of Ilp1, Ilp2, Ilp3, Ilp5 
and Ilp6 also reduced centrosome misorientation even in poor food, but this effect was not seen 
in Ilp4 and Ilp7 overexpression. These suggest that GSC centrosome orientation or GSC pro-
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4. Steroid signalling regulates the development of Drosophila ovary and 
testis

The endocrine system plays a role in development, metamorphosis, oogenesis and stem cell 
maintenance in Drosophila [58–60]. The major steroid hormone in Drosophila is ecdysteroids 
or its active form, twenty-hydroxyecdysone (20E) which is analogous to the human sex ste-
roids [61]. The 20E acts by binding to a heterodimeric nuclear receptor complex which com-
prises of an ecdysone receptor (EcR) and ultraspiracle (Usp). EcR and usp have mammalian 
orthologues, franesoid X receptor/liver X receptor and retinoid X receptor, respectively [62, 
63]. The 20E/EcR/Usp complex will then bind to the ecdysone response elements (EcREs) 
to activate transcription or repression of various genes [64–66]. The early response genes of 
ecdysone signalling consist of E74, E75 and Broad-Complex (BR-C) which all play a role in 
egg chamber development [67, 68]. The ecdysteroids were first discovered in the ovaries of 
adult mosquitoes and subsequently found to be expressed in the ovaries of adult Drosophila 
[69–72]. EcR null mutation caused very few female flies (approximately 2% of females) to lay 
eggs, and they stop laying eggs at day 4–5, suggesting the requirement of ecdysone signalling 
for oogenesis. Besides, the enzyme important for steroid hormone synthesis was also found 
to regulate egg chamber development. When dare, the Drosophila homologue for the enzyme 
adrenodoxin reductase, was mutated, fewer female flies laid eggs, and they progressively lost 
their ability to lay eggs [67].

Mutation in the biosynthesis of ecdysone or EcR encourages GSCs to progress through G2 
phase of cell cycle which showed increase in G2/M fusomes. However, these mutations also 
caused a rapid loss in GSC number. The ecdysone early response gene E74 but not others was 
found to regulate GSCs as well. When mutated, GSCs showed significant decline in their divi-
sion rate. There was also a surge in apoptopic cysts and decline in late-stage cysts which were 
not seen in usp inactivation and may suggest that E74 is required for the survival of cysts. This 
seems to be similar to what was found in insulin signalling which also promotes GSC pro-
gression through G2 phase. However, E74 acts independently of insulin signalling because 
removal of a downstream target of insulin signalling, forkhead box, subgroup O (FOXO) has 
no effect in division of E74 mutant GSCs [73]. The chromatin remodelling factor called imita-
tion SWI (ISWI) was known to be involved in the self-renewal of Drosophila ovary GSCs [74]. 
This study found ecdysone signalling to work together with ISWI-containing nucleosome 
remodelling factor (NURF) complex to regulate GSCs in the Drosophila ovary. There was an 
amplified loss in GSCs in combined mutation of nurf301 and EcR, ISWI and EcR and ISWI 
and E74. The BMP signalling was also regulated by ecdysone, whereby phosphorylated Mad 
(pMad), which is the downstream effector of BMP signalling, was decreased in usp and E74 
mutation GSCs. A decline or loss in GSCs was also seen in combined mutation of EcR and dpp, 
a BMP ligand [73]. These results show that steroid hormones can alter the epigenetic status 
of stem cells to influence their fate as well as affecting their capability to receive signals from 
the niche.

Another finding showed that downregulation of taiman (a steroid receptor co-activator) in 
ECs increased the number of GSCs and CCs and disruption of ecdysone signalling or the 
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biosynthesis of ecdysone caused excessive germ cells with single spectrosome [75]. In another 
study, mutation in the biosynthesis of ecdysone and knockdown of usp, EcR or the response 
gene, E75, in the somatic cells can all affect early oogenesis, whereby regions 1 and 2a of 
the germarium became significantly reduced in size. Mutation in ecdysone and its signalling 
in the germarium also caused a rapid loss in GSC number as well as reduced 16-cell cysts. 
Besides that, depleted ecdysone signalling caused severe impairment in the development of 
new 16-cell cyst and entry into meiosis [76].

The male Drosophila is known to have lower titers of 20E as compared to the females. 
Nevertheless, the hormone is present in the Drosophila testis, and the ecdysone signalling is 
also required for stem cell maintenance. Male flies deprived of ecdysone caused by mutation 
led to far less GSCs. Mutation in EcR caused significant loss of CySCs and GSCs with 8-cell 
spermatogonia detected right next to the hub. Besides that, knocking down EcR or usp specifi-
cally in the CySCs and its lineages resulted in a significant decline in CySCs as well as GSCs. 
This may suggest that EcR and usp are required nonautonomously in CySCs for GSC mainte-
nance. Interestingly, expression of EcR-B2 (an isoform of EcR) in the CySC lineage can rescue 
the loss of both stem cell populations seen earlier in EcR mutation [77].

5. Mating acts as an external stimulus that regulates GSC number in the 
Drosophila ovary

Another external stimulus that can affect GSC number is mating. During mating, the male-
derived sex peptide (SP) is received by the sex peptide receptor (SPR), which is expressed 
in the female genital tract and its nervous system [78, 79]. Female flies that mated had more 
GSCs compared to the virgin females, and such increase in GSCs lasted for only 6 days, 
consistent with the period that sperm can sustain upon mating. There was no increase in 
GSC number when female flies mated with male flies depleted of SP or in female flies with 
loss of SPR function, suggesting the involvement of SP signalling in regulating mating-
induced GSC number. Expression of SP gene in the neurons of virgin females resulted in 
increase of GSC number, but such effect was not detected when the somatic cells of the ova-
ries were overexpressed with SP [80]. Another study showed that mating caused a surge in 
the level of ecdysteroid in Drosophila ovaries and, hence, the steroid hormone regulated the 
mating-induced increase in GSCs [80]. The sensory neurons in the female uterus and oviduct 
expressed neuronal markers like fruitless (fru) and pickpocket (ppk). Disrupting the synaptic 
transmission of these neurons impersonated the presence of SP and caused virgin female 
flies to become less receptive to mating and stimulated egg-laying. These might suggest that 
activation of SPR by SP reduced the synaptic transmission of the sensory neurons. It was also 
established that the neuronal signal initiated by the SP is delivered to the central nervous 
system [79]. These suggest that mating acts as an external stimulus which sends signal to the 
sensory neurons in the female genital tract to the central circuits which then alter the female 
reproductive behaviour leading to more egg production to ensure the survival of the species 
(Figure 4).
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4. Steroid signalling regulates the development of Drosophila ovary and 
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6. Conclusion

The germline stem cell system in both female and male Drosophila has been advantageous 
in providing a platform to address fundamental questions in stem cell biology. As many 
features of the Drosophila stem cell biology are conserved, the studies done on Drosophila 
can have an extensive implication on our understanding of the mammalian stem cell sys-
tem and, hence, aid in the development of regenerative medicine. The recent work on the 
Drosophila ovaries and testes has shed light on our general understanding of stem cell behav-
iour. It has revealed the complex regulatory network of the stem cell niche that constantly 
maintains GSCs, which then develop progressively to give rise to functional gametes when 
required. Moreover, it is remarkable to see how the brain is involved in safeguarding an 

Figure 4. The effect of the ecdysone hormone and its signalling pathway on the Drosophila ovary and testis. (A) A summary 
of the effect of mating, deprived ecdysone and its disrupted signalling pathway on the Drosophila ovary. (B) Hormone 
deprivation and its compromised signalling pathway can affect the GSC and CySC number of the Drosophila testis.
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organ or cells that are so far apart from itself. Not only does the brain produce insulin-like 
peptides that regulate germ cells, but mating can also send signals to the brain to induce 
egg production in germline or amend the reproductive behaviour in the females. Besides 
that, the stem cell niche proved to be resilient and flexible at the same time, whereby they 
can sense and respond to internal and external changes as described above. It is also worth 
to note that compromised internal or external changes very often just reduced the number 
of GSCs and the surrounding somatic cells or caused them to divide more slowly instead 
of going through severe programmed cell death. It is as though nature has its way to pre-
serve these GSCs in bad times and is definitely better to have less functional GSCs than to 
have none. Besides that, in times when conditions become favourable again, the very few 
GSCs left can repopulate the lost GSCs by symmetric division or turning on or off specific 
signalling pathway to quickly get back on track. Given the requirement of GSCs to pass on 
the genome to its future generation, this is definitely an intelligent way to ensure that the 
species is being preserved.

7. Future directions

The Drosophila ovary and testis stem cell niches are a complex system to a certain extent; how-
ever, more insights can be gained through various genome-wide assays such as large-scale 
RNAi screening or gene expression profiling to identify new players whose loss of function 
either enhance or inhibit stem cell self-renewal. Ongoing and future studies will persist to 
disclose the complex network of signalling pathways that control the maintenance of GSC 
and the adjacent somatic cells and how these signalling pathways function and respond to 
changes in their external and internal environment. The somatic cells that surround the germ 
cells have not received enough attention despite their importance in maintaining the germ 
cells. It would be interesting to reveal how the two different cell populations exchange signals 
from each other, especially under unfavourable conditions. Besides that, it has been known 
that the GSCs in both the female and male Drosophila can be replenished through mecha-
nisms such as dedifferentiation of differentiated germ cells or via symmetric division of the 
GSCs. However, what drives such phenomena to occur remains largely unexplored. Since 
poor nutrition or unfavourable hormone signalling can cause loss of GSCs, will these GSCs 
be replenished after prolong exposure to unfavourable external or internal environment and 
would it be through dedifferentiation or symmetric division? In addition, although both the 
ovary and testis systems are very similar in many aspects, there are still obvious differences 
between the two. For example, there are multiple stem cell niches present in the ovary due 
to the presence of several ovarioles compared to only one stem cell niche in the Drosophila 
testis. Furthermore, there might be more distinct mechanisms underlying GSC maintenance 
which are present in one system but not the other. There are endless interesting questions 
to be explored and will take many more years of research for us to fully understand these 
complex systems. Most importantly, the studies done on the Drosophila ovary and testis will 
help us understand adult stem cells and design therapeutic interventions for stem cell-related 
disorders in a whole new level.
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Abstract

Primordial germ cells (PGCs) are the embryonic precursors of the gametes. Thus, they 
are unipotent cells. However, PGCs share some common features with pluripotent stem 
cells. Among them, PGCs show alkaline phosphatase activity and express stage-specific 
embryonic antigens and pluripotency factors Lin28, Oct4, Sox2, and Nanog. Under spe-
cific conditions, they undergo spontaneous reprogramming in vivo. Moreover, they can 
be easily reprogrammed in vitro into pluripotent embryonic germ cells (EGCs) by cultur-
ing them in the presence of basic fibroblast growth factor or the epigenetic modulator 
trichostatin A. Previous work in our laboratory has also proven that hypoxia alone can 
reprogram PGCs into hypoxia-induced embryonic germ-like cells, which have a pluripo-
tent phenotype but which do not show self-renewal capacity. Therefore, PGCs are an 
interesting model to further comprehensively understand the process of cell reprogram-
ming. This chapter reviews various methods to achieve PGC reprogramming, as well as 
the molecular pathways involved. We focus on soluble factors and genetic strategies to 
obtain pluripotent cells from PGCs. Special emphasis will be given to factors implied 
in energetic metabolism, epigenetics, and cell signaling transduction, both in vitro and  
in vivo.

Keywords: cellular reprogramming, ROS, glycolysis, autophagy, primordial germ cells, 
pluripotency, metabolism, hypoxia, epigenetics

1. Introduction

During normal embryogenesis and throughout the life of an organism, cells maintain or 
restrain their developmental potential. This potential refers to the ability to give rise to vari-
ous types of cells. After fertilization, the resulting zygote and the blastomeres are totipotent 
until the four-cell stage, meaning they can develop a complete organism alone, including 
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Abstract

Primordial germ cells (PGCs) are the embryonic precursors of the gametes. Thus, they 
are unipotent cells. However, PGCs share some common features with pluripotent stem 
cells. Among them, PGCs show alkaline phosphatase activity and express stage-specific 
embryonic antigens and pluripotency factors Lin28, Oct4, Sox2, and Nanog. Under spe-
cific conditions, they undergo spontaneous reprogramming in vivo. Moreover, they can 
be easily reprogrammed in vitro into pluripotent embryonic germ cells (EGCs) by cultur-
ing them in the presence of basic fibroblast growth factor or the epigenetic modulator 
trichostatin A. Previous work in our laboratory has also proven that hypoxia alone can 
reprogram PGCs into hypoxia-induced embryonic germ-like cells, which have a pluripo-
tent phenotype but which do not show self-renewal capacity. Therefore, PGCs are an 
interesting model to further comprehensively understand the process of cell reprogram-
ming. This chapter reviews various methods to achieve PGC reprogramming, as well as 
the molecular pathways involved. We focus on soluble factors and genetic strategies to 
obtain pluripotent cells from PGCs. Special emphasis will be given to factors implied 
in energetic metabolism, epigenetics, and cell signaling transduction, both in vitro and  
in vivo.

Keywords: cellular reprogramming, ROS, glycolysis, autophagy, primordial germ cells, 
pluripotency, metabolism, hypoxia, epigenetics

1. Introduction

During normal embryogenesis and throughout the life of an organism, cells maintain or 
restrain their developmental potential. This potential refers to the ability to give rise to vari-
ous types of cells. After fertilization, the resulting zygote and the blastomeres are totipotent 
until the four-cell stage, meaning they can develop a complete organism alone, including 
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extraembryonic tissues such as the placenta [1]. Pluripotent stem cells, like embryonic stem 
cells (ESCs), are defined by their potential to differentiate into cells of the three germ layers 
(endoderm, mesoderm, and ectoderm), but they do not give rise to extraembryonic struc-
tures. In a more differentiated state, we find multipotent cells capable of differentiating into 
several types of cells. This capability is common in progenitor cells in adults, which give rise 
to diverse tissue cells.

In some processes, differentiated cells revert to a less differentiated and higher potential state. 
These phenomena are called reprogramming and are shown both in vivo and in vitro. In vivo 
reprogramming can be demonstrated by the appearance of cancer stem cells, and in vitro 
reprogramming has been achieved by several methods, such as somatic cell nuclear trans-
fer, cell fusion between somatic and pluripotent cells, and treatment with pluripotent cell 
extracts, among others [2].

The most important and well-studied method of in vitro reprogramming in the last decade has 
been the derivation of induced pluripotent stem cells (iPSCs) from somatic cells by transduc-
tion of specific transcription factors, Oct4, Sox2, Klf4, and c-Myc [3]. These cells represented a 
revolution in stem cell research because they eliminated the ethical concerns about the use of 
ESCs and allowed access to an endless and personalized source of pluripotent cells. The clini-
cal potential of this discovery is enormous, with the possibility of generating patient-derived 
iPSCs with applications not only in autologous transplants, but also in disease modeling and 
regenerative therapy. The use of iPSCs is extensive, and new ways to improve their derivation 
are being studied to increase efficiency and to overcome the risks for their clinical use. Even 
with the progress that has been made, there is still much to understand about the mechanisms 
of reprogramming.

In the study of pluripotency induction, an important model could be the use of primordial 
germ cells (PGCs), which can give rise to pluripotent cells called embryonic germ cells (EGCs). 
This reprogramming is achieved relatively easily, without the need for gene transduction, 
thus avoiding the risks related to gene manipulation [4–6]. PGCs are the embryonic precur-
sors of gametes, giving rise during normal development to either spermatozoids or oocytes. 
These cells have limited self-renewal ability and are unipotent, are incapable of forming plu-
ripotent embryoid bodies or contributing to teratomas or chimeras [7]. However, PGCs are 
considered developmentally pluripotent, given they generate the whole totipotent zygote 
after fertilization. This dual identity of both differentiated and pluripotent stem cells make 
PGCs a unique model to study cell fate and flexibility.

PGCs suffer reprogramming both in vivo and in vitro. In vivo, PGCs can give rise to embryonal 
carcinoma cells (ECCs), which are the pluripotent stem cells of testicular tumors [7]. In vitro, PGCs 
are easily reprogrammed into pluripotent EGCs with a specific cocktail of growth factors [4].

The reprogramming ability of PGCs can be explained by their similarity to pluripotent cells 
and their latent totipotency. PGCs innately express several transcription factors related to 
pluripotency, such as Oct4, Sox2, Nanog, and Lin28 [7]. Some of these factors are retained 
during PGC development from the zygote, whereas others such as Sox2, Nanog, and Klf2 are 
reexpressed or upregulated [8].
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Other markers, such as tissue nonspecific alkaline phosphatase (TNAP) and germ cell nuclear 
antigen, do not belong to the pluripotency network itself, but are also strongly expressed 
by PGCs and ESCs. Even typical germ line factors such as B lymphocyte-induced matura-
tion protein-1 (Blimp1) and Stella are typically expressed by ESCs [9]. It has been described 
that derivation of ESCs from the inner cell mass (ICM) is preferably achieved from cells that 
express Blimp1 and other germ line markers (interferon-induced transmembrane protein 3, 
Lin28, Prdm14, Stella, & c-Kit) [10]. The similarities in gene expression between PGCs and 
ESCs lead to the idea that the closest in vivo equivalent to ESCs are germ cells, instead of the 
ICM or even the epiblast, because PGC precursors are specified within the epiblast around 6 
days post coitum (dpc) in mice [11].

The proximity of the PGCs to pluripotent stem cells and the ease of their reprogramming 
agree with the results of experiments on iPSC derivation from differently developed cells. 
The more undifferentiated the cells, the more easily they give rise to iPSCs, in a more effi-
cient manner and requiring the transduction of fewer transcription factors. Conversely, the 
more differentiated cells, the more difficult they are to reprogram [12]. PGCs, however, can 
be reprogrammed with the transduction of only one of any of the four traditional iPSC factors 
[13]. This result is especially interesting because PGCs already express Oct4 and Sox2, which 
means that a variation in the expression level of just one transcription factor can be sufficient 
for PGCs to become pluripotent.

2. PGC reprogramming in vivo

ECCs are the stem cells of testicular tumors, which can be maintained indefinitely in culture 
as pluripotent cells. ECCs were first established as cell lines from mouse teratocarcinomas 50 
years ago. In humans, the first teratocarcinoma cell lines isolated in vitro were TERA1 and 
TERA2, but their identity as ECCs was not discovered until some years later [14].

These pluripotent stem cells share most of their characteristics with ESCs, such as self-renewal 
capacity, specific markers, and the ability for differentiation to any cell of the organism [15]. 
The main difference from other pluripotent cells is that they are usually aneuploid. The malig-
nancy of these cells is highly dependent on the microenvironment, as has been observed in 
chimera formation experiments: ECCs injected into mouse blastocysts can contribute to the 
development of a normal chimera, or in some cases to tumors. Another difference from ESCs 
is the very low efficiency in colonizing the germ line, which makes them less suitable for 
establishing mutant rodent lines [2]. Some authors define these cells as multipotent rather 
than pluripotent due to limitations in the differentiation potential, which is even more limited 
in human lines that often show no differentiation potential at all [14]. This potential has not 
been consistent, changing from one ECC line to another, and varying with culture conditions, 
such as the F9 EC line, which was considered nullipotent until the discovery of the induction 
of differentiation by retinoic acid (RA) exposure [16]. Considering the definition of pluripo-
tency as the ability to differentiate into cells of the three germ layers, most ECC lines are plu-
ripotent, but could be considered incompletely or partially pluripotent cells.
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The germ line origin of the ECCs was proven using transgenic Steel (Sl) mutant mice. These 
mice, carrying a homozygous mutation in the Sl locus are unable to express stem cell factor 
(Kit ligand), a growth factor required for PGC survival and proliferation [17]. When embry-
onic gonads of the teratogenic mouse strain 129/Sv are transplanted to the adult testis, tera-
toma formation occurs in wild-type mice but not in Sl mutants, suggesting the Kit ligand is 
implicated in ECCs.

Most ECC lines are derived from early mouse PGCs (8.5–10.5 dpc), and spontaneous terato-
mas have been described to start around 12.5 dpc. PGCs lose their ability to reprogram in vivo 
after 12.5 dpc, which is coincident with the time the PGCs are able to give rise to EGCs in vitro. 
When 129/Sv 12.5 dpc gonads were transplanted into adult testes, teratomas appear at an 80% 
incidence, whereas when 13.5 dpc gonads were grafted, the tumor incidence decreased to 
8%. The induction of these tumors is also related to the strain used, and is far less efficient in 
strains other than 129/Sv [14, 15].

In vivo reprogramming of PGCs to ECCs depends on a variety of genetic factors. The best 
known mutation that affects the development of mice teratomas is Teratoma (Ter) [18] in the 
RNA-modifying gene DND microRNA-mediated repression inhibitor 1 (Dnd1). In homozy-
gous 129/Sv-Ter mice, teratoma incidence increases up to 75%. This reprogramming appears 
to be linked with proliferation, because the PGCs of these mice continue proliferating after 
13.5 dpc, whereas unmutated PGCs enter mitotic arrest. The Ter mutation appears to be 
caused by the surrounding somatic cells instead of the PGCs themselves. In a similar manner, 
doublesex-related transcription factor 1 (Dmrt1) mutants also develop teratomas at a high 
rate in 129/SV mice, but unlike the Ter mutation, this effect is achieved by the loss of Dmrt1 
in PGCs [19, 20].

Also related to PGC transformation is the phosphoinositide-3 kinase (PI3K)/protein kinase B 
(Akt) pathway, whose upregulation could lead to the appearance of ECCs. This outcome can 
be observed in the effect of the specific inactivation in PGCs of the tumor suppressor phospha-
tase and tensin homologue (PTEN), which leads to an activation of PI3K/Akt signaling, and, 
therefore, testicular teratoma formation [21]. Among the Akt targets is the tumor suppressor 
Trp53, whose deletion increases the incidence of testicular teratomas in mice [22].

Testicular cancers in humans are classified into three categories: (1) teratomas and yolk sac 
tumors that develop in fetuses and infants and are classified as nonseminomas, (2) adult tes-
ticular cancer, both seminomas and nonseminomas, which appear in men aged between 20 
and 40 years, and (3) spermatocytic cancer, which affects elderly men [20]. The first two types 
have characteristics in common with mouse carcinomas. Teratomas and yolk sac tumors that 
arise early in human life are the most similar to the teratocarcinomas described in mice, even 
if normal karyotypes are present, and probably also originate from PGCs. With respect to 
adult human testicular tumors, the cellular origin of these tumors is carcinoma in situ, which 
is considered to develop early from the germ line due to the similarity to PGCs and gonocytes. 
Between these similarities, there is the expression of specific membrane markers, such as Kit 
or TNAP; stem and early germ cell genes, such as Nanog or Vasa; and genomic imprinting 
[23]. These cells can remain nonpathological until adult life and later develop into teratomas. 
Unlike the previous type, these cancer cells show chromosomal abnormalities, such as iso-
chromosome of the short arm of the 12th chromosome (iso-12p) [24].
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As in the mouse, the PI3K/Akt pathway is related to teratoma formation in humans. AKT1 
overexpression, Trp53 deficiency and PTEN inactivation, or KRAS and NRAS mutations, 
which lead to activation of this pathway, correlate with testicular cancer formation. The Kit 
signaling pathway can also be implicated in the origin of human ECCs. Both KIT and Kit 
ligand (stem cell factor) mutations are related to human teratomas [19].

In addition, typical reprogramming factors such as Oct4 and Sox2 [3] are related to in vivo 
germ cell reprogramming. The Oct4 expression level appears to affect germ cell reprogram-
ming in vivo, given its reported overexpression in both teratomas and adult testicular cancers 
[25]. On the other hand, Sox2 is only expressed in ECC, but not in PGCs or other testicular 
cancer cells [26].

The appearance of human testicular cancer has also been shown to be related to disturbances 
in the environment of the germ cells in the embryo, and in diseases such as cryptorchidism, 
gonadal dysgenesis, or estrogen exposure during pregnancy [27–29]. Estrogen upregulates 
c-Kit in the genital ridges, which leads to an increased proliferation of PGCs and reprogram-
ming [30, 31].

3. PGC reprogramming in vitro

EGCs are derived in vitro from PGCs when cultured with a specific cocktail of growth factors: 
stem cell factor (SCF), leukemia inhibitory factor (LIF), and basic fibroblast growth factor 
(bFGF) [4, 5, 32]. EGCs are complete pluripotent cells, which are, like ESCs, able to give rise to 
all cell types in the organism and to fully contribute to blastocyst complementation, including 
contributions to the germline transmission [5, 32]. EGCs also share specific markers, such as 
stage-specific embryonic antigens (SSEAs), Oct4, Nanog, and TNAP, with other pluripotent 
stem cells [33].

EGCs were first derived from mice [4, 5] and then from various other animals [34]. EGCs have 
also been derived from human PGCs of around 5–10 weeks of gestation, providing a source 
of pluripotent stem cells and a good model of reprogramming [32].

Contrary to ECCs, EGCs are euploid and the primary difference between them and ESCs 
is the epigenetic state [7]. At the time of reprogramming, PGCs find themselves in different 
phases of the erasure and reestablishment of genomic imprints, and these epigenetic features 
are transmitted to the resulting EGCs. The epigenetic state of the PGCs is related both to the 
maintenance of the latent totipotency and to the inhibition of the stemness [35]. The manipu-
lation of PGC epigenetics has proven the capability of reprogramming to EGCs (as we discuss 
later), showing how close these cells are to pluripotency.

Pluripotent stem cells can be found in various development states, with mouse ESCs rep-
resenting the most undifferentiated, or naïve. This state is characterized by small, compact 
colonies; better survival when passaged as single cells; higher efficiency in chimera formation; 
shorter doubling time; and different culture condition requirements [36]. Human ESCs and 
mouse epiblast stem cells represent the most differentiated or primed state, characterized by 
larger flat colonies [37]. Human EGCs share some of their features with naïve stem cells, such 
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larger flat colonies [37]. Human EGCs share some of their features with naïve stem cells, such 
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as colony shape and culture requirements, and other features related to a more differentiated 
state, such as the lack of teratoma formation when injected into mice and low efficiency when 
derived from subculture [38]. This outcome shows how close PGCs are to totipotency and 
how useful they can be as a study model. The only major problem for this model is the avail-
ability of PGCs, which are scarce at the time when they are able to reprogram and are difficult 
to expand, because they only survive approximately a week in culture [33].

4. Classical PGC reprogramming mechanism

As we previously explained, PGCs can be cultured with LIF and SCF, maintaining their phe-
notype and promoting their survival for approximately a week [11]. When basic fibroblast 
growth factor (bFGF) is added to the media, reprogramming of the PGCs is induced. The 
mechanisms involved in this process are still not fully understood. Several signaling path-
ways and genes have been shown to be implicated, such as Blimp1 downregulation, PTEN 
inactivation, Klf4, and c-Myc upregulation, PI3K/Akt signaling activation, and transforming 
growth factor (TGF)β signaling, among others [21, 39–41]. Most of these mechanisms are also 
involved in iPSC derivation, indicating a common regulatory network between the various 
reprogramming processes [19].

The dynamics of the transition from a unipotent germ cell to a pluripotent stem cell have been 
studied [42]. Three phases have been described, which are similar to those in iPSC deriva-
tion [43], based on the loss of germ cell characteristics and the expression of pluripotency 
genes: induction, preparation, and maintenance. This change in gene expression is a gradual 
process that takes approximately a week to complete. In the induction phase, along with the 
upregulation of Klf4 and embryonic stem cell-expressed ras (Eras), some germ cell markers, 
such as Dnd1 and Ddx4, start to be downregulated. Surprisingly, a large amount of PGCs 
that begin the reprogramming die in this first step. Some pluripotent factors, such as Klf4 and 
Eras, begin to be upregulated in the early phase, but they do not reach their higher expression 
until later phases, when most pluripotent factors, such as c-Myc and Nanog, are upregulated. 
In the preparation phase, some pluripotent markers, such as Klf4, Nanog, and Zfp42, reach 
their highest expression level, whereas others, such as Klf9 and Sox11, continue their gradual 
upregulation. It is also interesting to notice the high expression in this phase of the Meis fam-
ily of transcription factors, a family related to the maintenance of hematopoietic stem cells.

Compared with PGC reprogramming, the traditional iPSC derivation process is far longer, 
taking approximately 3 weeks to complete. One primary difference between the EGC and 
iPSC derivation processes is that in the latter, a mesenchymal-to-epithelial transition takes 
place in an early phase. The lack of that event in PGC reprogramming could be due to the lack 
of the inverse process (epithelial-to-mesenchymal transition) during PGC specification, which 
is contrary to most somatic cells [8]. Moreover, the activation of genes already expressed in 
PGCs, such as SSEAs or TNAP, takes place in this first phase. The preparation phase is char-
acterized by the upregulation of Nanog (as in EGC derivation), Sall4, and Esrrb. Other genes 
reactivated after these are Rex1, Lin28, and finally, Stella, Dppa4, or Pecam, among others. 
Between the transduced factors, endogenous Oct4 is typical of the preparation phase, whereas 
endogenous Sox2 is necessary for the maintenance phase [8].
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Inhibition of Blimp could be the primary mechanism of bFGF-mediated EGC derivation. 
Blimp is the key germ cell specification gene [44], which has a potent repressive function. 
Among its targets are c-Myc and Klf-4, two of the primary pluripotency transcription factors; 
thus, Blimp inhibition leads to their upregulation [39]. These factors are particularly impor-
tant in the acquisition of pluripotency, and they are the factors not expressed naturally in 
PGCs. It has recently been reported that deletion of Blimp1 in PGCs is sufficient to cause the 
derivation of EGCs in culture without bFGF [45].

5. Non-classical PGC reprogramming

It has been shown that the PI3K/AKT signaling pathway is involved in PGC reprogramming in 
vitro. PI3K is activated not only by bFGF but also by LIF and SCF, the three factors needed for 
EGC derivation. One of its primary downstream effectors is Akt, also known as protein kinase 
B, which has been observed to improve EGC derivation efficiency when activated in PGCs, 
even allowing the reprogramming in late PGCs up to 14.5 dpc. [40]. The specific in vivo inacti-
vation of the tumor suppressor PTEN in PGCs, which leads to PI3K/Akt signaling activation, 
and enhances both EGC derivation and testicular teratoma formation [21]. Among Akt targets 
is the tumor suppressor Trp53. Akt inhibits its transcriptional activity by preventing its phos-
phorylation and nuclear accumulation. Deletion of Trp53 increases the incidence of testicular 
teratomas in mice and is enough to cause PGC reprogramming in culture in the absence of 
bFGF [40]. Trp53 deletion has similar effects on iPSCs, enhancing their induction [46].

The cell proliferation rate also appears to be as important in PGC reprogramming as it is in 
iPSC derivation [47]. The time when PGCs have the highest potential to give rise to EGCs 
coincides with the moment of the highest proliferation in vivo [5]. The three growth factors 
typically used for EGC derivation are mitogens that can alone promote proliferation [48]. Also, 
bFGF can be replaced by other known mitogens, such as RA or forskolin [11, 49], which acti-
vates protein kinase A by increasing the intracellular cyclic AMP. These pro-mitogenic effects 
could be triggered both by MAPK signaling [50] and the PI3K/Akt pathway, which enhances 
proliferation through several downstream effectors. One is by the already mentioned inhibi-
tion of Trp53, but there are others, such as the activation of cyclin D and inhibition of cyclin-
dependent protein kinase inhibitors (CDKIs) [51]. The effects of CDKI inactivation have been 
observed in the mutation of the CDKI inhibitor of CDK4 (INK4), which enhances teratoma 
formation in mice, along with Trp53 inhibition [22].

PGC reprogramming can also be achieved by inhibition of MAPK/extracellular signal-reg-
ulated kinase (ERK), and glycogen synthase kinase-3 (GSK3) signaling. The two inhibitors 
that have been used for this purpose have been PD0325901 (PD) and CHIR99021, respectively 
(named 2i), which in combination with LIF can replace both SCF and bFGF and give rise to 
EGCs [52]. The same inhibitors have been used to enhance iPSC derivation, thus obtaining a 
more undifferentiated phenotype [53]. The mechanism followed by 2i or by bFGF reprogram-
ming differs, because bFGF activates MAPK signaling [54]. It has been proposed that MAPK/
ERK inhibition can lead to pluripotency by promoting long-term self-renewal and inhibiting 
differentiation through downregulation of Lef1. In ESCs, Lef1 promotes differentiation by 
inducing lineage specific genes and suppressing pluripotency gene expression. On the other 
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as colony shape and culture requirements, and other features related to a more differentiated 
state, such as the lack of teratoma formation when injected into mice and low efficiency when 
derived from subculture [38]. This outcome shows how close PGCs are to totipotency and 
how useful they can be as a study model. The only major problem for this model is the avail-
ability of PGCs, which are scarce at the time when they are able to reprogram and are difficult 
to expand, because they only survive approximately a week in culture [33].

4. Classical PGC reprogramming mechanism

As we previously explained, PGCs can be cultured with LIF and SCF, maintaining their phe-
notype and promoting their survival for approximately a week [11]. When basic fibroblast 
growth factor (bFGF) is added to the media, reprogramming of the PGCs is induced. The 
mechanisms involved in this process are still not fully understood. Several signaling path-
ways and genes have been shown to be implicated, such as Blimp1 downregulation, PTEN 
inactivation, Klf4, and c-Myc upregulation, PI3K/Akt signaling activation, and transforming 
growth factor (TGF)β signaling, among others [21, 39–41]. Most of these mechanisms are also 
involved in iPSC derivation, indicating a common regulatory network between the various 
reprogramming processes [19].

The dynamics of the transition from a unipotent germ cell to a pluripotent stem cell have been 
studied [42]. Three phases have been described, which are similar to those in iPSC deriva-
tion [43], based on the loss of germ cell characteristics and the expression of pluripotency 
genes: induction, preparation, and maintenance. This change in gene expression is a gradual 
process that takes approximately a week to complete. In the induction phase, along with the 
upregulation of Klf4 and embryonic stem cell-expressed ras (Eras), some germ cell markers, 
such as Dnd1 and Ddx4, start to be downregulated. Surprisingly, a large amount of PGCs 
that begin the reprogramming die in this first step. Some pluripotent factors, such as Klf4 and 
Eras, begin to be upregulated in the early phase, but they do not reach their higher expression 
until later phases, when most pluripotent factors, such as c-Myc and Nanog, are upregulated. 
In the preparation phase, some pluripotent markers, such as Klf4, Nanog, and Zfp42, reach 
their highest expression level, whereas others, such as Klf9 and Sox11, continue their gradual 
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Compared with PGC reprogramming, the traditional iPSC derivation process is far longer, 
taking approximately 3 weeks to complete. One primary difference between the EGC and 
iPSC derivation processes is that in the latter, a mesenchymal-to-epithelial transition takes 
place in an early phase. The lack of that event in PGC reprogramming could be due to the lack 
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is contrary to most somatic cells [8]. Moreover, the activation of genes already expressed in 
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Between the transduced factors, endogenous Oct4 is typical of the preparation phase, whereas 
endogenous Sox2 is necessary for the maintenance phase [8].
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typically used for EGC derivation are mitogens that can alone promote proliferation [48]. Also, 
bFGF can be replaced by other known mitogens, such as RA or forskolin [11, 49], which acti-
vates protein kinase A by increasing the intracellular cyclic AMP. These pro-mitogenic effects 
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that have been used for this purpose have been PD0325901 (PD) and CHIR99021, respectively 
(named 2i), which in combination with LIF can replace both SCF and bFGF and give rise to 
EGCs [52]. The same inhibitors have been used to enhance iPSC derivation, thus obtaining a 
more undifferentiated phenotype [53]. The mechanism followed by 2i or by bFGF reprogram-
ming differs, because bFGF activates MAPK signaling [54]. It has been proposed that MAPK/
ERK inhibition can lead to pluripotency by promoting long-term self-renewal and inhibiting 
differentiation through downregulation of Lef1. In ESCs, Lef1 promotes differentiation by 
inducing lineage specific genes and suppressing pluripotency gene expression. On the other 
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hand, GSK3 inhibits the Wnt/β-catenin pathway, being responsible for the Tcf3-mediated 
repression of other pluripotency-related genes, such as Sox2, Oct4, Nanog, and Esrrb [55, 56]. 
The difference between the mechanism triggered by bFGF and 2i is also revealed by the tim-
ing of the required compounds, whereas bFGF is only needed during the first 24 h [57, 58], 
continuous culture with 2i is required [52].

Recently, another glycogen synthase kinase 3 (GSK3) inhibitor has been found to achieve EGC 
derivation [41]: kenpaullone, which inhibits not only GSK3, but a wide spectrum of kinases 
such as CDKIs, and is sufficient for late (13.5–14.5 dpc) PGC reprogramming. Also, TGFβR 
inhibition by SB431542 can promote reprogramming in 11.5 dpc PGCs. The fact that these 
treatments have no effect on early PGCs, contrary to bFGF and 2i treatments, underlines the 
differences between the mechanisms that can trigger PGC reprogramming. TGFβ inhibition 
could induce reprogramming through promotion of proliferation [59], reducing MAPK activ-
ity [60], and directing induction of the pluripotency network. TGFβ inhibition can replace 
Sox2 transduction in iPSC generation by inducing Nanog expression [61]. On the other hand, 
the effect of various treatments can be combined to enhance reprogramming efficiency, such 
as TGFβR inhibition with 2i, with an efficiency of 12% [42]; TGF-β inhibition + ERK inhibitor 
(PD) [62], or bFGF + 2i + RA + forskolin, with an efficiency of approximately 20% [48]. This 
outcome shows that various mechanisms can synergize their effects in the reprogramming of 
PGCs. It has also been reported that mutations in genes involved in PGC development, such 
as Dnd1, Pten, and Pgct1, improve EGC derivation efficiency [19].

6. PGCs and hypoxia reprogramming

Recently, we have shown the reprogramming of PGCs cultured in hypoxic conditions with-
out bFGF. The EGCs obtained had proven to be pluripotent, even if they were not completely 
reprogrammed, as shown by their limited proliferation [6].

The positive effects of hypoxia in enhancing reprogramming have been reported in iPSCs 
[63]. These hypoxia effects could be related to the idea of cancer stem cells arising in vivo from 
differentiated cells [64], due to environmental causes.

Hypoxia induces a change in the cell’s energetic metabolism, from oxidative phosphorylation 
to glycolysis. This switch in the metabolism has been shown to be required for reprogramming 
of somatic cells to iPSCs. It has also been observed that the closest the somatic cell metabolism 
is to an ESC, the more efficient the reprogramming [65]. This metabolic change is an active 
process at the beginning of the reprogramming process; it has been shown that the expression 
of glycolytic genes, such as glucose transporter (Glut)1, Hxk2, Pfkm, and lactate dehydroge-
nase A (Ldha), is previous to pluripotency genes [66]. The relationship between stemness and 
glycolytic metabolism has been widely described in the Warburg effect, in which cancer cells 
in normoxia change their metabolism from oxidative phosphorylation to glycolysis [67]. It is 
still not clear whether the stem cell program triggers the metabolic change or whether it is the 
metabolic shift that activates the stem cell program; however, it has been demonstrated that 
these two processes are correlated. Our PGC data clearly supports the second hypothesis [6]; 
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one described mechanism of this hypothesis is the positive feedback between glycolysis and 
the oncogene NF-κB [68].

The induction of PGC pluripotency by hypoxia has been demonstrated to be mediated by 
hypoxia-inducible factors (HIFs), given the inhibition of their degradation by dimethyloxal-
oylglycine mimics the effect of hypoxia in the EGC derivation. This agrees with the improved 
reprogramming efficiency observed in iPSC derivation when a prolonged expression of HIF1 
is forced [69].

HIFs are transcription factors that regulate a large number of downstream effectors under 
hypoxic conditions. Among genes regulated by HIFs are pluripotency genes such as Oct4 and 
c-Myc, regulated by HIF2 or Notch, and ETS-1, regulated by HIF1 [70]. The metabolic switch can 
also be provoked by HIF activation. HIF regulates several metabolism-related genes, promoting 
the expression of glycolytic proteins such as GLUT1 & 3, LDHA, ENO1, aldolase A, phospho-
glycerate kinase 1 (PGK1), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), hexokinase 
1 & 2, phosphofructokinase-2 (PFK2), and phosphofructokinase, liver type (PFKL)[65, 71].

These effects in the metabolism coincide with those provoked by Akt signaling, which is 
consistent with the mechanisms proposed for bFGF-mediated reprogramming of PGCs. Akt 
promotes glycolysis by the inhibition of FoxO transcription factors [51]. In somatic cell repro-
gramming, FoxO1 Akt-dependent phosphorylation enhances both glycolysis and iPSC deri-
vation [72].

The mechanism by which HIFs provoke dedifferentiation in PGCs is partially known. It has 
been shown that the deregulation of Oct4 mediated by HIFs could be directly responsible 
for hypoxia-induced reprogramming [6]. Oct4 is one of the primary components of the plu-
ripotency network; small changes in its expression levels result in great effects on stem cell 
development, promoting both undifferentiated and differentiated states, depending on the 
context [73]. Thus, in addition to the effect of its transduction on iPSC derivation, high levels 
of Oct4 can lead to differentiation and low levels can lead to pluripotency entry, provoking a 
dose-dependent induction of differentiation between mesoderm and trophectoderm in ESCs.

However, pluripotent hypoxia-derived EGCs cannot be passaged long-term, probably due to 
a lack of upregulation of c-Myc and Klf4. Gene expression analysis of these cells suggests that 
they have not reached the stabilization phase of cell reprogramming. Comparing the gene 
expression of these phases with those of hypoxia-derived EGCs has shown that the genes 
typical from initiation and maturation are upregulated; however, those belonging to the sta-
bilization phase, such as Dppa3, Dppa4, Utf1, Eras, Lin28, Sox2, and Dnmt3l, are not [6].

As in 2i-mediated derivation of EGCs, and unlike bFGF, hypoxia is needed continuously to 
provoke PGC reprogramming. This need suggests a mechanism closer to that triggered by 
2i. The relationship between hypoxia and GSK3 inhibition has been demonstrated by the fact 
that HIF1α stabilization depends on an inactive GSK3β pathway [74]. Under long hypoxia 
exposure, HIF1 is downregulated though activation of GSK3β. It has also been reported that 
Akt, which inhibits GSK3β, can upregulate HIFs through mammalian target of rapamycin 
(mTOR) activation [51]. This correlation supports the hypothesis of these two methods of 
PGC reprogramming, hypoxia and 2i, being connected.
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7. Primordial germ cell reprogramming and energetic metabolism

Energetic metabolism has deep implications in germ cell development. As evidence, human 
PGCs show lipid droplets and glycogen accumulations on their cytoplasm in order to obtain 
energy [75].

Gene expression analysis comparing PGCs and EGCs showed no relevant differences in 
expression of pluripotency factors, whereas glycolytic enzymes displayed elevated levels in 
EGCs. This link between metabolism and PGC reprogramming has also been reported in PGCs 
cultured in hypoxia. This process leads to the induction of pluripotency, which is dependent 
on HIF1α stabilization and in turn provokes metabolic reprogramming and Oct4 deregulation 
[6]. Other studies have also observed that low Oct4 expression favors a robust pluripotent 
state in embryonic stem cells or acquisition of pluripotency, whereas high Oct4 levels relate 
to differentiation processes [76, 77]. In addition, Oct4, which remains active in PGCs, partici-
pates in metabolism regulation. In embryonic stem cells, Oct4 can induce hexokinase, pyru-
vate kinase, and pyruvate dehydrogenase (PDH) kinase expression, and the overexpression of 
these enzymes can prevent cell differentiation [78]. This has also been observed in PGCs [6]. In 
fact, when glycolysis is favored at low-oxygen concentrations, an increase in iPSC efficiency, 
and an enhancement of the expression of pluripotency factors via HIF expression are observed. 
Furthermore, iPSC derivation can be achieved in hypoxic conditions using only Oct4 and Klf4 
[63, 79]. As mentioned for the comparison between PGCs and their in vitro pluripotent coun-
terparts, EGCs, metabolism is also involved in the malignant transformation of PGCs into their 
pluripotent partners in vivo, ECCs. In particular, miRNA-regulated expression of enzymes 
involved in glycolytic metabolism contributes to the growth of germ cell tumors [80].

Oxygen levels are closely related to metabolism and potentiality. PGCs cultured in hypoxia 
are reprogrammed toward pluripotent cells and cause an increase in glycolytic genes, while 
they downregulate genes involved in oxidative phosphorylation (OXPHOS) [6]. Abundant 
evidence relates hypoxia to inhibition of oxidative metabolism. Among its effects, hypoxia 
inhibits cytochrome c oxidase and complex II of the electron transport chain. In fact, usage of 
the OXPHOS inhibitor carbonyl cyanide 3-chlorophenylhydrazone (CCCP) induces an upreg-
ulation of Oct4, Nanog, and Sox2 in embryonic stem cells [81]. On the other hand, culture of 
these cells in normoxia upregulates genes involved in differentiation [82, 83].

As previously mentioned, PGCs cultured in hypoxia give rise to pluripotent cells, and this 
process takes place in parallel with a metabolic shift toward glycolysis, which is governed 
by HIF1. Consequently, HIF1 inhibition disrupts PGC reprogramming, and HIF stabiliza-
tion induces reprogramming [6]. HIF1 acts as a link between oxygen levels and metabolic 
phenotype inducing the expression of several genes related to glycolysis, such as glucose 
transporters, hexokinase, pyruvate dehydrogenase kinase 1, and lactate dehydrogenase. In 
fact, PGCs reprogrammed through culture in hypoxia show pyruvate dehydrogenase inhi-
bition and mitochondrial inactivation [6]. Recent work from our laboratory has shown that 
PDH needs to be inhibited to achieve PGC reprogramming. Once the glycolytic profile is 
established under hypoxia, an increase in glycolytic flux through PKM2 activation renders in 
a synergetic effect with hypoxia (Sainz de la Maza et al. [129]).
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Hypoxia can also alter the metabolic profile through mitochondrial mass modification. 
Mitochondria in pre-migratory PGCs are globular and localized around the nucleus. During 
migration, mitochondria increase in number and, when they undergo differentiation, they 
increase their number and size even further, and they acquire a more ovoid shape, further 
developing their cristae [84].

HIF1 inhibits PGC1β and induces mitophagy through Bnip3 upregulation [85]. In fact, 
autophagy is required in the early steps of cell reprogramming [86]. A shift has been reported 
in iPSC derivation from complex, active mitochondrial networks with developed cristae 
in fibroblasts to small, spherical, perinuclear, inactive mitochondria without cristae in plu-
ripotent stem cells [66]. The results from our laboratory have shown that hypoxia-induced 
reprogramming causes a marked increase in Bnip3 expression, an essential gene involved in 
mitophagy. Autophagy takes places during reprogramming and is required for pluripotency 
acquisition (Sainz de la Maza et al. [129]).

Additionally, the Lin28/let7 pathway is crucial in glucose metabolism. In particular, Lin28 
increases glucose uptake and metabolism through PI3K/mTOR activation and is involved 
in the translation of genes related to glycolysis, glucose metabolism, cellular carbohydrate 
metabolism, oxidative metabolism, and mitochondria in human embryonic stem cells [87–89].

Lin28 is also closely related to pluripotency, since it contributes to cell reprogramming and 
is present in the reprogramming cocktail, giving rise to iPSCs [90], and is also capable of 
activating the translation of Oct4 at the post-transcriptional level in human embryonic stem 
cells [91].

Primordial germ cells express Lin28 from 7.5 dpc in mouse PGCs and play a key role in 
Blimp1 expression. Lin28 is an RNA-binding protein that is able to bind the let7 precursor, 
impairing let7 processing. Therefore, miRNA let7 is not synthesized and is not able to inhibit 
Blimp1 translation; Lin28 indirectly stabilizes Blimp1 so PGCs can fulfill their germ cell speci-
fication [44, 92].

8. PGC reprogramming and epigenetics

PGCs undergo profound epigenetic reprogramming during their development [42]. Once 
specified, PGC express Blimp1, which is the master regulator of PGCs responsible for somatic 
program repression and germ cell identity [44]. In order to maintain Blimp1 expression and 
establish germ cell fate, Lin28 acts a negative regulator of let7 [92]. In human PGCs, Blimp1 
is the effector that represses the somatic program, and Sox17 is the determinant transcription 
factor that establishes the germinal fate [93]. A recent study has shown a stable and elevated 
expression of Sox15 in early PGCs, which infers a possible role for this molecule in human 
PGCs as a master regulator, rather than Sox17 [94].

At the onset of specification, PGCs show several epigenetic marks, such as H3K4me2, 
H3K4me3, H3K9ac, H3K9me1, H3K9me2, H3K9me3, H3K27me2, and H3K27me3. However, 
these marks are shared at this time by neighboring, future somatic cells [95]. Once PGC 
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7. Primordial germ cell reprogramming and energetic metabolism

Energetic metabolism has deep implications in germ cell development. As evidence, human 
PGCs show lipid droplets and glycogen accumulations on their cytoplasm in order to obtain 
energy [75].

Gene expression analysis comparing PGCs and EGCs showed no relevant differences in 
expression of pluripotency factors, whereas glycolytic enzymes displayed elevated levels in 
EGCs. This link between metabolism and PGC reprogramming has also been reported in PGCs 
cultured in hypoxia. This process leads to the induction of pluripotency, which is dependent 
on HIF1α stabilization and in turn provokes metabolic reprogramming and Oct4 deregulation 
[6]. Other studies have also observed that low Oct4 expression favors a robust pluripotent 
state in embryonic stem cells or acquisition of pluripotency, whereas high Oct4 levels relate 
to differentiation processes [76, 77]. In addition, Oct4, which remains active in PGCs, partici-
pates in metabolism regulation. In embryonic stem cells, Oct4 can induce hexokinase, pyru-
vate kinase, and pyruvate dehydrogenase (PDH) kinase expression, and the overexpression of 
these enzymes can prevent cell differentiation [78]. This has also been observed in PGCs [6]. In 
fact, when glycolysis is favored at low-oxygen concentrations, an increase in iPSC efficiency, 
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Oxygen levels are closely related to metabolism and potentiality. PGCs cultured in hypoxia 
are reprogrammed toward pluripotent cells and cause an increase in glycolytic genes, while 
they downregulate genes involved in oxidative phosphorylation (OXPHOS) [6]. Abundant 
evidence relates hypoxia to inhibition of oxidative metabolism. Among its effects, hypoxia 
inhibits cytochrome c oxidase and complex II of the electron transport chain. In fact, usage of 
the OXPHOS inhibitor carbonyl cyanide 3-chlorophenylhydrazone (CCCP) induces an upreg-
ulation of Oct4, Nanog, and Sox2 in embryonic stem cells [81]. On the other hand, culture of 
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As previously mentioned, PGCs cultured in hypoxia give rise to pluripotent cells, and this 
process takes place in parallel with a metabolic shift toward glycolysis, which is governed 
by HIF1. Consequently, HIF1 inhibition disrupts PGC reprogramming, and HIF stabiliza-
tion induces reprogramming [6]. HIF1 acts as a link between oxygen levels and metabolic 
phenotype inducing the expression of several genes related to glycolysis, such as glucose 
transporters, hexokinase, pyruvate dehydrogenase kinase 1, and lactate dehydrogenase. In 
fact, PGCs reprogrammed through culture in hypoxia show pyruvate dehydrogenase inhi-
bition and mitochondrial inactivation [6]. Recent work from our laboratory has shown that 
PDH needs to be inhibited to achieve PGC reprogramming. Once the glycolytic profile is 
established under hypoxia, an increase in glycolytic flux through PKM2 activation renders in 
a synergetic effect with hypoxia (Sainz de la Maza et al. [129]).
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Hypoxia can also alter the metabolic profile through mitochondrial mass modification. 
Mitochondria in pre-migratory PGCs are globular and localized around the nucleus. During 
migration, mitochondria increase in number and, when they undergo differentiation, they 
increase their number and size even further, and they acquire a more ovoid shape, further 
developing their cristae [84].

HIF1 inhibits PGC1β and induces mitophagy through Bnip3 upregulation [85]. In fact, 
autophagy is required in the early steps of cell reprogramming [86]. A shift has been reported 
in iPSC derivation from complex, active mitochondrial networks with developed cristae 
in fibroblasts to small, spherical, perinuclear, inactive mitochondria without cristae in plu-
ripotent stem cells [66]. The results from our laboratory have shown that hypoxia-induced 
reprogramming causes a marked increase in Bnip3 expression, an essential gene involved in 
mitophagy. Autophagy takes places during reprogramming and is required for pluripotency 
acquisition (Sainz de la Maza et al. [129]).

Additionally, the Lin28/let7 pathway is crucial in glucose metabolism. In particular, Lin28 
increases glucose uptake and metabolism through PI3K/mTOR activation and is involved 
in the translation of genes related to glycolysis, glucose metabolism, cellular carbohydrate 
metabolism, oxidative metabolism, and mitochondria in human embryonic stem cells [87–89].

Lin28 is also closely related to pluripotency, since it contributes to cell reprogramming and 
is present in the reprogramming cocktail, giving rise to iPSCs [90], and is also capable of 
activating the translation of Oct4 at the post-transcriptional level in human embryonic stem 
cells [91].

Primordial germ cells express Lin28 from 7.5 dpc in mouse PGCs and play a key role in 
Blimp1 expression. Lin28 is an RNA-binding protein that is able to bind the let7 precursor, 
impairing let7 processing. Therefore, miRNA let7 is not synthesized and is not able to inhibit 
Blimp1 translation; Lin28 indirectly stabilizes Blimp1 so PGCs can fulfill their germ cell speci-
fication [44, 92].

8. PGC reprogramming and epigenetics

PGCs undergo profound epigenetic reprogramming during their development [42]. Once 
specified, PGC express Blimp1, which is the master regulator of PGCs responsible for somatic 
program repression and germ cell identity [44]. In order to maintain Blimp1 expression and 
establish germ cell fate, Lin28 acts a negative regulator of let7 [92]. In human PGCs, Blimp1 
is the effector that represses the somatic program, and Sox17 is the determinant transcription 
factor that establishes the germinal fate [93]. A recent study has shown a stable and elevated 
expression of Sox15 in early PGCs, which infers a possible role for this molecule in human 
PGCs as a master regulator, rather than Sox17 [94].

At the onset of specification, PGCs show several epigenetic marks, such as H3K4me2, 
H3K4me3, H3K9ac, H3K9me1, H3K9me2, H3K9me3, H3K27me2, and H3K27me3. However, 
these marks are shared at this time by neighboring, future somatic cells [95]. Once PGC 
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migration begins, PGCs reduce the repressive mark H3K9me2 due to downregulation of the 
enzymes Ehmt1 and Ehmt2. PGCs also reduce DNA methylation by downregulation of the 
DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b [8, 96]. Prdm14, an essential partner of 
Blimp1 in mouse germ cell development, and Tcfap2c intervene in this demethylation process 
downregulating Ehmt1, Ehmt2, Dnmt3a, and Dnmt3b. This partnership is also involved in the 
reexpression of transcription factors related to pluripotency, such as Sox2 and Klf2. However, 
Prdm14 is not necessary for human PGC development [97, 98]. PGCs progressively increase 
the repressive mark H3K27me3 via polycomb repressive complex 2 (PRC2) [95].

Later, once PGCs have reached the future gonads, they remove imprinting tags, increase 
H4R3me2 mark, and reactivate the inactive X chromosome in female PGCs [95, 99]. H4R3me2 
modification, which takes place on arginine residues, is catalyzed by Prmt5, an epigenetic 
modulator that binds Blimp1, and exerts its epigenetic modifications until it is translocated 
back to the cytoplasm after E11.5 [100]. Another important event that occurs at this stage is 
major global DNA demethylation. It has been proposed that the vast extent of this DNA mod-
ification infers an active process and expression of the hydroxylase Tet1, the cytidine deami-
nase AID, and genes involved in base excision repair response (BER) have been detected. 
Nucleotide excision repair (NER) does not appear to be involved in PGC demethylation 
because no upregulation in molecules that take part in NER has been detected [101]. Finally, 
PGCs lose histone H1, increase nuclear size, lose chromocenters, reduce the epigenetic marks 
H3K9me3, H3K9me2, H3K27me2, H3K27me3, H3K9ac, and H4R3me2, and also lose nucleo-
somal, noncanonical histone H2a.Z [102, 103]. Blimp1 also induces the expression of Jmjd3 
[104], responsible for removing the repressive epigenetic marks H3K9me2 and H3K9me3. In 
B cells, Blimp1 can also interact with chromatin modifier enzymes such as Kdm1a, a histone 
lysine transferase that catalyzes removal of methyl groups from lysines 4 and 9 of histone 3 
[105]. In contrast to Blimp1, which appears to be essential in the repression of the somatic 
program, its effector Prdm14 contributes to establishing potential pluripotency through Sox2 
upregulation in mouse PGCs, given that Sox2 is absent in human PGCs [97, 106]. Kdm6a is 
the histone demethylase that catalyzes the removal of the mark H3K27me3 during this second 
wave of reprogramming. The disruption of this process leads to an aberrant epigenetic repro-
gramming and loss of pluripotency markers Nanog, Oct4, and SSEA1 [107].

Sex determination begins at approximately E12.5. At this moment, DNA methylation is very 
low both in male and female PGCs [108, 109]. However, settlement of the epigenetic signature 
through DNA methylation occurs differently in male and female germlines. In males, de novo 
DNA methylation starts at around E13.5 and is accomplished before birth. Once methylation 
has been completed, gonocytes undergo vast proliferation and then they enter meiosis at the 
onset of gametogenesis. A disruption of methylation in male germ cells renders infertility 
[110]. In females, de novo methylation starts after birth and is not fulfilled until approximately 
P21 [111]. Oocytes undergo cell cycle arrest in meiotic prophase I, and it is not until ovulation 
that they re-enter meiosis. This coincides with the inability of PGCs to become reprogrammed.

Few studies have been performed on human PGCs, and the majority has focused on later stages 
of epigenetic reprogramming. Among the data available, early gonadal PGCs in humans (6–8 
weeks of gestation) show low H3K9me2 and high H3K27me3 epigenetic markers [112]. Studies 
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on pigs have also reported that changes in H3K9me2 and H3K27me3 markers are previous to 
DNA methylation, as observed in mouse PGC development [113]. Human PGCs also display 
active H3K4me1 and H3K4me3 marks and a peak in H3K9ac from 10 to 13 weeks of gestation. 
DNA showed a hypomethylated status and a loss of imprinting marks from gestation week 
10 onwards. It is noteworthy that Blimp1 is restricted to the nucleus from week 7 to week 12, 
whereas Prmt5 is located in the cytoplasm, showing that there is no Blimp1/Prmt5 association 
in human PGCs [112].

Demethylated human PGCs later recover a methylated status, from week 13 of gestation to 
birth [114]. In addition, human postnatal gonocytes show a different epigenetic pattern from 
E13.5 mouse PGCs. Low levels of H3K9me2 are shared with mouse PGCs, but H3K27me3 
shows low levels in post-migratory PGCs [112]. Also in contrast to mouse PGCs, the H3K9me3 
repressive mark is observed in human gonocytes, as well as increased levels of H3K9ac active 
marks [115, 116]. Mouse PGCs show the lowest methylation at E13.5, when less than 10% of 
cytosines located at CpG islands are methylated [109]. Analyses of global methylation sta-
tus from early stages of development have led to the observation that the ICM maintains its 
methylation status and, consequently, to the hypothesis that the germline is responsible for 
most of the DNA demethylation that takes place during development [117]. Specifically, the 
pattern appears to be a global demethylation during PGC migration, in which specific meth-
ylation marks in CpG islands (CGIs) of PGC-specific genes, CGIs on the X chromosome and 
differentially methylated regions in imprinted genes are conserved. Secondly, a new demeth-
ylation wave occurs when PGCs reach the genital ridges, affecting the previously mentioned 
sequences with epigenetic memory. This process involves both active and passive demethyl-
ation pathways [109]. Specifically, mouse PGCs fall from a 78% of global methylation at the 
epiblast stage to 5% at E11.5 (Figure 1). In human PGCs, demethylation takes place during the 
first 12 weeks of development, falling to 7% of methylation [118].

EGCs and ESCs can be fused to B-cells in order to originate a tetraploid hybrid. Methylation 
analysis has shown that the generated hybrids from EGCs showed lower methylation lev-
els than those generated from ESCs, probably showing some sort of epigenetic memory in 
which EGCs resemble the low methylation status of their precedent PGCs. These hybrids 
eliminate the imprints that were present in ESC cells, suggesting that epigenetic reprogram-
ming in EGCs is dominant over ESCs [119]. As previously mentioned, PGCs eliminate their 
imprinting marks at approximately E11-5. EGCs obtained from E11-5 or later PGCs also show 
demethylated imprinting marks, which cause serious alterations in developing chimeras 
[120, 121]. However, EGCs originated from previous PGCs show a less profound imprinting 
erasure and a more hypomethylated status regulated by Prdm14 when EGCs are cultured in 
the presence of GSK3β and MEK (2i) inhibitors [122, 123]. In fact, EGCs eliminate imprinting 
marks in the genes Igf2, Igf2rr, Dlk1, and H19, among others, which are established shortly 
after PGC specification [124, 125]. EGCs and ESCs also share as a common feature the activa-
tion of both X chromosomes in female cells [126].

PGCs can be reprogrammed into EGCs when cultured in the presence of trichostatin 
A (TSA), an inhibitor of histone deacetylase, in substitution for bFGF, stem cell fac-
tor and LIF [39]. In the case of bFGF, this growth factor needs to be added in the first 
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migration begins, PGCs reduce the repressive mark H3K9me2 due to downregulation of the 
enzymes Ehmt1 and Ehmt2. PGCs also reduce DNA methylation by downregulation of the 
DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b [8, 96]. Prdm14, an essential partner of 
Blimp1 in mouse germ cell development, and Tcfap2c intervene in this demethylation process 
downregulating Ehmt1, Ehmt2, Dnmt3a, and Dnmt3b. This partnership is also involved in the 
reexpression of transcription factors related to pluripotency, such as Sox2 and Klf2. However, 
Prdm14 is not necessary for human PGC development [97, 98]. PGCs progressively increase 
the repressive mark H3K27me3 via polycomb repressive complex 2 (PRC2) [95].

Later, once PGCs have reached the future gonads, they remove imprinting tags, increase 
H4R3me2 mark, and reactivate the inactive X chromosome in female PGCs [95, 99]. H4R3me2 
modification, which takes place on arginine residues, is catalyzed by Prmt5, an epigenetic 
modulator that binds Blimp1, and exerts its epigenetic modifications until it is translocated 
back to the cytoplasm after E11.5 [100]. Another important event that occurs at this stage is 
major global DNA demethylation. It has been proposed that the vast extent of this DNA mod-
ification infers an active process and expression of the hydroxylase Tet1, the cytidine deami-
nase AID, and genes involved in base excision repair response (BER) have been detected. 
Nucleotide excision repair (NER) does not appear to be involved in PGC demethylation 
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H3K9me3, H3K9me2, H3K27me2, H3K27me3, H3K9ac, and H4R3me2, and also lose nucleo-
somal, noncanonical histone H2a.Z [102, 103]. Blimp1 also induces the expression of Jmjd3 
[104], responsible for removing the repressive epigenetic marks H3K9me2 and H3K9me3. In 
B cells, Blimp1 can also interact with chromatin modifier enzymes such as Kdm1a, a histone 
lysine transferase that catalyzes removal of methyl groups from lysines 4 and 9 of histone 3 
[105]. In contrast to Blimp1, which appears to be essential in the repression of the somatic 
program, its effector Prdm14 contributes to establishing potential pluripotency through Sox2 
upregulation in mouse PGCs, given that Sox2 is absent in human PGCs [97, 106]. Kdm6a is 
the histone demethylase that catalyzes the removal of the mark H3K27me3 during this second 
wave of reprogramming. The disruption of this process leads to an aberrant epigenetic repro-
gramming and loss of pluripotency markers Nanog, Oct4, and SSEA1 [107].

Sex determination begins at approximately E12.5. At this moment, DNA methylation is very 
low both in male and female PGCs [108, 109]. However, settlement of the epigenetic signature 
through DNA methylation occurs differently in male and female germlines. In males, de novo 
DNA methylation starts at around E13.5 and is accomplished before birth. Once methylation 
has been completed, gonocytes undergo vast proliferation and then they enter meiosis at the 
onset of gametogenesis. A disruption of methylation in male germ cells renders infertility 
[110]. In females, de novo methylation starts after birth and is not fulfilled until approximately 
P21 [111]. Oocytes undergo cell cycle arrest in meiotic prophase I, and it is not until ovulation 
that they re-enter meiosis. This coincides with the inability of PGCs to become reprogrammed.

Few studies have been performed on human PGCs, and the majority has focused on later stages 
of epigenetic reprogramming. Among the data available, early gonadal PGCs in humans (6–8 
weeks of gestation) show low H3K9me2 and high H3K27me3 epigenetic markers [112]. Studies 
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on pigs have also reported that changes in H3K9me2 and H3K27me3 markers are previous to 
DNA methylation, as observed in mouse PGC development [113]. Human PGCs also display 
active H3K4me1 and H3K4me3 marks and a peak in H3K9ac from 10 to 13 weeks of gestation. 
DNA showed a hypomethylated status and a loss of imprinting marks from gestation week 
10 onwards. It is noteworthy that Blimp1 is restricted to the nucleus from week 7 to week 12, 
whereas Prmt5 is located in the cytoplasm, showing that there is no Blimp1/Prmt5 association 
in human PGCs [112].

Demethylated human PGCs later recover a methylated status, from week 13 of gestation to 
birth [114]. In addition, human postnatal gonocytes show a different epigenetic pattern from 
E13.5 mouse PGCs. Low levels of H3K9me2 are shared with mouse PGCs, but H3K27me3 
shows low levels in post-migratory PGCs [112]. Also in contrast to mouse PGCs, the H3K9me3 
repressive mark is observed in human gonocytes, as well as increased levels of H3K9ac active 
marks [115, 116]. Mouse PGCs show the lowest methylation at E13.5, when less than 10% of 
cytosines located at CpG islands are methylated [109]. Analyses of global methylation sta-
tus from early stages of development have led to the observation that the ICM maintains its 
methylation status and, consequently, to the hypothesis that the germline is responsible for 
most of the DNA demethylation that takes place during development [117]. Specifically, the 
pattern appears to be a global demethylation during PGC migration, in which specific meth-
ylation marks in CpG islands (CGIs) of PGC-specific genes, CGIs on the X chromosome and 
differentially methylated regions in imprinted genes are conserved. Secondly, a new demeth-
ylation wave occurs when PGCs reach the genital ridges, affecting the previously mentioned 
sequences with epigenetic memory. This process involves both active and passive demethyl-
ation pathways [109]. Specifically, mouse PGCs fall from a 78% of global methylation at the 
epiblast stage to 5% at E11.5 (Figure 1). In human PGCs, demethylation takes place during the 
first 12 weeks of development, falling to 7% of methylation [118].

EGCs and ESCs can be fused to B-cells in order to originate a tetraploid hybrid. Methylation 
analysis has shown that the generated hybrids from EGCs showed lower methylation lev-
els than those generated from ESCs, probably showing some sort of epigenetic memory in 
which EGCs resemble the low methylation status of their precedent PGCs. These hybrids 
eliminate the imprints that were present in ESC cells, suggesting that epigenetic reprogram-
ming in EGCs is dominant over ESCs [119]. As previously mentioned, PGCs eliminate their 
imprinting marks at approximately E11-5. EGCs obtained from E11-5 or later PGCs also show 
demethylated imprinting marks, which cause serious alterations in developing chimeras 
[120, 121]. However, EGCs originated from previous PGCs show a less profound imprinting 
erasure and a more hypomethylated status regulated by Prdm14 when EGCs are cultured in 
the presence of GSK3β and MEK (2i) inhibitors [122, 123]. In fact, EGCs eliminate imprinting 
marks in the genes Igf2, Igf2rr, Dlk1, and H19, among others, which are established shortly 
after PGC specification [124, 125]. EGCs and ESCs also share as a common feature the activa-
tion of both X chromosomes in female cells [126].

PGCs can be reprogrammed into EGCs when cultured in the presence of trichostatin 
A (TSA), an inhibitor of histone deacetylase, in substitution for bFGF, stem cell fac-
tor and LIF [39]. In the case of bFGF, this growth factor needs to be added in the first 
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24 h of culture. Substitution of bFGF by TSA accelerates the kinetics of EGC deriva-
tion, with a quicker downregulation of Blimp1 [39]. As stated in the classical PGC repro-
gramming section, bFGF-induced reprogramming of PGCs causes a downregulation of 

Figure 1. Modifications in DNA methylation during mouse PGC and gamete development. Both male and female 
germ cells share a first phase of epigenetic modifications, in which several processes lead to DNA demethylation and 
histone modifications. This phase corresponds to PGC migration and colonization of genital ridges in the first phase 
and development of gonads in the second. After sex determination, differential methylation is observed among male 
and female germ cells. Whereas male germ cells undergo de novo methylation at E13.5, female germ cells maintain 
hypomethylated status until birth.
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Blimp1, which provokes an upregulation of Klf4, c-Myc, and Dhx38. This downregulation 
does not take place if bFGF is added later than 24 h of culture [39, 45, 127]. In EGC deri-
vation by TSA, Blimp1 is absent in EGCs, whereas expression of Klf4, c-Myc, and Eras is 
detected. In bFGF-induced PGC reprogramming, Blimp1 disappears from PGC after  
48 h [39].

As far as Prmt5 is concerned, this epigenetic modifier stays in the nucleus up to 7 days of cul-
ture, when it translocates from the nucleus to the cytoplasm in EGC colonies. Since Blimp1 binds 
Prmt5 to repress gene expression through H2A/H4R3me2s, contributing to maintaining the 
germ cell phenotype, absence of Blimp1 again appears to be a crucial event in PGC reprogram-
ming. Direct targets of this mentioned repression, such as Dhx38 or c-Myc, are detected a few 
days after a bFGF-induced reprogramming procedure. These events were also observed in TSA-
induced reprogramming of PGCs. [39]. Prmt5 has also been linked to pluripotency in ESCs. Its 
loss disrupts pluripotency and causes differentiation of these cells, where it is located in their 
cytoplasm [128]. Prdm14 is also essential for PGC derivation into EGCs. As previously men-
tioned, Prdm14 is an effector of Blimp1 and is involved in the downregulation of methylation 
enzymes during the first demethylation wave and in the reexpression of pluripotency factors. 
PGCs deficient in Prdm14 are unable to reprogram into EGCs because they cannot downregu-
late the repressive marker H3K9me2 and upregulate the epigenetic marker H3K27me3 via PRC2 
[97]. Recent studies from our laboratory have shown that PRC2 is not involved in hypoxia-
induced PGC reprogramming, whereas addition of histone deacetylase inhibitor valproic acid 
(VPA) is capable of inducing PGC reprogramming (Sainz de la Maza et al. [129]).

It is not surprising that epigenetic modifications relate to potency. Pluripotent stem cells show an 
open conformation of chromatin and active chromatin markers, such as H3K4me and H3K9ac 
[130, 131]. On the other hand, differentiated cells display repressed chromatin markers, such as 
H3K27me. Partially differentiated cells show a bivalent chromatin, with both active and repress-
ing markers. Akt, one of the primary factors related to the reprogramming of PGCs, as noted 
before, also promotes a more active chromatin, mainly by inhibition of Mbd3, a component of 
the nucleosome remodeling deacetylase complex. Mbd3 is important in heterochromatin for-
mation, and its inhibition promotes reprogramming in both EGC and iPSC derivation [19].

Epigenetics is also involved in the derivation of iPSCs. Fibroblast reprogramming can be achieved 
exclusively using soluble factors. In the reprogramming cocktail used by Hou et al [131], some 
epigenetic modifiers were included, such as the histone deacetylase inhibitors (HDACi) sodium 
butyrate and VPA, and the Kdm1a inhibitor tranylcypromine [132]. HDACi are strongly related 
to pluripotency acquisition. VPA has been proven to enhance iPSC generation, and usage of 
HDACi can turn pluripotent colonies with fuzzy edges into typical, compact pluripotent colo-
nies [133–135]. VPA can also eliminate the imprinting marks located at the Dlk1-Dio3 gene clus-
ter [136]. Inhibition of the polycomb complex, responsible for gene repression through DNA 
and histone methylation, results in lower iPSC derivation efficiency, probably because this com-
plex is essential to the repression of the somatic program [137]. However, inhibition of histone 
methyltransferases by using BIX-01294 or inhibition of DNA methyltransferases using 5-azacyti-
dine has been reported to improve iPSC derivation. The usage of BIX-01294 on fibroblasts with 
induced expression of only Oct4 and Klf4 rendered a comparable efficiency to that of using the 
four factors [138, 139]. A deeper understanding of the impact of epigenetics in reprogramming is 
required in order to elucidate the role of chromatin and histone modifications in the acquisition 
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24 h of culture. Substitution of bFGF by TSA accelerates the kinetics of EGC deriva-
tion, with a quicker downregulation of Blimp1 [39]. As stated in the classical PGC repro-
gramming section, bFGF-induced reprogramming of PGCs causes a downregulation of 
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and development of gonads in the second. After sex determination, differential methylation is observed among male 
and female germ cells. Whereas male germ cells undergo de novo methylation at E13.5, female germ cells maintain 
hypomethylated status until birth.
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Blimp1, which provokes an upregulation of Klf4, c-Myc, and Dhx38. This downregulation 
does not take place if bFGF is added later than 24 h of culture [39, 45, 127]. In EGC deri-
vation by TSA, Blimp1 is absent in EGCs, whereas expression of Klf4, c-Myc, and Eras is 
detected. In bFGF-induced PGC reprogramming, Blimp1 disappears from PGC after  
48 h [39].

As far as Prmt5 is concerned, this epigenetic modifier stays in the nucleus up to 7 days of cul-
ture, when it translocates from the nucleus to the cytoplasm in EGC colonies. Since Blimp1 binds 
Prmt5 to repress gene expression through H2A/H4R3me2s, contributing to maintaining the 
germ cell phenotype, absence of Blimp1 again appears to be a crucial event in PGC reprogram-
ming. Direct targets of this mentioned repression, such as Dhx38 or c-Myc, are detected a few 
days after a bFGF-induced reprogramming procedure. These events were also observed in TSA-
induced reprogramming of PGCs. [39]. Prmt5 has also been linked to pluripotency in ESCs. Its 
loss disrupts pluripotency and causes differentiation of these cells, where it is located in their 
cytoplasm [128]. Prdm14 is also essential for PGC derivation into EGCs. As previously men-
tioned, Prdm14 is an effector of Blimp1 and is involved in the downregulation of methylation 
enzymes during the first demethylation wave and in the reexpression of pluripotency factors. 
PGCs deficient in Prdm14 are unable to reprogram into EGCs because they cannot downregu-
late the repressive marker H3K9me2 and upregulate the epigenetic marker H3K27me3 via PRC2 
[97]. Recent studies from our laboratory have shown that PRC2 is not involved in hypoxia-
induced PGC reprogramming, whereas addition of histone deacetylase inhibitor valproic acid 
(VPA) is capable of inducing PGC reprogramming (Sainz de la Maza et al. [129]).

It is not surprising that epigenetic modifications relate to potency. Pluripotent stem cells show an 
open conformation of chromatin and active chromatin markers, such as H3K4me and H3K9ac 
[130, 131]. On the other hand, differentiated cells display repressed chromatin markers, such as 
H3K27me. Partially differentiated cells show a bivalent chromatin, with both active and repress-
ing markers. Akt, one of the primary factors related to the reprogramming of PGCs, as noted 
before, also promotes a more active chromatin, mainly by inhibition of Mbd3, a component of 
the nucleosome remodeling deacetylase complex. Mbd3 is important in heterochromatin for-
mation, and its inhibition promotes reprogramming in both EGC and iPSC derivation [19].

Epigenetics is also involved in the derivation of iPSCs. Fibroblast reprogramming can be achieved 
exclusively using soluble factors. In the reprogramming cocktail used by Hou et al [131], some 
epigenetic modifiers were included, such as the histone deacetylase inhibitors (HDACi) sodium 
butyrate and VPA, and the Kdm1a inhibitor tranylcypromine [132]. HDACi are strongly related 
to pluripotency acquisition. VPA has been proven to enhance iPSC generation, and usage of 
HDACi can turn pluripotent colonies with fuzzy edges into typical, compact pluripotent colo-
nies [133–135]. VPA can also eliminate the imprinting marks located at the Dlk1-Dio3 gene clus-
ter [136]. Inhibition of the polycomb complex, responsible for gene repression through DNA 
and histone methylation, results in lower iPSC derivation efficiency, probably because this com-
plex is essential to the repression of the somatic program [137]. However, inhibition of histone 
methyltransferases by using BIX-01294 or inhibition of DNA methyltransferases using 5-azacyti-
dine has been reported to improve iPSC derivation. The usage of BIX-01294 on fibroblasts with 
induced expression of only Oct4 and Klf4 rendered a comparable efficiency to that of using the 
four factors [138, 139]. A deeper understanding of the impact of epigenetics in reprogramming is 
required in order to elucidate the role of chromatin and histone modifications in the acquisition 
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of pluripotency. Further research should be performed regarding the link between pluripotency 
and the germline program. For example, the induction of the expression of Prdm14, which is a 
Blimp1 effector, enhances iPSC derivation from mouse and human fibroblasts [140].

9. Concluding remarks and future directions

Various methods and soluble factors can be used for PGC reprogramming, including the clas-
sical bFGF [4, 5, 7, 141], the deletion of Trp53 [40], the addition of mitogens such as RA [11] or 
forskolin, [49], the inhibition of MAPK/ERK kinase and GSK3 signaling [52], and the addition 
of epigenetic modifiers such as TSA [39] and VPA (Sainz de la Maza et al. [129]). In addition, 
inducers of glycolysis such as hypoxia [6] and manipulation of cell metabolism are able to 
induce pluripotency (Table 1) and partial reprogramming, implicating many cytoplasmic and 
nuclear proteins (Figure 2).

All these data highlight the inherent potency of germ cells, allow for further and detailed 
characterization of the reprogramming process and are useful tools for the identification 
of genes involved in germ cell malignant transformation and the development of testicular 
tumors.

Method Mechanism Age (dpc) Efficiency Laboratory/year

bFGF MAPK and PI3K/
Akt activation

8.5 10/80 Hogan [5] and 
McLaren-Surani 
[58]

Forskolin cAMP agonist 11.5 14.5 ± 3.9/(1/2 
genital ridge)

Nakatsuji [49]

Retinoic acid Mitogen 11.5 12.5 ± 5.2/(1/2 
genital ridge)

Nakatsuji 1996 
[49]

Trichostatin A HDAC inhibitor 8.5 25/80 McLaren-Surani 
[58]

Valproic acid HDAC inhibitor 8.5 ND De Miguel, 
submitted

2i PD0325901 MAPK/ERK 
inhibitor

8.5 9.4% Smith [52]

CHIR99021 GSK3β inhibitor

SB431542 TGFβR inhibition 11.5 2.08/104 Nakano [41]

Kenpaullone GSK3β and CDKs 
inhibitor

13.5 2.27/104 Nakano [41]

Hypoxia HIFs activation 8.5 6.9% De Miguel [6]

Table 1. Comparison of different methods of PGC to EGC reprogramming.
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2i two inhibitors (PD0325901 and CHIR99021)
BER base excision repair response
bFGF basic fibroblast growth factor
Blimp1 B lymphocyte-induced maturation protein-1
Bnip3 BCL2/adenovirus E1B 19 kDa protein-interacting protein 3
CCCP cyanide 3-chlorophenylhydrazone
CDK4 cyclin-dependent kinase 4

Figure 2. Schematic representation of the external factors (in green), signal transduction molecules (in red or white), and 
processes (in yellow) implicated in PGC reprogramming. Directly inhibited molecules in red. Arrows indicate induction 
and broken lines indicate repression of the pathway. PD: PD0325901; SB: SB431542; CHIR: CHIR99021; RA: retinoic acid; 
VPA: valproic acid; TSA: trichostatin A.
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CDKI cyclin-dependent protein kinase inhibitor
CpG cytosine phosphate guanine
Ddx4 DEAD-Box Helicase 4
Dlk1 delta like non-canonical notch ligand 1
Dmrt1 doublesex-related transcription factor 1
Dnd1 DND microRNA-mediated repression inhibitor 1
Dnmt DNA methyltransferase
dpc days post coitum
Dppa developmental pluripotency associated
ECC embryonal carcinoma cells
EGC embryonic germ cells
Ehmt euchromatin histone methyltransferase
ENO1 enolase 1Erasembryonic stem cell-expressed Ras
ESC embryonic stem cells
Esrrb estrogen-related receptor beta
FoxO forkhead box class O
GAPDH glyceraldehyde 3-phosphate dehydrogenase
Glut glucose transporter
Hand1 heart and neural crest derivatives expressed 1
HDAC histone deacetylase
HIF hypoxia-inducible factor
Hxk2 hexokinase 2
ICM inner cell mass of the blastocyst
iPSC induced pluripotent stem cell
Jmjd Jumonji domain containing
Kdm lysine demethylase
Ldha lactate dehydrogenase A
Lef1 lymphoid enhancer binding factor 1
Mbd3 methyl-CpG binding domain protein 3
MEF mouse embryo fibroblast
Meis myeloid ecotropic viral integration site
mTOR mammalian target of rapamycin
NER nucleotide excision repair
Oct octamer-binding transcription factor
PARP poly(ADP-ribose) polymerase
PDH pyruvate dehydrogenase
Pecam platelet endothelial cell adhesion molecule
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PFK phosphofructokinase
PGC primordial germ cell
PGK1 phosphoglycerate Kinase 1
PKM pyruvate kinase muscle
PRC2 polycomb repressive complex 2
Prmt protein arginine methyltransferases
RA retinoic acid
SCF stem cell factor
SSEA stage-specific embryonic antigen
Tbx3 T-box protein 3
Ter teratoma
TGFβ transforming growth factor β
TNAP tissue non-specific alkaline phosphatase
TSA trichostatin A
Utf undifferentiated embryonic cell transcription factor
VPA valproic acid
Zfp42 zinc finger protein
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Abstract

The study of germline stem cells and of germline cells has deep implications for the 
understanding of fertility, development and cancer. Nowadays, we are experiencing the 
very fascinating challenge of application of –OMICS technologies to this issue, which is 
opening new and unexpected horizons in virtually all the branches of biology. Here, we 
carried out a review of signalling systems involved in maturation of male germ cells and 
in the process that leads them to become fully fertile. In particular, we discuss the control 
mechanisms involved in capacitation and acrosome reaction that act at membrane level. 
Indeed, spermatozoa membranes play key roles in determining the achievement of fertil-
ity: they are the interface with the surrounding environment, they locate the signal trans-
duction systems and they are active in recognizing and binding the oocyte. In addition, 
we discuss the effect of several compounds that could exert a negative effect on reproduc-
tive activity, by interfering with the endocrine axis, the so-called endocrine disruptors.

Keywords: germline stem cells, spermatozoa, membrane, signalling, fertility

1. Introduction

In recent years, the scientific interest for germline stem cells (GSCs) has enormously grown. 
They are the cells devoted to the genome transmission to future generations; thus the study of 
their biology has fundamental implication for understanding of basics of fertilization, embryo 
development and fertility as well as of stem cells biology and cancer. Nowadays, we are facing 
with a revolution in biological science, due to the adoption of high-throughput technologies, the 
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understanding of fertility, development and cancer. Nowadays, we are experiencing the 
very fascinating challenge of application of –OMICS technologies to this issue, which is 
opening new and unexpected horizons in virtually all the branches of biology. Here, we 
carried out a review of signalling systems involved in maturation of male germ cells and 
in the process that leads them to become fully fertile. In particular, we discuss the control 
mechanisms involved in capacitation and acrosome reaction that act at membrane level. 
Indeed, spermatozoa membranes play key roles in determining the achievement of fertil-
ity: they are the interface with the surrounding environment, they locate the signal trans-
duction systems and they are active in recognizing and binding the oocyte. In addition, 
we discuss the effect of several compounds that could exert a negative effect on reproduc-
tive activity, by interfering with the endocrine axis, the so-called endocrine disruptors.
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1. Introduction

In recent years, the scientific interest for germline stem cells (GSCs) has enormously grown. 
They are the cells devoted to the genome transmission to future generations; thus the study of 
their biology has fundamental implication for understanding of basics of fertilization, embryo 
development and fertility as well as of stem cells biology and cancer. Nowadays, we are facing 
with a revolution in biological science, due to the adoption of high-throughput technologies, the 
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so-called –OMICS, that are able to provide a huge quantity of new data on cell physiological and 
pathological processes. Although the knowledge of complex phenomena, such as the regulatory 
mechanisms involved in both germ cell (GC) specification and the maintenance of the germline 
in adults, is rapidly increasing unfortunately, some aspects of GSCs and of germ cells are still 
poorly understood. For instance, the biology of male GCs and their signalling machinery still 
poses important open questions to be answered, as proven by the high incidence of male infertil-
ity cases in which it is impossible to reach a diagnosis (unexplained infertility of male origin).

Here, we carried out a review of current information about male GCs biology, with particular 
respect to their signalling systems located at membrane level.

2. Germline stem cells and hypothalamus-pituitary-testis axis (HPTA)

One of the key events during embryogenesis is the development of germline stem cells, able 
to originate mature gametes, sperm or oocytes, becoming responsible for transmitting genetic 
information from generation to generation. In most mammals, such as mice, the germ cell 
lineage is determined in the early post-implantation embryo, at approximately 3 weeks after 
fertilization (E17, embryonic day 17). GSCs specification from somatic lineage occurs by 
appropriate signals from pluripotent embryonic cells (epigenetic mode): a few epiblast cells 
become competent in response to bone morphogenetic protein (BMP) and wingless-related 
integration site family of proteins (WNTs) signals produced by extraembryonic ectoderm 
(ExE) and primitive endoderm (VE). Among the signals responsible for the induction of the 
germ cell fate, it is possible to distinguish Bmp4 and Bmp8b produced by the ExE, as well as 
the signal transducers Smad1, 4 and 5. In addition, Bmp2 arisen from the VE seems to improve 
the role of Bmp4 to ensure the correct production of GSC. These signals induce the expression 
of the crucial complex of GSC fate, such as BLIMP1 (also known as PRDM1), PRDM14 and 
AP2γ. These last three factors are able to up-regulate some germ cell genes (such as Stella) and 
pluripotency genes (OCT4, NANOG and SOX2) and to repress somatic genes (Hoxb1, Hoxa1, 
Evx1 and Lim1). Soon after specification, GSC migrates through the hindgut and dorsal mes-
entery, and finally colonizes the genital ridges until E11.5.

During this migratory phase, a special epigenetic remodelling takes place and it includes 
DNA demethylation, changes of histone modifications, X-chromosome reactivation and 
genomic imprint erasure. At E13.5, in the gonads, they initiate the sex differentiation either 
towards a spermatogenic (male) or to an oogenic (female) lineage development [1, 2].

As regards the spermatogenic development, male germline stem cells (also called spermato-
gonial stem cells, SSCs) enter into mitotic quiescence until the end of foetal development. Soon 
after birth, SSCs resume active mitotic proliferation at the basement membrane of the seminif-
erous tubules. Furthermore, SSCs are able to balance self-renewing divisions and differentiat-
ing divisions. This delicate balance is also maintained from the complex paracrine dialogue 
with surrounding somatic microenvironment (stem cell niche) consisting of an ensemble of 
Sertoli, Leydig, peritubular myoid and vascular cells. This stem cell niche is important not 
only for self-renewal but also for maintaining stem cells, regulating multipotency, asymmet-
ric cell division and migration from niches for differentiation [3].

Germ Cell74

During early embryo development, the progression of the testis occurs in a gonadotropin-
independent manner and is stimulated by the high levels of AMH (anti-Müllerian hormone) 
produced by Sertoli cells, so being responsible of the differentiation towards male sexual 
development of the gonads, with the regression of Müllerian ducts. However, during the 
second trimester of pregnancy and after birth, the follicle-stimulating hormone (FSH) stim-
ulates the proliferation of Sertoli cells so increasing the secretion of AMH and inhibin B, 
which will act as a negative regulator of the FSH production. At the same time, Leydig cells, 
regulated by human chorionic gonadotropin (hCG), secrete androgens, which will be respon-
sible of the acquisition and maintaining of some male sexual characters. The pituitary gland 
initiates producing luteinizing hormone (LH), which is down-regulated by the testosterone 
secreted by Leydig cells. During this foetal period, the hypothalamus regulates the secretion 
of gonadotropin-releasing hormone (GnRH), and so stimulating the pituitary to produce LH 
and FSH, with a higher balance of LH. At the end of pregnancy, the level of these hormones 
will decrease due to the direct action of oestrogens produced by the placenta, whereas the 
levels of testosterone will increase as much as in adult life. After birth, the levels of gonado-
tropins as well as those of testosterone and AMH decrease to a minimum, reaching the maxi-
mum levels 3 months after birth and decreasing again from the sixth month until the puberty.

Throughout the childhood, the HPTA axis allows the proliferation of Sertoli and germ cells, 
but they remain immature. After this period and around the sixth month, a period of quies-
cence takes place where Leydig cells are missed, thereby decreasing the levels of testosterone. 
On the other hand, Sertoli cells still remain active and produce AMH at high levels, typical of 
‘prepubertal’ testis.

Once arrived at puberty, the HPTA starts up again and the male sexual characteristics are devel-
oped, acquiring the reproductive capacity. Of high importance is the increase on the levels of 
gonadotropins and because of that the proliferation of Sertoli cells and the rise of testis volume. 
The high levels of LH produce the differentiation of Leydig cells as well as the maturation of Sertoli 
cells, the emergence of blood-testis barrier and a lowering of AMH levels. At this point, germ cells 
enter meiosis, concluding the spermatogenesis [4]. The most primitive SSCs (A-single cells, As) are 
capable to divide normally forming two new As cells (self-renewing division) or with an incomplete 
cytokinesis forming a pair (A-paired, Apr) of cells connected by an intercellular bridge (differentiat-
ing division). Then, the Apr cells continue to divide and generate chains of 4, 8, 16 and (sometimes) 
32 cells (aligned cells, Aal). Recent studies show that the As production by cell division is rather rare 
and the majority of As results from the fragmentation of Apr and Aal spermatogonia. From longer 
chains of Aal spermatogonia (8, 16 and 32), classes of spermatogonia progressively differentiated 
(A1, A2, A3, A4, In (intermediate) and B) are produced. In comparison with the undifferentiated 
spermatogonia, those already differentiated divide synchronously and show the presence of het-
erochromatin. In most animal species, spermatogonia B are the last in suffering mitosis, producing 
two primary spermatocytes that progressively enter meiosis after the foetal life through all the 
stages of prophase I (leptotene, zygotene, pachytene and diplotene) and undergo a double meiotic 
division: the first originates two secondary spermatocytes diploid (2n), while the second leads to 
the formation of four haploid spermatids. Finally, spermatids undergo a series of cytoplasmic and 
nuclear changes, known as spermiogenesis. During this last phase, some important processes take 
place, as the DNA compaction, the loss of cytoplasm and the acrosome and flagellar formation, so 
leading to the release of mature spermatozoa in the lumen of the seminiferous tubule [5].
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The whole process of spermatogenesis is strongly regulated by the hypothalamus-pituitary-
testis axis, in such a way that the proper functioning of this axis will be responsible for the 
quantity and quality of the spermatozoa produced. It is important to note the reliance on the 
correct running of the endocrine system as well, since it will also influence the reproductive 
system by releasing the right amount of hormones that will allow the success of the process, 
as will be described later. Before explaining the endocrine control of the process, the develop-
ment of this axis will be described from the beginning of the embryo life.

The hypothalamus-pituitary-testis axis initiates its function in the hypothalamus, which along 
with the hypophysis is the main regulator centre of the reproductive function. The hypothala-
mus develops from the forebrain, which along with the midbrain and hindbrain is one of the 
three expansions derived from the neural tube during the brain development of the embryo. 
After 34 days of conception, it is possible to distinguish inside the diencephalon (originated 
from the forebrain), a little cavity called third ventricle, whose progress will form the thala-
mus and it in turn will originate the hypothalamus and the epithalamus. It is located above 
the pituitary gland and below the thalamus, and it is surrounded by the optic chiasm, lamina 
terminalis, commissure rostrally, cerebral peduncle and the interpeduncular fossa caudally. 
The hypothalamus could be equally anatomically divided in three regions, each one with a 
determined cluster of neurons that carry out a specific function: periventricular zone (with 
periventricular, suprachiasmatic, paraventricular and arcuate nucleus), medial zone (medial 
preoptic, anterior hypothalamic, dorsomedial, ventromedial, premammillary, mammillary 
and posterior hypothalamic nucleus) and lateral zone (lateral preoptic, lateral hypothalamic 
and supraoptic nucleus).

The hypothalamus is highly connected with the rest of the brain through a really extensive 
number of fibres whose connections are complex and intricate. Therefore, this region is a 
key point where nerve signals that came from the central nervous system by afferent fibres 
will be decoded and transformed into hormonal messages (neuronal hormones) which will 
arrive by portal circulation to the pituitary gland. It, in turn, will release peptide hormones 
as a response. The hormone that functionally connects hypothalamus to pituitary gland is 
known as gonadotropin-releasing hormone (GnRH). It has been identified and described by 
the Nobel Laureates Roger Guillemin and Andrew V. Schally in 1977 and is constituted by 
10 amino acids:

pyroGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2

GnRH is produced from a 92-amino acid preprohormone in the preoptic area of the hypo-
thalamus by GnRH neurons that originate in the nose and migrate into the brain, where they 
are scattered throughout the medial septum and hypothalamus and connected by dendrite 
long over 1 mm. They are regulated by several different afferent neurons and by different 
neurotransmitters such as norepinephrine, GABA and glutamate.

One of the main regulators of GnRH secretion is Kisspeptin, which acts together with oestro-
gen, as demonstrated by the finding that Kisspeptin-producing neurons also express oestro-
gen receptor alpha.

Germ Cell76

Once secreted in portal bloodstream at the median eminence, GnRH binds its specific 
receptor, the gonadotropin-releasing hormone receptor (GnRHR), a seven-transmembrane 
G-protein-coupled receptor, in gonadotrope cells. Here, it activates the beta isoform of phos-
phoinositide phospholipase C, leading to the calcium mobilization from intracellular stores 
and to the activation of protein kinase C. Finally, as a result of GnRH stimulation, the pitu-
itary cells synthesize and secrete the gonadotropins LH and FSH.

GnRH activity is deeply connected with the regulation of reproductive activity, thus its con-
centration is very low during childhood, and strongly increases at puberty. During the adult-
hood, it regulates several biological processes involved in maintaining of fertility and, in 
particular, in male it sustains the spermatogenesis via FSH and LH.

The pituitary gland is the second component of the axis involved on the regulation of sper-
matogenesis. It is an endocrine gland located below the hypothalamus, whose main func-
tion is to produce various hormones responsible for the homeostasis of the individual. In this 
endocrine tissue, it is possible to identify three zones anatomically and embryologically dif-
ferent: adenohypophysis or anterior pituitary, intermediate lobe (present in some species or 
fused with the anterior pituitary in other species) and neurohypophysis or posterior pituitary 
[6]. Each zone has its own particular role and cell types with an essential function of hormones 
secretion, among which should be highlighted the importance of luteinizing hormone and fol-
licle-stimulating hormone, both produced by gonadotrophs cells in the anterior pituitary [7].

LH is a heterodimeric glycoprotein composed by α- and β-subunits (similar to FSH, hCG and 
to thyroid-stimulating hormone (TSH)). The α-subunits contains 92 amino acids in human 
and 96 amino acids in almost all other vertebrates and is identical to that of LH, FSH, TSH 
and hCG. The β-subunit has 120 amino acids and confers its specific biologic to the protein, 
by interacting with the receptor (LHR). The half-life of LH is about 20 min.

In female, LH is involved in the control of ovarian activity and, mainly, of ovulation. In male, 
it acts on Leydig cells, stimulating the production of testosterone. This hormone, in turn, 
regulates the expression of the enzyme 17β-hydroxysteroid dehydrogenase, thus converting 
androstenedione, produced by the gonads, to testosterone [9] that exerts both endocrine and 
paracrine activities and then is involved in controlling spermatogenesis.

LH is released in response to a delicate feed-back that involves all the structures of hypothala-
mus-pituitary-testis axis. When blood concentration of T is lowering, GnRH is released by the 
hypothalamus, thus stimulating the LH release by pituitary gland. As the level of T increases, 
it inhibits the release of GnRH and LH consequently.

At the same time, androgens (T, DHT) inhibit monoamine oxidase (MAO) in pineal, leading to 
the increase in melatonin concentrations. Through a melatonin-induced increase of inhibiting 
factors (GnIH), the levels of LH and FSH are reduced. T can also be aromatized into oestradiol 
(E2) to inhibit LH.

FSH is a 35.5-kDa glycoprotein heterodimer, and as LH it consists of two polypeptide units, 
alpha and beta.
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The beta subunit of 111 amino acids (FSH-β) is responsible for the binding with the follicle-
stimulating hormone receptor (FSHR). The sugar portion of the hormone is covalently bonded 
to asparagine and is composed of N-acetylgalactosamine, mannose, N-acetylglucosamine, 
galactose and sialic acid.

FSH is involved in the control of several functions, such as development, growth, pubertal 
maturation and reproduction. In both males and females, it stimulates the maturation of germ 
cells and, in males, it induces Sertoli cells to secrete androgen-binding proteins (ABPs) and 
stimulates primary spermatocytes to undergo the first division of meiosis, to form secondary 
spermatocytes.

Although many aspects of the spermatogenesis remain unclear, the complexity of the process 
and the necessity of a major regulation, which integrates all the components aforementioned 
and others that are still being investigated, are obvious. More research is needed in order to 
conclude the unknown aspects of the whole process that entail the creation of these indispens-
able cells for the perpetuation of life.

3. Membrane-signalling systems in male germ cells

Once the maturing spermatozoa are released in the lumen of tubuli seminiferi, they progress 
within rete testis and reach the epididymis. Here, their membrane composition changes [8]. 
Overall, the lipid remodelling of sperm membrane during the epididymis involves the inter-
action of male germ cells with epididymal cells, fluid, and with 50–800-nm spherical vesicles 
present in epididymal lumen, the epididymosomes. They are secreted by principal cells of the 
epididymis and are involved in the exchange of several kinds of molecules with the sperm 
membrane [9, 10]. As stated by Rejraji ‘… it does not seem too farfetched to imagine that epi-
didymosomes (and aposomes in general) could exchange lipids and protein materials with 
sperm cells, contributing to the formation of structures such as rafts in sperm cells membrane’ 
[11]. In keeping with this idea, in mouse model, it has been found that the epididymosomes 
membranes are more fluid in the head of the epididymis and that their fluidity gradually 
decreases in the cauda, while the fluidity of sperm membrane increases as the spermatozoa 
progress along the epididymal duct [11]. More in detail, it has been found that during the 
epididymal transit the phosphatidylethanolamine (PE):phosphatidylcholine (PC) ratio does 
not change, while the concentration of sphingomyelin (SM) increases from 20.9% in caput 
epididymis to over 29% in cauda epididymis. The cholesterol:phospholipids remain constant 
and the relative amount of polyunsaturated fatty acids (PUFAs) markedly increase, particu-
larly for 22:5 n-6 and 22:6 n-3. Importantly, the cholesterol concentration changes both in 
absolute and in relative terms: cholesterol 10−15 mol/spermatozoon: caput 6.9 ± 1.4; cauda 2.4 
± 0.4; cholesterol/phospholipid ratio: caput 0.24 ± 0.04; cauda: 0.289 ± 0.07 [11].

At the end of the epididymal maturation, the spermatozoa membranes have their composition 
fixed. Human spermatozoa membranes are characterized by high concentrations of ether-linked 
lipids, of unsaturated fatty acyl groups such as docosahexaenoyl (22:6 chains), and of sphingomy-
elin. Also present is sulphogalactosylglycerolipid or seminolipid, a spermatozoa-specific lipid, 
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which has been demonstrated to be involved in human gametes interaction, and immediately 
after ejaculation the ration cholesterol/phospholipid is around 1. Ether-linked lipids are abun-
dant in sperm plasma membranes (PM): glycerophospholipids contain either one alkyl ether 
group at position sn-1 of glycerol (plasmalogens), or one (at position sn-1) or two alkyl ether 
groups. Choline and ethanolamine plasmalogens will be involved in modulation of membrane 
fluidity during capacitation. Indeed, they will act conferring a more densely packed structure 
to the membranes, compared with diacylglycerophospholipids. Polyunsaturated ethanolamine 
plasmalogens will take part in the process of membrane fusion, and choline plasmalogens con-
tribute to form non-diffusible membrane regions that confer stability to the membranes.

Immediately after ejaculation, mammalian spermatozoa are virtually unable to fertilize; 
indeed, they gain their full fertilizing ability only after they reside in female genital tract for 
hours to weeks, depending on the species, where they complete a process of biochemical and 
functional maturation known as capacitation. This process has been described for the first time 
in the early 1950s [12–14] and has been intensively studied by several groups in human and in 
different animal models. To date, it is widely accepted that it implies deep changes in metabo-
lism of male germ cells and that it involves virtually their whole biochemical machinery. In this 
context, sperm membrane plays a key role for important and peculiar reasons. As first, sperm 
membranes are the interface of male gametes with external environment. Male gametes, dur-
ing spermatogenesis and before  ejaculation, male gametes are exposed to  different environ-
ments (testis, epididymis, male ducts) characterized by the presence of very different chemical 
components. Each of these factors is able to carry out complex interactions with sperm cells, 
thus modulating their function. In particular, the interaction with female genital tract is able 
to drive the process of capacitation by activating or inhibiting specific signal transduction 
pathways. Then, spermatozoa virtually have no cytosol, thus a great amount of the molecules 
involved in signalling pathways are localized at the cell membranes level. Consequently, these 
structures are well organized and highly dynamical, and their architecture and chemical com-
position change markedly during the process acquisition of fertilizing competence. Finally, the 
physiological end point of capacitation is the onset of acrosome reaction (AR), which consists 
in the fusion of outer acrosome membrane (OAM) with the plasma membrane in the anterior of 
sperm head. In other words, the fertilization is made possible by a fine regulation of inhibiting 
and activating factor acting at membrane level, able to promote the increase in fusogenicity (i.e. 
the ability to fuse each other) of PM and OAM avoiding, at the same time, their premature loss.

The pivotal importance of membrane changes during capacitation is the reason why this pro-
cess has attracted the attention of researchers since its discovery. In particular, on one hand, it 
could be involved in determining pathological conditions that lead to hypofertility or infertil-
ity and, on the other one hand, the control of membranes composition and behaviour during 
capacitation could have important implication for improving the cryopreservation strategies 
of male gametes in human and in veterinary andrology.

3.1. Spermatozoa membrane dynamics

The data from several groups, obtained in different animal models (particularly boar), converge 
in describing a multi-step process [15] that leads to the functional maturation of membranes. 
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Immediately after ejaculation, the spermatozoa are exposed to a gradually increasing concentra-
tion of bicarbonate. This ion acts as an activating factor, stimulating a protein kinase A (PKA)-
mediated pathway. In detail, HCO3

− activates a soluble adenylate cyclase (sAC), leading to an 
increase in the production of cAMP, which in turn activates PKA [16]. This last event represents 
an important step because it promotes the activation of several enzymes that are involved in 
lipid translocation across specific domains of sperm PM (particularly located in the anterior area 
of sperm head). Here, the segregation of specific classes of lipids in the inner or outer leaflet of 
plasma membrane [17, 18] has been described. The aminophospholipids, phosphatidylserine 
(PS) and phosphatidylethanolamine are specifically concentrated in the inner leaflet, while cho-
line phospholipids sphingomyelin and phosphatidylcholine in the outer one. This asymmetry is 
established and actively maintained by the action of translocating enzymes. Two of them (ami-
nophospholipid translocase, also known as flippase, and floppase) are ATPases, thus working 
against gradient using ATP as energy source and transferring PS and PE from the outer to the 
inner lipid leaflet or vice versa, respectively. They are constitutively active in mature sperma-
tozoa and are responsible for maintaining the physiological asymmetry of membranes. A third 
enzyme, the scramblase, acts as a bi-directional carrier with low specificity for specific classes 
of lipids, simply moving in both directions (inward and outward) across the membrane follow-
ing the concentration gradient (it does not require ATP), thus reducing phospholipid asym-
metry (‘lipid scrambling’). This last event represents a pivotal biological end point because it is 
believed to be mandatory to allow the cholesterol relocalization [19] and consequent extraction 
from sperm membrane [20] (Figure 1).

Recently, it has been proposed that the capacitation-dependent lipid remodelling of sperm 
membrane and the apoptotic pathway could be interconnected. In particular, the generation 
of reactive oxygen species (ROS), particularly peroxynitrite, which takes place during capaci-
tation, could facilitate the removal of cholesterol from PM [21], thus increasing its fluidity, 
cause a change in the pattern of protein tyrosine phosphorylation and increase the cAMP 
production [22, 23]. If the fertilization does not occur, the accumulation of ROS could activate 
the apoptosis via the intrinsic pathway [24]. In a computational biology study, our group 
implemented this hypothesis, speculating that the spermatozoa, during their journey to reach 
the fertilizing ability, could pass through an intermediate condition, from which they could 
reach very different fates: fertilizing spermatozoa, apoptotic spermatozoa, dead spermatozoa. 
In other words, in earlier stages, it is possible to hypothesize that capacitation and apoptosis 
are partially overlapping, proceeding parallel, rather than in series [25].

In addition, in spermatozoa, as it occurs in other eukaryotic cell types, specialized micro- 
and macro-areas known as micro-domains have been described. They can be experimentally 
isolated by using detergents, such as 0.1% Triton X-100, at 4°C in a discontinuous density 
gradient, as detergent-resistant membrane (DRM). DRM is organized in a ‘lipid-ordered’ 
phase (Lo phase) because of their chemical composition: they are rich in cholesterol, sphin-
gomyelin, gangliosides, phospholipids with saturated long-chain acyl chains, and proteins 
such as glycosylphosphatidylinositol (GPI)-anchored proteins, caveolin and flotillin. DRM is 
surrounded by a more fluid portion of membrane organized in a ‘liquid-disordered phase’ 
membrane (Ld phase), characterized by higher concentration of unsaturated fatty acids. In 
this context, the cholesterol plays a pivotal role; indeed its hydroxyl group interacts with the 
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polar head of phospholipids and sphingolipids, while the steroid and hydrocarbon chains 
are embedded in the membrane, alongside the nonpolar fatty-acid chain of the other lipids. 
Consequently, it modulates the physical-chemical proprieties of cell membranes, depending 
on their composition. In unsaturated fatty acid-rich areas of membrane, cholesterol increases 
membrane packing, reducing membrane fluidity. On the contrary, when cholesterol interca-
lates in a microenvironment rich in saturated fatty acids it promotes the relaxation of mem-
brane structure, thus increasing membrane permeability and fusogenicity [18].

DRMs organization undergoes evident modifications, with important physiological conse-
quences on the function of male germ cells. Cross in human spermatozoa described the hetero-
geneous composition of DRMs and found that the two major raft components, GM1 and CD59, 
displayed a partial sterol loss-dependent shift to the non-raft domain during capacitation [26]. 
Miranda et al. demonstrated that LR markers (CAV-2, flotillin 1, flotillin 2 and GM3) changed 
their immunofluorescence pattern during sperm incubation under capacitating conditions 
and that these changes are correlated with the occurrence of AR [27]. Watanabe and Kondoh 
showed that in GFP-labelled sperm, treated with compounds for promoting the acrosome reac-
tion, EGFP-GPI was released from the sperm surface and that ganglioside GM1 relocalizes over 
sperm head [28]. This leads to hypothesize that GPI-anchored protein release could be associ-
ated with reorganization of lipid rafts and with the onset of AR. These data became more inter-
esting when considering that it has been described the capacitation-dependent relocalization 
in DRMs of proteins known to be involved in signal transduction and in sperm-egg interaction 
and binding.

Figure 1. Confocal images of spermatozoa stained with DilC12 probe during a fluorescence recovery after photobleaching 
(FRAP) experiment, in which it is possible to measure the diffusion coefficient of the probe to assess membrane fluidity.
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For instance, it has been found that cannabinoid receptor type 1 (CB1) and transient recep-
tor potential cation channel subfamily V member 1 (TrpV1) receptors are localized in DRMs 
at sperm head level. Immediately after ejaculation, CB1 localizes in high-density membrane 
fractions while, after exposure of spermatozoa to bicarbonate, it redistributes in DRMs. 
Noteworthy, during this translocation, the glycosylated from of CB1 receptor reaches about 
50% of the total molecule. This change suggests that these receptors could play an important 
role in signalling pathways involved in capacitation [29, 30]. TRPV1 concentration in DRMs 
increases after exposure to bicarbonate. Since it has been demonstrated that this endocannab-
inoid-endovanilloid receptor is actively involved in regulation of important biological pro-
cesses (control of transmembrane potential, regulation of intracellular calcium concentration 
and actin polymerization) [31, 32], it is possible to hypothesize that its redistribution could 
have important physiological consequences in controlling the acquisition of fertilizing ability 
by male germ cells (Figure 2).

Similarly, in DRMs, several proteins belonging to the Soluble NSF Attachment Protein 
REceptor (SNARE) family are present, which are known to be involved in the control of mem-
branes fusion, such as R-SNAREs like synaptobrevin (VAMP) and Q-SNAREs like syntaxin, 
the Ca2+ sensor protein synaptotagmin and the ATPase NSF.

It is very interesting to report that in sperm cells, a protein known to be mainly responsi-
ble for the formation of caveolae, caveolin 1 (Cav-1), could be involved in DRMs dynam-
ics without forming caveolae. Travis described the localization of caveolin in rat sperm in 
cholesterol-enriched areas [33]. This finding led to hypothesizing that this protein could 
be involved in membrane fusion and, ultimately, AR. Gamboa and Ramalho-Santos in an 

Figure 2. Effect of endocannabinoids and bicarbonate gradients on sperm membrane physico-chemical properties. AEA 
concentration and CB1R-binding activity decrease (dark gray line) while the bicarbonate concentration increases (light 
gary dot line). In parallel, the localization of CB1R changes (from Pattern A to Pattern B) and the extracellular protein-
mediated cholesterol extraction increases. As a consequence, the membranes became more fusogenic. From Ref. [30].
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 immunocytochemistry experiment found that anti-Cav-1 antibodies display a strong immu-
nopositivity in acrosomal region and in equatorial segment of the sperm head. Botto et al. 
(2010) demonstrated that the amount of Cav-1 significantly increases in the insoluble mem-
brane fraction in spermatozoa incubated in vitro under capacitating conditions (from 35 and 
20% to 60 and 70%, respectively) when compared with freshly ejaculated sperm cells [34]. 
More recently, Baltiérrez-Hoyos et al. confirmed the idea that CAV-1 could be involved in 
biochemical machinery that controls capacitation and the AR. They proposed that it interacts 
with CDC42, which plays a central role in acrosomal exocytosis through the activation of 
SNARE proteins and actin polymerization; in particular, they suggested that CDC42 activa-
tion is favoured by the disruption of the CAV1–CDC42 interaction [35].

3.2. Membrane fusion and acrosome reaction

The biological end-point of capacitation is the ability to interact with oocyte, undergoing AR. 
Ultimately, its first step is the fusion of PM and OAM, which is made possible by the lipid 
remodelling that has occurred during capacitation. The ability of membrane to fuse each other 
depends on the physical-chemical characteristics of membranes themselves. Indeed, the abil-
ity to form 3D structure and the attraction/repulsion between the two membranes vary with 
the lipid composition of bilayers, and the formation of nucleation points is favoured by the 
presence of specific families of proteins (fusion proteins). As it is known, from a physical 
point of view, this event is the result of the coordinated and regulated interplay among vari-
ous interfacial forces, namely hydration repulsion, hydrophobic attraction and van der Waals 
forces.

Hydration repulsion: Two hydrated bilayers undergo strong repulsion as they approach each 
other. This repulsion (hydration repulsion) is due to the water molecules that hydrate the 
bilayers and is defined as the work required for removing the water molecules bound to 
hydrophilic molecules exposed to the outside of the bilayer, such as the polar heads of lipids.

The potential VR is given by

   V  R   =  C  R     [−  z ___ λR  ]   (1)

where CR (>0) is a measure of the hydration interaction energy for hydrophilic molecules of 
the given system, λR is a characteristic length scale of hydration repulsion, and z is the dis-
tance of separation.

Hydrophobic attraction: Hydrophobic force is active attracting two hydrophobic groups in polar 
media (usually water). In biological membranes, the attractive force between long hydrocarbon 
chains of lipids represents the main responsible for hydrophobic attraction. The magnitude of 
this force depends on the hydrophobicity of the interacting molecules and on the distance among 
them (it decreases approximately exponentially with the distance). This force is the long-ranged 
and the strongest among all the physical interactions operating between biological surfaces, and it 
is thought to be involved in folding and stabilization of proteins and macromolecular complexes.

The potential VA is given by
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(2010) demonstrated that the amount of Cav-1 significantly increases in the insoluble mem-
brane fraction in spermatozoa incubated in vitro under capacitating conditions (from 35 and 
20% to 60 and 70%, respectively) when compared with freshly ejaculated sperm cells [34]. 
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   V  R   =  C  R     [−  z ___ λR  ]   (1)

where CR (>0) is a measure of the hydration interaction energy for hydrophilic molecules of 
the given system, λR is a characteristic length scale of hydration repulsion, and z is the dis-
tance of separation.

Hydrophobic attraction: Hydrophobic force is active attracting two hydrophobic groups in polar 
media (usually water). In biological membranes, the attractive force between long hydrocarbon 
chains of lipids represents the main responsible for hydrophobic attraction. The magnitude of 
this force depends on the hydrophobicity of the interacting molecules and on the distance among 
them (it decreases approximately exponentially with the distance). This force is the long-ranged 
and the strongest among all the physical interactions operating between biological surfaces, and it 
is thought to be involved in folding and stabilization of proteins and macromolecular complexes.

The potential VA is given by
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where CA (<0) is a measure of the hydrophobic interaction energy for the given system, λA is a 
characteristic length scale of hydrophobic attraction, and z is the distance of separation.

van der Waals forces: These forces are due to the dipole-dipole interactions (induced/perma-
nent) between the molecules present in membranes. Indeed, as molecules come closer, this 
attractive force increases due to the ordering of these dipoles.

van der Waals interaction potential VV DW is given by

   V  V DW   =     H ____ 12 π      (    1 _  z   2      −     2 _   (  z + 2D )     2     +     1 _   (  z + 2D )     2      )     (3)

where H is the Hamaker constant, D and z are the bilayer thickness and the distance of separa-
tion, respectively.

The balancing among these forces, as the membranes approach, drives their fusion. In this 
process, different steps have been identified. First, when the two lipid bilayers became closer, 
they are weakly attracted by van der Waals forces (that contribute minimally to the evolution 
of the system) and are subjected by the strong repulsive forces of hydration repulsion. Then, 
the hydrophobic tails of lipids are exposed to the aqueous phase surrounding them, giving 
rise to a very strong hydrophobic attraction (which overcomes the repulsive force).

It is worth noting that the lipid remodelling that occurs during capacitation has important 
implication on the ability of membranes to fuse (membrane fusogenicity). In particular, the 
chemistry of lipids has a key role in controlling the fusogenicity of membranes. The more the 
lipid head is polar, the more strongly it binds water and the greater is the hydrophilic repul-
sion force. On the contrary, the more the lipid acyl chain is longer, the greater is the hydro-
phobic attraction force. In addition, small polar heads and unsaturation points facilitate the 
formation of 3D geometries, which is a necessary precondition for membranes fusion.

During capacitation, membranes experience some important changes, which altogether con-
cur in increasing membrane fusogenicity. The lipid scrambling allows the increase of phos-
phatidylethanolamine, which is characterized by a small slightly polar head, concentration 
and the increase in unsaturated and PUFA relative concentration (by the cholesterol deple-
tion) in the outer leaflet of PM.

Consequently, at the end of capacitation sperm membranes are fusogenic enough to be able 
to fuse, but remain unfused waiting for the activator stimulus (the ZP proteins). When the 
oocyte is met and the spermatozoa interact with ZP, the fusion starts, thanks to the forma-
tion of nucleation points, that is, of limited areas where the thermodynamic obstacle of the 
charges present on membrane surface is overcome. As already told, fusion proteins are the 
key element of nucleation. In human and animal spermatozoa, the most important fusion 
proteins are thought to be the SNARE. They are a protein superfamily with more than 60 
members that can be divided in two different categories: vesicle or v-SNAREs, embedded in 
membranes of transport vesicles, and target or t-SNAREs, located in the membranes of target 
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compartments. Based on the aminoacidic sequence, they can also be divided in R-SNAREs 
(arginine-containing SNAREs) or Q-SNAREs (glutamine-containing SNAREs). The SNARE 
domain is constituted by heptad repeats of 60 amino acids forming a coiled coil.

The mechanism by which SNAREs are involved in membrane fusion is called ‘SNARE hypoth-
esis’. This model has been developed in neurons, in which in response to Ca2+ influx, synap-
tic vesicles of neurotransmitter fuse with the membrane at the presynaptic level. The result of 
vesicle and cell membrane fusion is the release of neurotransmitter into the synaptic cleft. Three 
different proteins belonging to the SNARE family are involved in this exocytotic event. Vesicle-
associated membrane protein (VAMP)-2, located in the vesicular membrane, synaptosome-asso-
ciated protein (SNAP)-25, which contains two SNARE domains and a region of palmitoylated 
cysteines, and syntaxin 1A, located in the plasma membrane. At the time of membrane fusion, 
the coiled-coil-forming domains of syntaxin, SNAP-25 and VAMP form a complex, resistant 
to sodium dodecyl sulphate (SDS) denaturation, protease digestion and clostridial neurotoxin 
cleavage, heat stable up to ~90°C. The core of this complex is formed by a long (12-nm), twisted, 
parallel four-helix bundle: two helices are contributed by SNAP-25 and the others are from 
VAMP-2 and from syntaxin 1A, respectively. The coiled bundle is 16 layers deep and a layer near 
the middle, the ionic central layer (the ‘zero layer’), contains three glutamines and one arginine 
(from VAMP-2).

From the data on neuronal SNAREs, a general model has been hypothesized [36, 37]. In the first 
step, v-SNAREs, on vesicle membrane, form a highly stable trans-complex with t-SNAREs, 
on cell membrane. The formation of SNARE complex allows the membrane fusion, acting 
as nucleation point (minimal fusion machinery hypothesis). Interestingly, it is thought that 
SNAREs have a complex role that go beyond the merely mechanical action. Indeed, they 
cause the membrane dehydration, thus removing this thermodynamic barrier to fusion, and 
exert a force on membrane, allowing the formation of a fusion intermediate. After the fusion 
is completed, SNAREs form a cis-SNARE complex.

The SNARE model of fusion has been proposed also in male [38]. Interestingly, since in 
spermatozoa AR is a terminal event that occurs only once in cell life, different from what 
happens in secreting cells where the complex could be disassembled and recycled for 
further rounds of fusion, here the SNAREs are associated to form ternary cis-complex 
unstable and insensitive to neurotoxins. When AR takes place, calmodulin is activated 
by calcium intracellular concentration peak [39] and promotes the activation of RAB3A, 
which in turn allows the cis-SNAREs disassembly by SF/a-SNAP. Then, monomeric 
SNAREs form trans-complexes, causing the irreversible docking of the acrosome to the 
PM. When Ca2+ is released from the acrosome through inositol 1,4,5 trisphosphate-sensi-
tive Ca2+ channels, the final steps of membrane fusion take place, with the formation of 
trans-complexes.

Interestingly, in stallion spermatozoa, it has been found that SNARE protein colocalizes with 
Cav-1 and that fertility seems to be related with the percentage spermatozoa immunopositive 
for synaptotagmin (a calcium sensor), NSF (a SNARE complex disassembler) and caveolin-1 
(a signalling pathways organizer) [34].
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tion of nucleation points, that is, of limited areas where the thermodynamic obstacle of the 
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on cell membrane. The formation of SNARE complex allows the membrane fusion, acting 
as nucleation point (minimal fusion machinery hypothesis). Interestingly, it is thought that 
SNAREs have a complex role that go beyond the merely mechanical action. Indeed, they 
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exert a force on membrane, allowing the formation of a fusion intermediate. After the fusion 
is completed, SNAREs form a cis-SNARE complex.

The SNARE model of fusion has been proposed also in male [38]. Interestingly, since in 
spermatozoa AR is a terminal event that occurs only once in cell life, different from what 
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unstable and insensitive to neurotoxins. When AR takes place, calmodulin is activated 
by calcium intracellular concentration peak [39] and promotes the activation of RAB3A, 
which in turn allows the cis-SNAREs disassembly by SF/a-SNAP. Then, monomeric 
SNAREs form trans-complexes, causing the irreversible docking of the acrosome to the 
PM. When Ca2+ is released from the acrosome through inositol 1,4,5 trisphosphate-sensi-
tive Ca2+ channels, the final steps of membrane fusion take place, with the formation of 
trans-complexes.
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4. Cytoskeleton dynamics

During the capacitation, as already told, the membranes fluidity and fusogenicity markedly 
increase, thus they become more and more instable. This condition on one hand is a prereq-
uisite mandatory to achieve membrane fusion, but on the other one, it could cause the loss 
of acrosome integrity, with irreversible consequences on fertilizing ability of the gamete. 
This is the reason why a mechanism that acts as a controller of membrane fusion has been 
evolved, in sperm head. In this context, the key role is played by actin cytoskeleton. Actin is 
a 42-kDa protein with a diameter of 4–7 nm present in virtually all the tissues. It has a globu-
lar structure, composed by two distinct domains (one larger and one smaller) separated by 
a cleft, which represents the ‘ATPase fold’, the centre of enzymatic catalysis that binds ATP 
and Mg2+ and hydrolyses the former to ADP plus phosphate. The domains are separated in 
subdomains: the smaller domain is composed by subdomain I (lower position, residues 1–32, 
70–144 and 338–374) and subdomain II (upper position, residues 33–69). The larger domain 
is also divided in subdomain III (lower, residues 145–180 and 270–337) and subdomain IV 
(higher, residues 181–269). What is very important, for the functional characterization of 
actin polymerization, is that the exposed areas of subdomains I and III form the ‘barbed’ 
ends, while the exposed areas of domains II and IV form the ‘pointed’ ends. The two ends 
show different affinity for other actin molecules, thus allowing a controlled growth of actin 
filaments. Indeed, when actin binds ATP forms a stable monomer. Three or more monomers, 
binding each other, form oligomers that act as nucleation point for the growth of F-actin 
polymer. Interestingly, unlike other biologically relevant polymers, the monomers of actin 
are assembled to form filaments by weaker bonds, due to the lateral bonds with neighbour-
ing monomers, which contribute to the stabilization of F-actin. In addition, several proteins 
are involved in favouring actin polymerization, stabilization and de-polymerization, giving 
rise to a dynamic process that allows a finely regulated participation of cytoskeleton at a 
myriad of biological processes.

In spermatozoa, during capacitation G-actin present in sperm head and tail undergoes 
polymerization under the control of a network of signals. In particular, recent observations 
suggest that PKA activates Src to inactivate by phosphorylation PIP2-bound gelsolin [40]. 
Gelsolin is an 82-kD protein with six homologous subdomains (S1–S6), each is composed of a 
five-stranded β-sheet, flanked by two α-helices. It is one of the members of the actin-severing 
gelsolin/villin superfamily and acts as a binding protein that regulates actin filament assem-
bly and disassembly. In particular, gelsolin activity is under calcium control and binds to the 
barbed ends of actin filaments, preventing monomer exchange (end-blocking or capping). 
In addition, it can promote nucleation (the assembly of monomers into filaments), as well as 
sever existing filaments. PIP2 is a cofactor for PLD activation stimulated by PKCα, that leads 
to phosphatidylcholine hydrolysis and production of phosphatidic acid, PA [41, 42]. PA, in 
turn, activates the polymerization of G-actin to form F-actin. Thus, the activation of PLD and 
the prevention of F-actin dispersion by inhibiting gelsolin allow F-actin formation. F-actin 
in the head acts as a diaphragm between PM and OAM, thus preventing immature acro-
some reaction. At the AR, the fast peak of intracellular calcium concentration caused the rapid 
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destruction of this network, allowing membrane fusion. In the tail, F-actin is thought to play 
a role in regulating sperm motility including HA motility [40] (Figure 3).

Interestingly, actin cytoskeleton has been found to be involved in DRM’s stability and relo-
calization in several cellular models. In spermatozoa, it was observed to move out of the 
DRM fractions in capacitated sperm [43] and that its polymerization and changes in F-actin 
structure or orientation during capacitation could be responsible for the loss of association 
with DRMs [43].

In addition, it has been supposed that F-actin formation during capacitation could have other 
roles, not merely mechanic, being involved in coordinating the spermatozoa-signalling sys-
tems [32]. This suggestion is in keeping with newly emerging evidences that in different cel-
lular systems the cytoskeleton exerts a key role in signal transduction. Indeed, it has been 
proposed that ‘independent of its mechanical strength, the filaments of the cytoskeleton form 
a continuous, dynamic connection between nearly all cellular structures, and they present 
an enormous surface area on which proteins and other cytoplasmic components can dock’ 
[44]. This hypothesis is confirmed and strengthened by the finding that in a 20-μm-diameter 
generic cell the plasma membrane surface area is of about 700 μm2, while the total surface area 
of a typical concentration of 10 mg/ml F-actin is 47,000 μm2 [44] and that the diffusion of signal 
molecules along cytoskeleton could be a reliable alternative way of intracellular trafficking.

Figure 3. Confocal images showing nucleus (upper right panel), acrosome (lower left panel) and actin cytoskeleton 
(lower right panel).
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5. GSCs, spermatozoa and endocrine disruptors

The signalling systems that lead GSCs through their road to the differentiation and the 
achievement of fertilizing ability are very delicate. Any perturbation could cause important 
negative effects of male fertility. Recently, important international agencies have documented 
an alarming decrease in human fertility [45, 46]. Although there are yet no conclusive cer-
tainties about this phenomenon during the years, different factors have been proposed to 
be involved in the accumulation of risk factors for infertility and for male infertility. These 
factors could be either related to social changes as well as to lifestyle [47, 48], such as smoke 
of tobacco [49–51] and marijuana [52–54], alcohol [55, 56], medications [57] and caffeine [58], 
but also to the environmental pollution, such as pesticides, solvents [59, 60], electromagnetic 
fields (EMFs) [61–63] and compounds able to interfere with the endocrine control of biological 
functions.

One of the most important environmental factors that negatively influence the reproductive 
health is the exposition to endocrine disruptors, which act altering normal endocrine hormone 
signalling at the receptor and at the signal transduction level. Exposition to these substances 
can promote dysfunction in the physiology and epigenetic transgenerational inheritance of dis-
ease, affecting also to primordial germ cells. There is a huge number of compounds considered 
as endocrine disruptors, as, for example, bisphenol A (BPA), vinclozolin (VCZ), dichlorodiphe-
nyltrichloroethane (DDT), methoxychlor, phthalates, genistein, diethylstilbestrol (DES), N,N-
diethyl-meta-toluamide (DEET), 2,3,7,8-tetrachlorodibenzo[p]dioxin (TCDD) or jet fuel (JT8).

The study of these disruptors has acquired a higher importance since it has been elucidated 
that in addition to the direct effects of exposure on an individual these endocrine disruptor 
compounds (EDCs) are capable of producing also molecular alterations by epigenetic mecha-
nisms, thereby transmitting these changes to the following generations. During the last few 
years, some researchers have focused their attention on the study of these epigenetic mecha-
nisms, and certain of them will be discussed in order to better understand the modus operandi 
of the participant EDC.

First of all, it is important to note the effects of the widely used bisphenol A, where it is pos-
sible to find in many common objects used every day as food containers, feeding bottles or 
other plastic materials. Some researchers [64] have demonstrated the negative effects of BPA 
on the expression of pre- and early-meiotic germ cell marker genes and also on somatic cell 
markers. For example, BPA up-regulates some genes with key roles in germ cell differentia-
tion, as Stra8 (meiotic entry gene), Dazl (required for induction of Stra8 and initiation of meio-
sis), Dmrt1 (gonad-specific transcription factor), Sycp3 and Dmc1 (meiosis-specific proteins), 
modifying also the expression of specific somatic cell markers as Sox9, Fgf9, Foxl2 and Wnt4, 
and GSC markers as Oct4, Prdm14 and Blimp1.

In relation to plastic materials, the toxic effects of phthalates, plasticizers used to confer flex-
ibility and transparency to these plastic containers, as the di-(2-ethylhexyl) phthalate (DEHP) 
and the dibutyl phthalate (DBP), whose embryonic exposure was discovered to produce spe-
cific changes on the germ cell line [65–67], should also be exposed.
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Another EDC that should be mentioned is the fungicide vinclozolin (3-(3, 5-dichlorophenyl)-
5-methyl-5-vinyl-oxazolidine-2,4-dione), extensively used in the wine industry and 
whose metabolites act as antagonists of the androgen receptor (AR)-binding ligand. 
Many studies [68–70] have been carried out to elucidate the effects of this fungicide, 
showing how the embryonic exposition to this EDC induces transgenerational defects 
in spermatogenesis and in sperm viability. Recently, the presence of transgenerational 
changes in some miRNAs whose target genes are Lin28/let-7/Blimp1 was discovered, 
which are involved in the specification of GSCs in mice (also called PGCs, primordial 
germ cells) [71]. Some phytoestrogens have been also studied by some of the authors, as 
the isoflavonoids genistein and daidzein, although different results have been obtained 
by researchers [68, 72] and the mechanism of action and epigenetic modifications should 
be accurately elucidated yet.

There are many other EDCs commonly used in agriculture as the insecticide dichlorodiphe-
nyltrichloroethane, which has been defined by researchers [73] as promoter of sperm epi-
mutations and differential DNA methylation regions (DMRs) causing transgenerational 
transmission of obesity. As a substitute of DDT, the pesticide methoxychlor has been used, 
which is also investigated by some researchers [66, 74] because of the transgenerational 
defects in sperm induced after embryonic exposure, which confers to the active metabolites 
the capacity of altering the activity of oestrogens and androgens by a receptor-binding mecha-
nism. Moreover, related to the environmental field it is possible to find the herbicide dioxin 
(2,3,7,8-tetrachlorodibenzo[p]dioxin), the pesticide permethrin and the insect-repellent N,N-
diethyl-meta-toluamide, also studied by researchers [75–77], who concluded their promotion 
of epigenetic transgenerational inheritance of adult-onset disease.

After the emergence of the idea that maternal exposition during pregnancy to some drugs 
and chemical compounds was able to produce changes on individual later in life, tributyltin 
(TBT), an environmental compound able to produce obesity, was studied because of its criti-
cal modifications on adipogenesis [78]. In addition to tributyltin, also hydrocarbon mixture 
of jet fuel was proved to produce epigenetic transgenerational inheritance of disease. This 
type of hydrocarbon, used by the military, resulted really toxic for the immune system and a 
promoter of epimutations in sperm in some generations after exposition.

In conclusion, many EDCs have been investigated during the last years. Some of the most 
important (because of their wide use) have been exposed, but more research is still necessary 
in order to better understand the new compounds appearing with the new forms of life.

6. Future directions

Nowadays, the extensive adoption of sophisticated biological approaches, such as those based 
on high-throughput technologies and on –OMICS, is providing scientists a huge amount of 
information. Virtually each month new papers are published about proteomic or genomic and 
epigenomic analysis of male and female germ cells. This, from one side, could have important 
positive consequences on our knowledge and on the understanding of human and animal 
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5. GSCs, spermatozoa and endocrine disruptors
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Figure 4. Diagram showing the structure of the capacitation network. The nodes diameter is proportional to the number 
of links; the gray scale varies depending on the network centrality. The direction of arrows represents the direction of 
the interaction (from the source to the target). The spatial network arrangement was obtained by using the Cytoscape 
Spring-embedded Layout (see the text for explanation). From Ref. [83].

fertility biochemistry and molecular biology, while from the other side poses new problems. 
The most important one is the so-called big data challenge.

As claimed by authoritative scientists [79, 80], the reductionist paradigm that ‘the ultimate aim 
of the modern movement in biology is to explain all biology in terms of physics and chem-
istry’ [81] is today inadequate to explain complex biological phenomena, as fertility is. The 
switch from a single molecule-oriented reductionist approach to the whole system-oriented 
holistic approach (characteristic of systems biology) requires the adoption of mathematical 
formalisms used in studying complexity. For instance, our group has recently developed a 
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biological network-based computational modelling approach, useful to describe and to study 
the events involved in epididymal maturation of spermatozoa [82], as well as sperm capacita-
tion and acrosome reaction [32, 83–85]. In particular, the molecules involved in these events 
are represented as nodes linked by their reciprocal interactions, thus originating a network. 
The analysis of network topology could provide very important information about the archi-
tecture of the system and could offer the possibility to take biologically relevant inferences 
(Figure 4).

More in general, in our opinion, one of the most promising directions that are emerging 
in this fascinating field of research is the adoption of mathematical and computational 
modelling methods. Obviously, it requires a high degree of interconnection among differ-
ent disciplines (biology, biochemistry, molecular biology, medical and clinical sciences, 
computer science, systems science, physics, mathematics and statistics) and it poses new 
challenges related to the data analysis, data storage and security, data property and data 
sharing as well as to the availability of computational facilities and resources. But poten-
tially it opens very new and unexpected perspectives on biology of germ cells either in 
physiological and pathological conditions and could be useful in studying infertility of 
unexplained origin.

7. Conclusion

The study of GSCs and of CGs is a very fascinating branch of biology that could give informa-
tion important for basics and applied science and that could contribute in the understanding 
of infertility causes.

Much has been done and much still remains to be done, here we conclude with the WHO 
statement ‘Advances in our understanding of the signal transduction pathways regulating sperm 
function will have implications for the development of diagnostic tests capable of generating detailed 
information on the precise nature of the processes that are defective in the spermatozoa of infertile 
men’ [86].
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BLIMP1 A protein that in humans is encoded by the PRDM1 gene

PRDM1 PR domain zinc finger protein 1

AP2γ Activator protein 2γ

OCT4 Octamer-binding transcription factor 4

NANOG A transcription factor encoded by the NANOG gene

SOX2 SRY (sex-determining region Y)-box 2

Stella alias DPPA3 Developmental pluripotency-associated protein 3

Hoxb1  A transcription factor involved in controlling the body plan of an 
embryo along the cranio-caudal axis

Hoxa1  A transcription factor involved in controlling the body plan of an 
embryo along the cranio-caudal axis

Evx1 Even-Skipped Homeobox 1

Lim1  Transcription factor in mice that is involved in the control of head 
structures formation

DNA Deoxyribonucleic acid

FSH Follicle-stimulating hormone

LH Luteinizing hormone

GnRH Gonadotropin-releasing hormone

HPTA Hypothalamic-pituitary-testicular axis

TSH Thyroid-stimulating hormone

TSHR Thyroid-stimulating hormone receptor

T Testosterone

DHT Dihydrotestosterone

cAMP Cyclic adenosine monophosphate

ROS Reactive oxygen species

EGFP Enhanced green fluorescent protein

CAV2 Caveolin 2

GM1 Monosialotetrahexosylganglioside

CDC42 Cell division control protein 42 homologue

SNARE Soluble NSF Attachment Protein) Receptor

RAB3A Ras-related protein Rab-3
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NSF N-ethylmaleimide-sensitive factor

PIP2 Phosphatidylinositol 4,5-bisphosphate

PLD Phospholipase D

PKCα Protein kinase C alpha
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largely unexplored whether the well-established mouse regulatory pathway is a common 
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Germ cells are the only cell types capable of transmitting the genetic traits of an individual. 
They differentiate into spermatozoa and oocytes in adult testis and ovary, respectively, and 
give rise to a totipotent zygote after fertilization. Germ cells guarantee the perpetuation and 
diversification of the genetic information across the generations in most multicellular organ-
isms. The developmental pathways that lead to the formation of a highly specialized germ cell 
are long and complicated, and the molecules that are involved in this process are still a matter 
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of discussion. One extraordinary feature in the germ cell lineage in mammals is the fact that 
specification occurs far from the gonads, implying a necessary migratory phase after specifi-
cation. A second feature is their unique capacity to undergo meiosis, in which chromosome 
recombination generates genetic variation in the haploid gametes [1–4].

Most of our understanding regarding germ cell specification and differentiation in mammals 
comes from studies in the laboratory mouse. It is widely accepted that specification of pri-
mordial germ cells (PGCs) in mouse takes place at a very early stage in development; more 
precisely, they are thought to be set apart following blastocyst implantation in the proximal 
epiblast of the gastrulating embryo [2]. So far, however, no lineage tracing study has shown 
that those early segregated PGCs finally end up in the gonads [5]. Alternatively, it has been 
proposed that presumptive early specified PGCs in the proximal epiblast are rather a primor-
dial pool of stem cells from which PGCs can be specified later on in development, probably 
during migration toward the emerging gonad [5]. Both explanations have been raised from 
mouse embryo studies. Nevertheless, there are some key embryological differences between 
the mouse and other mammals, especially at the epiblast stage when PGCs are specified. The 
epiblast of the murine rodent forms a cup-shaped egg cylinder, but most other mammals 
have a flat disk-like epiblast. Signals from extraembryonic tissues induce germ cell fate in a 
subset of epiblast cell at a specific position with optimal concentration and timing of signals. 
As PGC specification largely depends on signals from surrounding tissues, the morphology 
of the embryo is crucial for dissecting out the mechanisms of germ line establishment in dif-
ferent mammals since tissues surrounding the epiblast in the egg cylinder are not the same in 
flat-disk embryos [6].

2. The mouse model for primordial germ cell specification

2.1. The egg cylinder

In mouse, the blastocyst implants in the uterus by E4.5. The inner cell mass (ICM) of blasto-
cyst is the source of epiblast cells. The ICM is segregated into epiblast and hypoblast or the 
primitive endoderm. Epiblast cells are equipotent and give rise to all the somatic and germ 
cells. During implantation, when the syncytiotrophoblast starts to penetrate the wall of the 
uterus, the epiblast and hypoblast are physically constrained and form a bilaminar embryo. 
The internal epiblast cells reorganize from a ball of cells into a cup-shaped epithelium sur-
rounded by hypoblast. Immediately before gastrulation (E6.0 and E6.5), the mouse embryo 
can be visualized as a thick-walled cup of tissue (the epiblast or embryonic ectoderm), which 
gives rise to the entire fetus and some of the placental membranes. A second thick-walled cup 
of tissue (the extraembryonic ectoderm, ExE) placed overturned on the epiblast will give rise 
to the main part of the placenta. Both cups are enclosed in a thin bag of primitive endoderm-
derived visceral endoderm (VE) [2, 7, 8].

The embryonic disk is forced into a complex shape called the ‘egg cylinder’ in which the 
anterior and posterior poles of the embryo come in close proximity to each other. Around 
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E4.5 and E5.5, the ExE arises from the polar trophoectoderm (TE) and makes contact with the 
underlying epiblast. At E6.5, gastrulation starts with the formation of the primitive streak at 
the posterior region of the embryo. At E7.5, epiblast cells migrating first through this structure 
include the PGC precursors, which form the extraembryonic mesoderm [9, 10].

2.2. Mechanism for PGC specification

In mouse, PGCs originate from the most proximal epiblast cells by induction of the ExE and 
VE. Both extraembryonic tissues surround the epiblast cell of the postimplantation egg cylin-
der at around E5.0–E6.0. The ExE and VE release the bone morphogenetic protein (BMP) 4, 8b 
and 2 to instruct a small number of pluripotent proximal epiblast cells to become competent to 
be PGCs, suppressing a somatic program that is adopted by neighboring cells [11] (Figure 1).

Accordingly, BMP4 released from the ExE activates the expression of B-lymphocyte–induced 
maturation protein 1 (Blimp1), also known as PR domain-containing protein 1 (Prdm1), at 
~E6.25 and PR domain-containing protein 14 (Prdm14) at ~E6.5 in a dose-dependent manner 
[12–16]. Bmp2 expressed in the proximal VE enhances the same signaling pathway, ensuring 
that the highest levels of Bmp signaling occur in the most proximal epiblast [11, 13, 16]. Both 
Blimp1 and Prdm14 together with Tcfap2c (also known as Ap2γ) [17, 18] are required for PGC 
specification.

Blimp1 protein signal first appears in about 6 cells in the most proximal epiblast at the pos-
terior side of the embryo. Blimp1+ cells initially express the Hox genes as well as many other 
genes known to be involved in embryonic development and suppress the expression of genes 
associated with pluripotency, such as Sox2, Nanog, and Zic3. At around E6.75–E7.0, Hox genes 
are downregulated and Blimp1+ cells regain the expression of pluripotency genes [13–15]. 

Figure 1. Schematic comparison of the early-implanted embryo in the egg cylinder of mouse and the flat disk embryo 
of human, rabbit and vizcacha. No extraembryonic ectoderm (ExE) is found in human/rabbit embryo; in the vizcacha, 
it locates far apart from the epiblast to be responsible for inducing germ cell specification as in mouse. The black circle 
indicates the presumptive location from which PGCs originate. PGCs: primordial germ cells, pPGC: presumptive PGC, 
VE: visceral endoderm.
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Therefore, the PGC precursors appear to be initially induced toward a somatic mesodermal 
fate, but then regain their potentially pluripotent nature.

Following lineage restriction, PGC precursors initiate germ cell specification by activating 
Prdm14 and Tcfap2c [15]. Prdm14 plays crucial roles in two successive events characterizing the 
germ cell program: reacquisition of pluripotent potential and epigenetic reprogramming [12, 
18]. Prdm14 is first expressed in Blimp1+ cells and later on in PGCs. Although the activation of 
Prdm14 is independent of Blimp1, the expression of Tcfap2c at ~E6.75 appears to be dependent 
on Blimp1 [12]. Indeed, when these factors are coexpressed they can induce PGC-like cells in 
the absence of cytokines, suggesting that the tripartite gene network Blimp1/Prdm14 /Tcfap2c 
is sufficient for mouse PGC specification [18]. The first two genes acting in the founder PGC 
population are Fragilis and Stella. Fragilis (also known as mouse interferon-induced protein 
like gene-1 [mil-1]/interferon-induced transmembrane protein 3 [Ifitm3]) [19] expression 
marks the beginning of germ cell competence and it starts expressing at ~E6.25–E6.5 before 
Blimp1 expression. Fragilis expression intensifies in the posterior extraembryonic mesoderm 
at ~E7.0–E7.25. In fact, the high levels of BMPs activate the expression of Fragilis and compe-
tent cells acquire the ability to form PGCs when they begin to express Blimp1.

Stella (also known as primordial germ cell 7 [Pgc7]/developmental pluripotency-associated 
3 [Dppa3]) [20] begins to express specifically in Fragilis-Blimp1 expressing cells in the extra-
embryonic mesoderm at ~E7.0–E7.25 and continues to be expressed in migrating PGCs. The 
function of Stella gene product is uncertain, but it has domains characteristic of proteins 
involved in RNA splicing. Actually, Stella represses homeobox genes in the nascent germ cell 
and as such maintains the pluripotency of PGCs during their migration toward the genital 
ridge. However, gene-knockout studies revealed that neither Fragilis nor Stella is essential for 
PGC specification [21, 22].

Blimp+ PGC precursors proliferate and move into the extraembryonic mesoderm (ExM); they 
reexpress pluripotency-associated genes (Oct4, Nanog, Sox2 and Klf2) and Stella at around E7–
E7.75. While Klf2 and Stella are apparently dispensable proteins for PGC development [2, 23], 
the three core pluripotency factors Oct4, Nanog and Sox2 are essential for PGC development 
[24–26]. Although the specific roles of these factors during germ cell development are unclear, 
it is thought that their expression confers latent pluripotency to the germ line. In the case of 
PGCs, this regulatory network is thought to protect them from somatic-inducing signals dur-
ing the extensive epigenetic reprogramming they undergo [27]. Oct4 is uniformly expressed 
in postimplantation epiblast and also in nascent PGCs during specification. Oct4 expression 
remains high until germ cells undergo sexual differentiation in the gonad [28, 29]. It is appar-
ently essential for both germ cell specification [30] and maintenance [31]. Nanog is enriched 
at the proximal posterior epiblast, the position where PGCs are specified from, in E6.5 and 
E7.5 embryos [32]. Nanog appears to be dispensable for mouse PGC specification but is essen-
tial for germ cell maintenance. Sox2 is active in mouse PGC from E7.5 forward. Conditional 
knockout of Sox2 shortly after specification caused a dramatic decrease of germ cell numbers 
by E7.5, being undetectable by E13.5 [32].

With the establishment of germ cell fate, germ cells express factors like alkaline phosphatase 
(AP), Nanos3, Dazl, mouse vasa homologue (Mvh) and Dnd1 [2]. They increase in number 
and move out of the embryo by the primitive streak in formation toward the extraembryonic 
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mesoderm at the base of the allantois at E7.25. As mentioned above, PGCs form a cluster 
of cells 6 to 16 cells at around E6.5; then, they increase to approximately 20–28 cells, move 
posteriorly and develop into PGCs at E6.75-E7. During early gastrulation, the PGCs form a 
cluster of 40–50 cells at the base of the incipient allantois in the ExM at around E7.25 [33, 34]. 
Subsequently, and concomitant with an increase in their number, at around E8, they start 
to translocate one by one toward the developing hindgut endoderm and move through it. 
They then leave the endoderm to emerge in the mesentery and at around E10.5 colonize the 
embryonic gonads, where they proliferate and initiate a differentiation into either oocytes or 
spermatozoa depending on the embryo sex.

2.3. Migration of PGCs

PGCs in the mouse may be motile from their onset (E7.25) until they colonize the genital ridge 
(E11.5). After formation, PGCs move through the posterior primitive streak and invade the defini-
tive endoderm and posterior extraembryonic structures. Following subsequent migration within 
the hindgut during its anterior extension (E8-E9.5), mouse PGCs migrate through the hindgut tissue 
to the mesoderm, followed by bilateral migration toward the gonadal ridges (E10.5–11.5). During 
this pregonadic phase, PGCs can be identified by morphological criteria and surface markers, such 
TNAP and SSEA-1, and the expression of pluripotent markers like Oct4, Sox2 or Nanog [35].

Six distinct stages of PGC behavior in the migratory process were identified, including: (i) 
invasion of the endoderm, (ii) passive or active migration into the hindgut, (iii) random 
migration within the hindgut, (iv) migration from the gut to the genital ridges, (v) clustering 
at the ridges and (vi) cell death within midline structures [36].

At E7.5, PGCs move through the primitive streak and into the definitive endoderm. Some 
PGCs also end up in the allantois and/or parietal endoderm. The fate of PGCs in extraembry-
onic structures remains uncertain, but PGCs in the definitive endoderm become incorporated 
into the hindgut, and at E9.0, they can be found moving within and around the cells of the 
hindgut epithelium [36]. At E8.5, PGCs on the lip of the hindgut pocket have a rounded non-
motile morphology suggesting that PGCs are passively incorporated into the gut and then, at 
stage (iii), they reinitiate active motility around the epithelial cells.

Interactions between PGCs may also be important for their homing behavior. PGCs emerge from 
the gut individually, but during migration, they interact with each other forming a migrating net-
work of cells [37]. This network becomes progressively aggregated into clusters of cells toward 
the end of migration. Antibodies against E-cadherin blocked the process of PGC aggregation in 
cultured embryo slices and prevented PGCs from forming tight clusters at the genital ridges [38].

At the end of their migration, PGCs presumably lose their motile properties as they associate 
with somatic cells in the gonad and acquire sex-specific morphologies. There does not seem 
to be any evidence for sex-specific differences during germ cell migration.

2.4. An alternative hypothesis for PGC specification in mouse

The mouse pathway described above is the classical currently accepted model of PGC for-
mation. This path establishes that PGCs originate and specify as an early lineage-restricted 
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Therefore, the PGC precursors appear to be initially induced toward a somatic mesodermal 
fate, but then regain their potentially pluripotent nature.

Following lineage restriction, PGC precursors initiate germ cell specification by activating 
Prdm14 and Tcfap2c [15]. Prdm14 plays crucial roles in two successive events characterizing the 
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Prdm14 is independent of Blimp1, the expression of Tcfap2c at ~E6.75 appears to be dependent 
on Blimp1 [12]. Indeed, when these factors are coexpressed they can induce PGC-like cells in 
the absence of cytokines, suggesting that the tripartite gene network Blimp1/Prdm14 /Tcfap2c 
is sufficient for mouse PGC specification [18]. The first two genes acting in the founder PGC 
population are Fragilis and Stella. Fragilis (also known as mouse interferon-induced protein 
like gene-1 [mil-1]/interferon-induced transmembrane protein 3 [Ifitm3]) [19] expression 
marks the beginning of germ cell competence and it starts expressing at ~E6.25–E6.5 before 
Blimp1 expression. Fragilis expression intensifies in the posterior extraembryonic mesoderm 
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ently essential for both germ cell specification [30] and maintenance [31]. Nanog is enriched 
at the proximal posterior epiblast, the position where PGCs are specified from, in E6.5 and 
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mesoderm at the base of the allantois at E7.25. As mentioned above, PGCs form a cluster 
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(E11.5). After formation, PGCs move through the posterior primitive streak and invade the defini-
tive endoderm and posterior extraembryonic structures. Following subsequent migration within 
the hindgut during its anterior extension (E8-E9.5), mouse PGCs migrate through the hindgut tissue 
to the mesoderm, followed by bilateral migration toward the gonadal ridges (E10.5–11.5). During 
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migration within the hindgut, (iv) migration from the gut to the genital ridges, (v) clustering 
at the ridges and (vi) cell death within midline structures [36].

At E7.5, PGCs move through the primitive streak and into the definitive endoderm. Some 
PGCs also end up in the allantois and/or parietal endoderm. The fate of PGCs in extraembry-
onic structures remains uncertain, but PGCs in the definitive endoderm become incorporated 
into the hindgut, and at E9.0, they can be found moving within and around the cells of the 
hindgut epithelium [36]. At E8.5, PGCs on the lip of the hindgut pocket have a rounded non-
motile morphology suggesting that PGCs are passively incorporated into the gut and then, at 
stage (iii), they reinitiate active motility around the epithelial cells.

Interactions between PGCs may also be important for their homing behavior. PGCs emerge from 
the gut individually, but during migration, they interact with each other forming a migrating net-
work of cells [37]. This network becomes progressively aggregated into clusters of cells toward 
the end of migration. Antibodies against E-cadherin blocked the process of PGC aggregation in 
cultured embryo slices and prevented PGCs from forming tight clusters at the genital ridges [38].

At the end of their migration, PGCs presumably lose their motile properties as they associate 
with somatic cells in the gonad and acquire sex-specific morphologies. There does not seem 
to be any evidence for sex-specific differences during germ cell migration.

2.4. An alternative hypothesis for PGC specification in mouse

The mouse pathway described above is the classical currently accepted model of PGC for-
mation. This path establishes that PGCs originate and specify as an early lineage-restricted 
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cluster of cells in the base of the allantois soon after implantation. Nevertheless, no definitive 
proof demonstrating the continuity of those presumptive early-specified PGC and the germ 
cells, which colonize the genital ridge, has so far been provided. In view of this, and critically 
reviewing the literature on PGC origin and specification in mouse, Mikedis and Downs [5] 
advocate in favor of an alternative hypothesis. These authors propose an alternative model 
in which the presumptive PGCs in the base of the allantois are instead a pool of pluripotent 
progenitor cells in the posterior end of the primitive streak that builds up the fetal-placental 
interface. The pluripotent cell pool condenses into a specific area of the proximal epiblast, 
namely the allantoic core domain (ACD), which extends the body axis posteriorly through the 
allantoic midline. The pluripotent cells in the ACD express all PGC markers and contribute 
to both embryonic and extraembryonic tissues. From this pluripotent population, it is sug-
gested that PGC could be segregated later. PGC specification could take place for example 
during migration toward the genital ridge once evolutionarily conserved genes of germ line 
development, such as VASA, Dazl and Nanos, begin to be expressed. Although this alternative 
explanation is proposed for the mouse egg cylinder, it may well apply in flat embryos where 
the ExE is absent or far apart from the epiblast.

3. PGC specification and migration in mammals other than the mouse

The embryo proper of most gastrulation-stage mammals, including humans, rabbits and pigs 
among others, has the shape of a flat disk with two cell layers: epiblast and hypoblast (equiv-
alent to VE in mice) [39–41]. In the flat disk of non-rodent embryos, the epiblast contacts with 
the VE (hypoblast), and the ExE is absent. In basal rodents of the suborder Hystricognathi 
such as the guinea pig (Cavia porcellus) and the vizcacha (Lagostomus maximus), the ExE per-
sists in the flat-disk embryo, but it remains far apart from the epiblast at the time of PGC 
induction [42, 43]. Moreover, murine PGC nest in the growing mesodermal allantois in the 
proximal/posterior region of the embryo is a precocious structure found in the mouse, but 
not seen in nonrodent mammals. These differences have a critical effect on PGC specification 
factors [4].

3.1. Human

Due to ethical and technical reasons, there is limited information on the origin of human 
PGCs in postimplantation embryos. PGCs have been described in human embryos at early 
somite stage in the dorsal wall of the yolk sac near the developing allantois [44–46]. Decades 
later, AP activity in presumably PGCs was observed by several groups in human embryos 
with 5–8 somites at a similar location. Using single cell analysis, human PGCs isolated 
at 4 weeks of development seem to express PRDM14 and TFAP2C, whereas BLIMP1 and 
FRAGILIS are not expressed [48], suggesting that the critical molecular network in mouse 
and human early PGCs is divergent. A recent report showed that BLIMP1 is activated in 
human PGC-like (hPGCL) cells after specification by SOX17, and it is suggested that its role 
is to inhibit the potential for somatic differentiation [47, 48]. SOX17 is the earliest marker 
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of hPGCL cells and it is in fact the key regulator of their fate, which is not the case in mice. 
BLIMP1 is downstream of SOX17, and it represses endodermal and other somatic genes. 
Furthermore, hPGCL cells arise from precursors expressing high levels of T and low lev-
els of SOX2, resembling posterior primitive streak-derived progenitors [32]. This suggests 
that human germ cell precursors may arise from a population of posterior primitive streak-
derived cells that activate BLIMP1 in response to paracrine signals, a process that occurs 
during postgastrulation (later than mice) [34]. The precise combination of signals that pro-
mote germ line segregation in humans is currently unknown; however, recent studies in 
emerging models as cynomolgus macaque, together with in vitro studies in human PGC-like 
cells derived from induced pluripotent stem cells, reveal a different molecular pathway from 
that evolved in mouse [46].

3.2. Rabbit

In pregastrulation rabbit embryos, BMP2 is first expressed from the hypoblast and yolk sac 
epithelium at the boundary of the embryonic disk, which is equivalent to the proximal VE 
and extraembryonic VE in mice, respectively. In turn, rabbit BMP4 expression is significantly 
delayed compared to the mouse. BMP4 marker is first detected during primitive streak for-
mation and it is expressed peripherally in intraembryonic hypoblast and epiblast and in the 
mesoderm at the posterior pole of the embryonic disk. Interestingly, BLIMP1+ single PGC 
precursors are detected before primitive streak formation and BLIMP1 mRNA distribution 
closely follows the expression pattern of BMP2. Thus, it is proposed that BMP2 may play a 
more essential role in rabbit PGC specification than BMP4 [49].

On the other hand, PG-2 (a germ cell epitope) and BLIMP1-expressing cells have been local-
ized at early gastrulation stage in a region identified in the posterior upper layer (epiblast) 
and mesoderm [50]. However, BLIMP1 shows a wider expression pattern during these devel-
opmental stages, with positive cells in the hypoblast all around the circumference of the 
embryo, adjacent to the site of BMP4 expression in the extraembryonic cells surrounding the 
embryo. Nevertheless, from these ‘blimped’ pPGCs, only the posterior ones seem to become 
PG-2-positive [50].

3.3. Plains vizcacha

A recent study in the basal Hystricognathi rodent Lagostomus maximus, which develops 
through a flat-disk epiblast far apart from the ExE (Figure 1), showed that OCT4 protein 
seems to play an essential role in the establishment and maintenance of the germ line [43]. 
OCT4 expression in the pregastrulating embryo was observed across all the epiblast cells, 
but after the primitive streak stage, OCT4 was mostly downregulated, and its expression 
only persisted in a group of cells that was later restricted to the mesoderm of the posterior 
end of the embryo. It seems likely that OCT4 expression is required for maintaining pluripo-
tency, helping to epigenetically reprogram cells for PGC development that will be specified 
at a later stage, probably suppressing expression of genes involved in mesodermal specifica-
tion [43]. In this model, BLIMP1 expression has not been detected during early gastrulation 
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cluster of cells in the base of the allantois soon after implantation. Nevertheless, no definitive 
proof demonstrating the continuity of those presumptive early-specified PGC and the germ 
cells, which colonize the genital ridge, has so far been provided. In view of this, and critically 
reviewing the literature on PGC origin and specification in mouse, Mikedis and Downs [5] 
advocate in favor of an alternative hypothesis. These authors propose an alternative model 
in which the presumptive PGCs in the base of the allantois are instead a pool of pluripotent 
progenitor cells in the posterior end of the primitive streak that builds up the fetal-placental 
interface. The pluripotent cell pool condenses into a specific area of the proximal epiblast, 
namely the allantoic core domain (ACD), which extends the body axis posteriorly through the 
allantoic midline. The pluripotent cells in the ACD express all PGC markers and contribute 
to both embryonic and extraembryonic tissues. From this pluripotent population, it is sug-
gested that PGC could be segregated later. PGC specification could take place for example 
during migration toward the genital ridge once evolutionarily conserved genes of germ line 
development, such as VASA, Dazl and Nanos, begin to be expressed. Although this alternative 
explanation is proposed for the mouse egg cylinder, it may well apply in flat embryos where 
the ExE is absent or far apart from the epiblast.

3. PGC specification and migration in mammals other than the mouse

The embryo proper of most gastrulation-stage mammals, including humans, rabbits and pigs 
among others, has the shape of a flat disk with two cell layers: epiblast and hypoblast (equiv-
alent to VE in mice) [39–41]. In the flat disk of non-rodent embryos, the epiblast contacts with 
the VE (hypoblast), and the ExE is absent. In basal rodents of the suborder Hystricognathi 
such as the guinea pig (Cavia porcellus) and the vizcacha (Lagostomus maximus), the ExE per-
sists in the flat-disk embryo, but it remains far apart from the epiblast at the time of PGC 
induction [42, 43]. Moreover, murine PGC nest in the growing mesodermal allantois in the 
proximal/posterior region of the embryo is a precocious structure found in the mouse, but 
not seen in nonrodent mammals. These differences have a critical effect on PGC specification 
factors [4].

3.1. Human

Due to ethical and technical reasons, there is limited information on the origin of human 
PGCs in postimplantation embryos. PGCs have been described in human embryos at early 
somite stage in the dorsal wall of the yolk sac near the developing allantois [44–46]. Decades 
later, AP activity in presumably PGCs was observed by several groups in human embryos 
with 5–8 somites at a similar location. Using single cell analysis, human PGCs isolated 
at 4 weeks of development seem to express PRDM14 and TFAP2C, whereas BLIMP1 and 
FRAGILIS are not expressed [48], suggesting that the critical molecular network in mouse 
and human early PGCs is divergent. A recent report showed that BLIMP1 is activated in 
human PGC-like (hPGCL) cells after specification by SOX17, and it is suggested that its role 
is to inhibit the potential for somatic differentiation [47, 48]. SOX17 is the earliest marker 
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of hPGCL cells and it is in fact the key regulator of their fate, which is not the case in mice. 
BLIMP1 is downstream of SOX17, and it represses endodermal and other somatic genes. 
Furthermore, hPGCL cells arise from precursors expressing high levels of T and low lev-
els of SOX2, resembling posterior primitive streak-derived progenitors [32]. This suggests 
that human germ cell precursors may arise from a population of posterior primitive streak-
derived cells that activate BLIMP1 in response to paracrine signals, a process that occurs 
during postgastrulation (later than mice) [34]. The precise combination of signals that pro-
mote germ line segregation in humans is currently unknown; however, recent studies in 
emerging models as cynomolgus macaque, together with in vitro studies in human PGC-like 
cells derived from induced pluripotent stem cells, reveal a different molecular pathway from 
that evolved in mouse [46].

3.2. Rabbit

In pregastrulation rabbit embryos, BMP2 is first expressed from the hypoblast and yolk sac 
epithelium at the boundary of the embryonic disk, which is equivalent to the proximal VE 
and extraembryonic VE in mice, respectively. In turn, rabbit BMP4 expression is significantly 
delayed compared to the mouse. BMP4 marker is first detected during primitive streak for-
mation and it is expressed peripherally in intraembryonic hypoblast and epiblast and in the 
mesoderm at the posterior pole of the embryonic disk. Interestingly, BLIMP1+ single PGC 
precursors are detected before primitive streak formation and BLIMP1 mRNA distribution 
closely follows the expression pattern of BMP2. Thus, it is proposed that BMP2 may play a 
more essential role in rabbit PGC specification than BMP4 [49].

On the other hand, PG-2 (a germ cell epitope) and BLIMP1-expressing cells have been local-
ized at early gastrulation stage in a region identified in the posterior upper layer (epiblast) 
and mesoderm [50]. However, BLIMP1 shows a wider expression pattern during these devel-
opmental stages, with positive cells in the hypoblast all around the circumference of the 
embryo, adjacent to the site of BMP4 expression in the extraembryonic cells surrounding the 
embryo. Nevertheless, from these ‘blimped’ pPGCs, only the posterior ones seem to become 
PG-2-positive [50].

3.3. Plains vizcacha

A recent study in the basal Hystricognathi rodent Lagostomus maximus, which develops 
through a flat-disk epiblast far apart from the ExE (Figure 1), showed that OCT4 protein 
seems to play an essential role in the establishment and maintenance of the germ line [43]. 
OCT4 expression in the pregastrulating embryo was observed across all the epiblast cells, 
but after the primitive streak stage, OCT4 was mostly downregulated, and its expression 
only persisted in a group of cells that was later restricted to the mesoderm of the posterior 
end of the embryo. It seems likely that OCT4 expression is required for maintaining pluripo-
tency, helping to epigenetically reprogram cells for PGC development that will be specified 
at a later stage, probably suppressing expression of genes involved in mesodermal specifica-
tion [43]. In this model, BLIMP1 expression has not been detected during early gastrulation 
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or later stages of development (migration and colonization of the genital ridges). It seems 
likely that BLIMP1 would not be necessary for the specification of the germ line in the basal 
rodent L. maximus.

In an advanced stage of development, at neural plate stage, in the base of the allantois in the 
ectoderm and mesoderm after gastrulation, OCT4+ cells become restricted in number to a 
group of 6–8 cells, and they begin to express SOX17, STELLA and FRAGILIS. The temporal 
colocalization of SOX17 and OCT4 proteins in L. maximus seems to play a major role in inhib-
iting somatic genes and maintaining pluripotency instead of the mouse alternative SOX2/
OCT4 [51]. During migration through the gut, SOX17 is downregulated, and its expression is 
restored in the oogonia after the colonization of the genital ridges.

Then, in the early- and late-head fold stages in mesoderm and endoderm tissues, the expres-
sion of OCT4 and SOX17 continues but FRAGILIS and STELLA are downregulated and 
turned on again during migration. Another notable protein, the germ line marker VASA, 
was observed early during the translocation of OCT4+ cells to the hindgut. Thereafter, VASA-
expressing cells were detected throughout the migration toward the genital ridges. OCT4+/
VASA+ cells sequentially turned on STELLA and FRAGILIS during migration. Leopardo and 
Vitullo [43] suggested that OCT4/STELLA/FRAGILIS-expressing cells are finally restricted 
and specified to form PGCs during migration when the evolutionarily conserved germ line 
marker VASA is expressed.

The spatiotemporal pattern of expression of germ line markers found in L. maximus diverges 
from the currently accepted model on the origin of PGCs as a lineage-restricted cluster of cells 
in the base of the allantois, specified early just before, or during, gastrulation. In contrast, in 
this rodent, specification of germ cells seems to occur during migration of a stem cell pool 
derived from a pluripotent progenitor population within the embryonic axis as proposed by 
Mikedis and Downs as an alternative pattern of the classical mouse model [5].

4. The assembly of the mammalian ovary after PGC colonization

4.1. Germ cell proliferation in the fetal and postnatal ovary

The number of PGCs that colonize the genital ridges depends on the species. In mice, begin-
ning with 100–145 PGCs at 8 days postconception (dpc), the number increases exponentially 
up to 15,000–20,000 oogonia per ovary at 15.5 dpc, the time of entry into meiosis and cessation 
of mitosis [33, 52–56]. A similar pattern of germ cell proliferation was described in rats [57]. In 
the basal rodent L. maximus, approximately 1000 PGCs are detected by the end of migration, 
rapidly increasing to 55,000 oogonia once fetal ovary colonization is finished; the number 
continues to increase to reach more than 3×106 germ cells by the end of gestation [43, 58]. The 
limited human data suggest that 1000–2000 colonizing PGCs reach a maximum of approxi-
mately 5–6×106 germ cells per ovary at 20 weeks of gestation [59–62].
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After a few rounds of mitosis, colonizing PGCs, now referred to as oogonia, cease prolif-
eration and enter a premeiotic phase, with downregulation of pluripotency-associated genes 
such as Oct4 and Lin28 and upregulation of meiotic genes such as Scp3 [63, 64]. Oogonia enter-
ing meiosis, now called oocytes, undergo prophase of the first meiotic division. Just before or 
early after birth, depending on the species, oocytes in diplotene stage of meiotic prophase I 
enter a quiescent state known as dictyate, in which they remain arrested, sometimes for years 
or decades, until just before ovulation [65, 66].

In mice, entry into meiosis seems to be a synchronized event, with no overlapping between 
mitosis and meiosis. By 17 dpc, mitotic proliferation is finished and all germ cells initiate 
meiosis [65] entering meiotic prophase in a wave from the anterior to the posterior end of the 
ovary [64]. However, there is a marked asynchrony of germ cell development in the human 
ovary. The onset of meiosis occurs by week 11 of gestation [55], but mitosis continues in more 
peripherally located germ cells for many weeks thereafter, even when primordial follicles 
begin to form [64, 67]. In the rat, non overlapping mitosis and meiosis of germ cells occurs as 
in the mouse [68]. However, the basal rodent L. maximus shows asynchrony and overlapping 
of mitotic and meiotic phases of germ cells in a comparable way as humans [58].

The persistence of PGCs or oogonia in the postnatal ovary has been a matter of discussion 
throughout the twentieth century since Pearl and Schoppe [69] proposed, in 1921, that post-
natal oogenesis might occur in the mammalian adult ovary. Three decades later, in an exten-
sive review of the literature of the time, Zuckerman [70] advocated for the absence of oocyte 
renewal in the mature mammalian ovary, proposing that mammals are born with a finite 
nonrenewable oocyte pool, a perspective that was widely accepted for more than 50 years 
generating a useful framework in advancing our knowledge of ovarian dynamics in placental 
mammals. Nevertheless, this long-held dogma was challenged in 2004 by Tilly’s team [71] 
with the description of a small population of germ line stem cells in the adult ovary of the lab-
oratory mouse. This observation refueled the possibility that neo-oogenesis could take place 
in the adult ovary of mammals and evidence for and against this possibility has accumulated 
over the recent years [72]. Although it has not been proved yet that ovarian stem cells may 
contribute to replenishment of the adult ovary if needed, the persistence of germ line stem 
cells has been independently proven in the human, mouse and rat models, as well as their abil-
ity to be manipulated in vitro, and to give rise to offspring following transplantation [73–75].

4.2. Germ cell death in the fetal and postnatal ovary

Death is a prominent feature of mammalian germ line development, with a predictable tem-
poral and spatial pattern. In fetal life, direct germ cell depletion occurs by means of a consti-
tutive massive germ cell death program, referred to as attrition [59, 60, 76–79]. In adult life, 
germ cell demise is mainly the result of death of the supporting follicular cells, a process 
known as follicular atresia [64, 76–78].The main mechanism underlying germ cell attrition 
and follicular atresia requires the activation of a conserved intracellular program of cell 
death called apoptosis. The execution of the apoptotic program depends on the coordinated 
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or later stages of development (migration and colonization of the genital ridges). It seems 
likely that BLIMP1 would not be necessary for the specification of the germ line in the basal 
rodent L. maximus.

In an advanced stage of development, at neural plate stage, in the base of the allantois in the 
ectoderm and mesoderm after gastrulation, OCT4+ cells become restricted in number to a 
group of 6–8 cells, and they begin to express SOX17, STELLA and FRAGILIS. The temporal 
colocalization of SOX17 and OCT4 proteins in L. maximus seems to play a major role in inhib-
iting somatic genes and maintaining pluripotency instead of the mouse alternative SOX2/
OCT4 [51]. During migration through the gut, SOX17 is downregulated, and its expression is 
restored in the oogonia after the colonization of the genital ridges.

Then, in the early- and late-head fold stages in mesoderm and endoderm tissues, the expres-
sion of OCT4 and SOX17 continues but FRAGILIS and STELLA are downregulated and 
turned on again during migration. Another notable protein, the germ line marker VASA, 
was observed early during the translocation of OCT4+ cells to the hindgut. Thereafter, VASA-
expressing cells were detected throughout the migration toward the genital ridges. OCT4+/
VASA+ cells sequentially turned on STELLA and FRAGILIS during migration. Leopardo and 
Vitullo [43] suggested that OCT4/STELLA/FRAGILIS-expressing cells are finally restricted 
and specified to form PGCs during migration when the evolutionarily conserved germ line 
marker VASA is expressed.

The spatiotemporal pattern of expression of germ line markers found in L. maximus diverges 
from the currently accepted model on the origin of PGCs as a lineage-restricted cluster of cells 
in the base of the allantois, specified early just before, or during, gastrulation. In contrast, in 
this rodent, specification of germ cells seems to occur during migration of a stem cell pool 
derived from a pluripotent progenitor population within the embryonic axis as proposed by 
Mikedis and Downs as an alternative pattern of the classical mouse model [5].

4. The assembly of the mammalian ovary after PGC colonization

4.1. Germ cell proliferation in the fetal and postnatal ovary

The number of PGCs that colonize the genital ridges depends on the species. In mice, begin-
ning with 100–145 PGCs at 8 days postconception (dpc), the number increases exponentially 
up to 15,000–20,000 oogonia per ovary at 15.5 dpc, the time of entry into meiosis and cessation 
of mitosis [33, 52–56]. A similar pattern of germ cell proliferation was described in rats [57]. In 
the basal rodent L. maximus, approximately 1000 PGCs are detected by the end of migration, 
rapidly increasing to 55,000 oogonia once fetal ovary colonization is finished; the number 
continues to increase to reach more than 3×106 germ cells by the end of gestation [43, 58]. The 
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cells has been independently proven in the human, mouse and rat models, as well as their abil-
ity to be manipulated in vitro, and to give rise to offspring following transplantation [73–75].

4.2. Germ cell death in the fetal and postnatal ovary

Death is a prominent feature of mammalian germ line development, with a predictable tem-
poral and spatial pattern. In fetal life, direct germ cell depletion occurs by means of a consti-
tutive massive germ cell death program, referred to as attrition [59, 60, 76–79]. In adult life, 
germ cell demise is mainly the result of death of the supporting follicular cells, a process 
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action of a group of genes that will activate as a signaling cascade in response to different 
stimuli. Depending on the source and type of the stimuli, apoptosis can be initiated through 
an extrinsic pathway, also referred to as the death receptor pathway, which includes the rec-
ognition of death ligands to their cell surface receptors [80] or the intrinsic or mitochondrial 
pathway, which is mainly regulated through the BCL2 protein family whose members are 
divided into three groups: proapoptotic proteins, antiapoptotic (or prosurvival) proteins 
and pore-forming proteins [81]. Extrinsic apoptosis molecules are mainly involved in final 
follicular regression and atresia and corpus luteum regression [82, 83]. BCL2 gene family 
executing the intrinsic apoptosis path plays an essential role in the death of the germ cell 
proper in the antenatal ovary and of granulosa cells during follicular atresia in the adult 
ovary [84].

The analysis of the spatial and temporal expression of members belonging to the BCL2 gene 
family in the mammalian ovary showed that, in general, the expression of proapoptotic 
genes is continuous throughout prenatal oogenesis, whereas antiapoptotic members are 
expressed in a time-restricted pattern associated mainly to differentiation and prolifera-
tion of the germ cell [85–90]. The enhanced expression of proapoptotic genes such as BAX 
in the face of antiapoptotic members like BCL2 gives support to the high rate of apoptosis 
characterizing the mammalian ovary. The involvement of this biased gene balance in deter-
mining death or survival of the germ cell has been experimentally supported by showing 
that Bcl2- and Bax-knockout mice have decreased or increased primordial follicle reserve, 
respectively [91, 92].

The causes that determine massive constitutive death of mammalian female germ cells are 
poorly understood. This massive elimination may avoid the persistence in the ovary of germ 
cells exhibiting nuclear or mitochondrial chromosomal/genetic defects [93]. Alternatively, 
death may relate to the exhaustion of germ cells acting as nurse cells to the surviving oocyte 
pool [94]. Finally, it has been suggested that massive death may enable the appropriate 
association between germ cells and pregranulosa cells during ovigerous cords or ovarian 
cyst breakdown, just before primordial follicles begin to form [95]. In any case, the balance 
between germ cell death and survival seems to be critical to preclude ovarian dysgenesis or 
premature ovarian failure and to ensure reproductive success.

Germ cell elimination occurs at different points of fetal development. There are three main 
waves of germ cell death: (i) at prophase and metaphase of proliferating oogonia, (ii) at pachy-
tene of meiotic prophase I oocytes and (iii) at diplotene of meiotic prophase I oocytes [57, 59, 
96]. The vast majority of germ cell death occurs during the second and the third waves. Thus, 
germ cells entering meiosis are particularly susceptible to cell death [55, 60].

In mice, the maximum number of germ cells is registered at the time of entry of primary 
oocytes into meiotic prophase. However, up to two-thirds of the germ cells are lost before 
the ovarian reserve is established just after birth [64, 97, 98]. In rats, germ cells proliferate to 
reach a peak of 64,000 oogonia at 17.5 dpc, but the number of oocytes falls down to about 
39,000 at birth and 19,000 at 2 dpc [57, 96]. Humans display a similar dynamics of germ-cell 
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elimination. After the germ cell peak number of 5–6×106 oocytes that occurs at 5 months 
postconception, there is a dramatic decline in germ cell numbers similar to that seen in mice 
and rats. By the time of birth, the number of germ cells drops dramatically to 1–2×106 [59, 
61, 64, 96] (Figure 2).

Moreover, the process of germ-cell apoptosis continues during postnatal life through follicu-
lar atresia. In humans, only 300,000 oocytes survive at 7 years postpartum and fewer than 
1000 are present in the years just prior to menopause [59, 61, 96].

4.3. Is massive female germ cell demise a constitutive trait for all mammalian species?

Once PGCs have colonized the fetal gonad, the final endowment that will constitute the 
oocyte reserve seems to depend largely on the balance between cell proliferation and death. 
Based on the results of germ cell death displayed by mouse, rat and human, it has been 
widely accepted that massive intraovarian elimination of germ cells is a constitutive attri-
bute of mammalian ovary for the final establishment of the germinal reserve. After a period 
of high proliferation of colonizing PGCs to reach the maximal oocyte endowment of the 
species, the activation of the apoptotic pathway generates a point of inflection in the growth 
curve of the oocyte population that eliminates from 60 to 85% of newly formed oocytes 
depending on the species [54, 59, 97] (Figure 2). The comparable pattern following the elimi-
nation of germ cells quantified in mouse, rat and human, together with the recognition that 

Figure 2. Germ cell growth curves in mammalian species. Human, mouse and rat share the same growth pattern with 
maximum germ cell endowment at approximately mid-gestation followed by a massive decline through intraovarian 
cell death. On the contrary, the vizcacha shows a continuous increase of germ cell population, unaffected by cell death.
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apoptosis in fetal ovary is active in a few other mammals, proved sufficient to establish 
massive elimination as a general rule controlling the final oocyte endowment of the ovary 
in placental mammals.

Challenging this established rule, a quantitative estimate based on unbiased stereological 
methods showed that the mean germ cell number per ovary increases continuously from the 
early-developing fetal ovary up to 45–60 days after birth in the South American plains vizca-
cha, L. maximus [58] (Figure 2). Female vizcacha displays a constitutive ovary-specific over-
expression of the antiapoptotic BCL2 gene and low to absent expression of proapoptotic BAX 
gene that leads to a strong suppression of apoptosis-dependent germ cell attrition through-
out fetal development [99] and apoptosis-dependent follicular atresia throughout adult life 
[100]. The detection of germ cells undergoing last steps of apoptosis revealed by TUNEL 
assay never surpasses 4% of the entire germinal population. Hence, the healthy germ cell 
population increases continuously from early-developing ovary reaching a 50 times higher 
population number by the end of gestation. Beginning with an endowment of around 56,000 
oogonia at 50 dpc, total germ cell number grows up approximately to 3×106 by the end of 
gestation [58].

Whether the vizcacha is just the exception that confirms the rule or it represents another strat-
egy for establishing the germ cell endowment in mammals, we will have to wait for quantita-
tive studies in a more representative number of placental mammals. Until then, the vizcacha is 
the first mammal so far described in which female germ line develops in the absence of consti-
tutive massive germ cell elimination since the balance between pro- and anti-apoptotic BCL2 
genes is biased in favor of suppressing apoptosis.

5. Concluding remarks

Our current knowledge regarding the origin and specification of PGCs and the establish-
ment of the ovarian reserve in placental mammals comes by and large from model organisms, 
notably the mouse. The mouse model has erected as the paradigm for germ line development; 
however, studies in a few other species unveil differences that challenge the mouse gene net-
work as an established path that may apply to all mammals.

The molecular pathway disclosed for the mouse embryo in the last fifteen years still lacks a 
final proof showing that the presumptive PGCs, originating early in the proximal epiblast of 
the egg cylinder, are the same cells that finally colonize the genital ridge later on develop-
ment. Until this could be traced, alternative hypothesis proposing that PGCs may specify 
just before colonization from a migrating pluripotent cell population when evolutionarily 
conserved genes begin to express cannot be ruled out.

The peculiar morphology of the early-implanted mouse embryo, the egg cylinder, sets aside from 
most mammals that develop through a flat disk embryo. Hence, it is reasonable to suppose that 
the topographical difference of the gastrulating flat embryo may create a different morphological 
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scenario for signaling and specification of PGCs. The current knowledge in flat embryos, such as 
those of human and vizcacha, supports a divergent molecular path from that of mouse.

Once the fetal gonad has been colonized by PGCs, it is widely accepted that a balance between 
proliferation and cell death determines the final oocyte reserve. Massive germ cell death is 
regarded as an intrinsic shared mechanism in the mammalian ovary regulating the establish-
ment of the final oocyte pool. Nevertheless, only four species have been quantified at the 
moment and one of these four shows a continuous growth of the germinal population with 
a minimum cell death. If this is an exception to a general rule or an alternative strategy for 
establishing the oocyte pool remains unanswered for now.

At this time, we are still far from having a comprehensive knowledge on the possible variety 
of mechanisms regulating the origin and specification of PGCs and the establishment of the 
final oocyte reserve in placental mammals. The few species investigated so far seem to indi-
cate that strategies that remain hidden in the great diversity of mammals have not yet been 
revealed. Comparative studies from different mammalian orders are still lacking and needed.
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Abstract

Ovarian germ cell tumors (OGCTs) comprise 20–25% of all ovarian cancers arising from 
germ cells of ovary. Mature teratoma (dermoid) is the only benign and commonest germ 
cell tumor. Only 3–5% germ cell tumors are malignant, dysgerminomas being the most 
common. These tumors occur in adolescents and reproductive age group. Hence, its asso-
ciation with pregnancy is not uncommon. They can be reliably diagnosed with ultra-
sound imaging. Raised levels of tumor markers in pregnancy should be interpreted with 
caution. Cystectomy can be done for benign germ cell tumors. However, fertility sparing 
surgery with surgical staging with or without adjunctive therapy is recommended for 
malignant germ cell tumors (MOGTs). Surgery is safe in the second trimester of preg-
nancy. MOGTs are quite sensitive to chemo and radiotherapy. Three to four courses of 
chemotherapy with bleomycin, etoposide, and platinum is recommended. Prognosis of 
these germ cell tumors is excellent.

Keywords: germ cell, germ cell tumors, dermoid cyst in pregnancy, dysgerminoma in 
pregnancy, immature teratoma, BEP therapy

1. Introduction

Germ cells are the cells in the body that develop into sperms and eggs or oogonia, the 
gametes. The precursors of germ cells are termed primordial germ cells (PGCs). Like all 
other somatic cells, the primordial germ cells are diploid. They are present in yolk sac dur-
ing early embryonic life, and migrate from the yolk sac to its destination, gonadal ridges 
in the developing gonads. These PGCs proliferate and finally differentiate into oogonia in 
females. The development and differentiation of PGCs is crucial for assuring normal fertil-
ity and the genomic transmission to the next  generation [1]. These germ cells are mainly 
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found in the gonads. But, they can sometimes be left behind in other parts of the body dur-
ing intrauterine development of the individual (extragonadal germ cells).

2. Germ cell tumors

Germ cell tumors (GCTs) are derived from primitive germ cells. More than 90% of GCTs 
develop in the gonads; ovary or testicle, the remainder is extragonadal, and distributed along 
the midline of the body, i.e., mediastinum, CNS, retroperitoneum, and sacrococcygeal region 
[2]. Deregulation of imprinted genes can be associated with tumorigenesis and altered cell 
differentiation capacity. Ovarian germ cell tumors may be distinguished by their line of dif-
ferentiation. These tumors can arise from:

1. Primitive totipotent germ cells, i.e., dysgerminoma

2. Primordial germ cells which differentiate into embryonal or extraembryonal cells.

a. Embryonal cells from which mature and immature teratoma can arise.

b. Extraembryonal cells i.e., trophoblast and yolk sac from which choriocarcinoma and 
endodermal sinus tumor can arise respectively.

Ovarian germ cell tumors differ in clinical presentation, histology and biology, and include 
both benign (predominantly) and malignant subtypes. They constitute about 20–25% of all 
ovarian neoplasms. Only 5% of germ cell tumors are malignant, with most (95%) being benign 
mature cystic teratomas. Ovarian malignant germ cell tumors (OMGCTs) include, in order 
of frequency, dysgerminomas, immature teratomas, yolk sac tumors, and mixed germ cell 
tumors. Other less common OMGCTs include embryonal carcinomas, choriocarcinomas, and 
malignant struma ovarii tumors. OMGCTs constitute about 5% of all malignant ovarian neo-
plasms [3].

A review of the Surveillance, Epidemiology, and End Results (SEER) data taken between 
1973 and 2002 reported an incidence of OMGCTs of 3.4/1,000,000 women in the USA [4] and a 
survey of GCTs in England between 1979 and 2003 [4] reported an incidence of 2.34/1,000,000 
women [5]. Data from other countries have reported higher incidence of 5% [3].

The incidence of OGCT is not variable throughout the world. In contrast to epithelial ovarian 
cancers, there appears to be no racial predisposition; however, incidence of OMGCTs in the Saudi 
Arabian population (13.8%) was reported approximately three times the incidence of Western 
populations (5%) and roughly matched the incidence of Asian and African populations (15%) [6].

OMGCTs predominantly occur in young women, but can occur in various other age groups, 
with the highest incidence in 15–19 years age. The incidence of OGCT increases from the age 
8–9 years and peaks at 18 years (20 per million). The mean age of presentation is 19 years. In 
the first two decades of life, more than 60% of ovarian tumors are of germ cell origin, and one-
third of these are malignant. The incidence of OGCT is much lower than testicular tumors; 
10.4 per million in females compared to 44.5 per million in males at [7].

Germ Cell124

3. WHO classification (three categories)

a. Primitive gem cell tumors:

i. Dysgerminomas

ii. Nondysgerminomas (yolk sac tumors, embryonal carcinoma, polyembryoma, nonges-
tational carcinoma, and mixed tumors)

b. Biphasic and triphasic germ cell tumors—teratomas

c. Monodermal teratoma and somatic type tumors associated with dermoid cyst

4. Etiology of germ cell tumors

Etiological factors for GCT are ill-understood, apart from an increased incidence associated 
with dysgenetic gonads. Five percent of patients with dysgerminomas are associated with 
abnormalities involving the entire or part of the Y chromosome, 46 XY (testicular feminisa-
tion), gonadal dysgenesis and mixed gonadal dysgenesis (45 X, 46 XY). However, 95% of 
females with dysgerminomas are cytogenetically normal [7].

Chromosome 12p abnormalities are frequent in dysgerminoma of the ovary. FISH analysis for 
chromosome 12p abnormalities may be a used for confirming the diagnosis of dysgerminoma 
and for differential diagnosis from nongerm cell malignancies [9].

Reduced expression of p16 protein due to INK4A promoter methylation is one of the principal 
factors that promote cell proliferation in OMGCTs. Thus, p16 may be a novel target for gene 
therapies to treat OMGCTs [10].

Increased and prolonged expression of stem cell-related proteins (OCT3/4, KIT, and NANOG) 
in the gonadal tissues of trisomy 21 patients suggests that a delay in fetal germ cell differentia-
tion is a key factor in the development of GCTs [11].

Each of the histological subtype of germ cell cancers show recurrent molecular characteristics 
of ploidy indices, DNA copy number changes, and specific expression patterns of mRNA, 
miRNA, and proteins [12].

A familial predisposition has been observed by some with more than one family member or 
sibling affected. Screening of family members is debatable; however, a discussion regarding 
these reports with the affected family may be worthwhile [13].

5. Staging of ovarian tumors

Staging of germ cell tumors is as for other ovarian tumors. The FIGO 2014 staging is given in 
Table 1 [14].
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6. Germ cell tumors in pregnancy

The incidence of ovarian cancer in pregnancy is quite low, 1 in 12,500–25,000 pregnancies. 
The estimated incidence of ovarian tumors is approximately 1 in 1000 pregnancies of which 
approximately 3–6% are malignant [15, 16]. However, a higher incidence of 1 in 143 to 1 in 556 
of ovarian tumors in pregnancy has been reported [17, 18]. The incidence of ovarian tumor in 
pregnant woman requiring surgery was 1 in 1693 (0.025%) [19].

These tumors are relatively asymptomatic; however, the routine use of USG has led to more 
frequent finding of adnexal masses making diagnosis and management more challenging.

Pregnancy associated with ovarian malignancies present significant challenges and need balanc-
ing between optimal maternal therapy and fetal well-being. In addition, cancer diagnosis may 
be delayed because of difficulties in distinguishing symptomatology from physiologic changes 
in pregnancy and the difficulty in applying the standard diagnostic work-up in a pregnant 

Stage Tumor involvement

I Confined to ovaries

IA Confined to 1 ovary without capsular/surface involvement, cytology from peritoneal washings or ascitis −ve

IB Confined to both ovaries without capsular/surface involvement, cytology from peritoneal washings or 
ascitis −ve

IC Confined to 1or both ovary with capsular/surface involvement, cytology from peritoneal washings or ascitis +ve

II Extends beyond ovaries but limited to pelvis

IIA Extension/implants to uterus/tubes, cytology from peritoneal washings or ascitis −ve

IIB Extension to other pelvic tissues, cytology from peritoneal washings or ascitis −ve

III Involves one or both ovaries/fallopian tubes/primary peritoneal cancer, with cytologically or histologically 
confirmed spread to the peritoneum outside the pelvis and/or metastasis to the retroperitoneal lymph nodes

IIIA Metastasis to the retroperitoneal LN with or without microscopic peritoneal involvement beyond the pelvis

IIIA1 Positive retroperitoneal lymph nodes only (cytologically or histologically proven)

IIIA2 Microscopic extrapelvic (above the pelvic brim) peritoneal involvement with or without positive 
retroperitoneal lymph nodes

IIIB Macroscopic peritoneal metastases beyond the pelvic brim ≤2 cm in greatest dimension, with or without 
metastasis to the retroperitoneal LN

IIIC Macroscopic peritoneal metastases beyond the pelvic brim >2 cm in greatest dimension, with or without 
metastases to the retroperitoneal LN. 1. Includes extension of tumor to capsule of liver and spleen without 
parenchymal involvement of either organ.

IV Distant metastases

IVA Pleural effusion with positive cytology

IVB Metastases to extra-abdominal organs (including inguinal LN and LN outside abdominal cavity); 
parenchymal metastases of liver and spleen.
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woman. Finally, the lack of prospective randomized treatment studies, and therefore, objective 
data has prevented the development of clinical guidelines for most of the issues complicating 
the treatment of pregnancy associated ovarian cancer.

6.1. Clinical features

These tumors may be asymptomatic, diagnosed as adnexal mass during routine antenatal 
ultrasound imaging. The overall estimated incidence of adnexal masses in pregnancy ranges 
from 2 to 10% [20]. With the use of ultrasound in the first trimester, the reported incidence of 
adnexal masses has increased. The incidence gradually decreases due to spontaneous resolu-
tion of many of these masses as gestation advances. These tumors may present with pain, mass 
or distension of abdomen, urinary or bowel symptoms. It can be misdiagnosed as fibroid [21]. 
It can present with acute abdomen, misdiagnosed as acute appendicitis or ectopic pregnancy 
or with bleeding per vaginum [22]. It is difficult to diagnose ovarian malignancies from func-
tional cysts or benign ovarian tumors. The differentials of such an adnexal mass in pregnancy 
include ectopic pregnancy, corpus luteal cyst, functional cyst, paraovarian cyst, endometrioma, 
leiomyoma, and ovarian neoplasms.

6.1.1. Tumor markers in germ cell tumors

The important markers of germ cell tumors are serum alpha feto protein (AFP), human chori-
onic gonadotropin (hCG), and lactic dehydrogenase (LDH).

Alpha-fetoprotein—it is a normal fetal serum protein synthesized by the liver, yolk sac, and 
gastrointestinal tract. Almost all endodermal sinus tumors of the ovary express AFP. AFP is 
also expressed by immature teratomas, ovarian embryonal cell carcinoma, and polyembryo-
mas. It is present in the cytoplasm of tumor cells and in the characteristic hyaline globules 
observed in the endodermal sinus tumor. It is raised in 85% of patients with these tumors but 
in only 20% of patients with stage I disease. Hence, this marker has limited role in screening. 
Typical values seen in normal pregnancy for AFP is 1000 to 10,000 ng/mL, >9 multiples of 
median [23].

AFP is present in 100% women with yolk sac tumor, 61.9% in immature teratoma, and 11.8% 
in dysgerminoma, but no positive case for AFP in mature cystic teratoma and mature cystic 
teratoma with malignant transformation is seen [24].

Pregnancy normal and abnormal, hepatocellular carcinoma, cirrhosis, and hepatitis also may 
be associated with increased levels of serum AFP. Nevertheless, an extremely raised AFP in a 
normal pregnancy may be associated with endodermal sinus tumor, an aggressive malignant 
germ cell tumor.

Human chorionic gonadotropin—it is a glycoprotein produced by syncytiotrophoblast and is 
made of alpha and beta subunits. Choriocarcinoma gestational and nongestational (ovarian) 
both express hCG.

LDH-dysgerminomas are commonly associated with elevations in LDH, although it is not 
elevated in all dysgerminomas. Occasionally, dysgerminomas may become infiltrated with 
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syncytiotrophoblastic giant cells, which produce beta-hCG. Elevations in AFP are less com-
mon with dysgerminomas. Many scientists contend that AFP/hCG secreting dysgerminomas 
are misdiagnosed as pure lesions, and that they actually represent mixed tumors containing 
other malignant germ cell components.

Mixed lesions may secrete AFP, hCG, or both or neither of these markers, depending on the 
components.

Therefore, useful tumor markers for the workup of germ cell tumors include-hCG, AFP, LDH, Inhibin  
A and B to rule out sex cord stromal tumors, Cancer antigen 125 (CA-125) to rule out epithelial tumors.

These serologic elevations of tumor markers readily resolve following surgical excision; and 
may be used as tumor markers to monitor for recurrence.

6.1.2. Limitation of tumor markers in pregnancy

Some established tumor markers are synthesized and secreted physiologically during fetal devel-
opment, i.e., hCG, AFP, inhibin, making them less useful during pregnancy [20]. CA125 increases 
in early pregnancy and post-partum period having limited diagnostic utility. HCG also peaks dur-
ing the first trimester. The values of tumor markers therefore, should be interpreted with caution 
during pregnancy and treatment strategies should not be based on levels of these markers alone.

6.2. Imaging

6.2.1. Imaging in malignant and benign tumors

There are numerous ultrasound features of adnexal masses that have been associated with 
increased risk of malignancy including size, solid components or heterogeneous/complex 
appearance, excrescences/papillary structures, internal septations, bilaterality, irregular bor-
ders, increased vascularity, low resistance blood flow, and presence of ascites [20]. Finding of 
ascites by ultrasound may be closely related with advanced stage malignancy and bad prog-
nosis [25]. Some germ cell tumors have characteristic imaging features, i.e., dysgerminoma, 
mature, and immature teratomas can be diagnosed with high accuracy.

MRI may provide additional information. CT is not recommended in pregnancy due to ion-
ization risk to the developing fetus.

6.2.2. Imaging in torsion of tumors

Sonographically ovarian torsion is demonstrated by visualizing an enlarged, edematous ovary 
along with a mass or cyst. Doppler imaging may fail to demonstrate arterial and/or venous 
blood flow to the ovary. Ovarian torsion is a clinical diagnosis and ultrasound should only 
be used to provide additional supportive diagnostic information. A recent study showed that 
19% of patients with torsion had normal preoperative Doppler flow to the affected adnexa 
[26]. The risk of torsion among pregnant patients with adnexal tumors >4 cm increases, 
51% of torsions occurred in tumors measuring 6–8 cm in diameter. The highest rate of tor-
sion occurred between 15 and 16 weeks of gestation. Sixty percent of the torsion happened 
between the 10th and 17th weeks of gestation [27].
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6.3. Effect of pregnancy on ovarian tumor

Increased risk of torsion, incarceration, rupture, and hemorrhage can occur during pregnancy 
and vaginal delivery.

6.4. Effect of ovarian tumors on pregnancy

Spontaneous successful pregnancy with no feto-maternal compromise has been reported [21]. 
Fetal demise has been reported to be in 25% of cases [28].

6.5. Management in pregnancy

Majority of adnexal masses in pregnancy are benign and a good percentage will spontane-
ously resolve. About 55% of masses resolve completely or significantly decrease in size 
[29, 30]. Best predictors of persistence are complex appearance and size greater than 5 cm.

Observation: Patients with simple or functional appearing small adnexal masses should have 
surveillance with ultrasound every trimester [30, 31].

Surgery: Surgical intervention is required in situations: if malignancy is suspected; if an acute 
complication, i.e., torsion or rupture develops; if any suspicious mass (complex cyst with 
solid components or thick septa) more than 5 cm in size persists near 18 weeks, demonstrates 
a 30–50% increase in size at any time during the pregnancy or exceeds 8 cm in size.

The goals of surgery include: removal of the mass to avoid complications during pregnancy, 
obtain a diagnosis, and to stage or debulk ovarian cancer if malignancy is identified. Laparotomy 
for an adnexal mass is done by a midline incision and begins with obtaining peritoneal washings 
and a complete exploration of the abdomen and contralateral ovary. Manipulation of the uterus 
should be minimized, as this could increase the risk of placental abruption, premature labor, 
or fetal loss. If the clinical suspicion for malignancy is low and it seems technically feasible, a 
cystectomy rather than salpingo-oophorectomy is performed. If, however, the clinical suspicion 
for cancer is high (excrescences, ascites, etc.) or the mass is solid, the tube and ovary should be 
removed. In either case, a frozen section should be obtained.

If a malignancy is confirmed and seems to be confined to the ovary, then a full staging surgery 
including peritoneal biopsies, omentectomy, and lymphadenectomy should be considered; 
however, the benefit gained from the more extensive surgery must be balanced against poten-
tial feto-maternal morbidity. Conservative surgical management for most malignant ovarian 
germ cell tumors diagnosed during pregnancy should be considered as the proper initial 
treatment [32]. Staging is critical as adjuvant therapy during pregnancy, is only initiated for 
those with advanced-stage disease. Routine biopsy or wedge-resection of the contralateral 
ovary is not necessary unless it seems to be involved with disease.

If metastatic disease is detected, an attempt at cytoreduction should be undertaken. The feto-
maternal risk of an extended and radical debulking should be weighed with the potential mater-
nal benefit, realizing that interval cytoreduction after chemotherapy and completion of the 
pregnancy is a reasonable approach [33]. However, the majority of ovarian cancers associated 
with pregnancy are diagnosed at an early stage, when disease is still confined to the ovary [34, 35].
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In recent years, laparoscopy has been used to manage benign looking adnexal masses with 
minimal morbidity.

6.6. Timing of intervention

The ideal time for intervention is 14–22 weeks gestational age. It avoids the period of greatest 
risk of drug-induced teratogenicity; spontaneous fetal losses due to intrinsic fetal abnormali-
ties have already occurred; the function of corpus luteum has been replaced by the placenta; 
most functional cysts have disappeared; an acceptable operative field is still available, allow-
ing minimal uterine manipulation and low risk of obstetric complications. A later surgery in 
pregnancy, at the end of second trimester or at third trimester, may be technically more dif-
ficult and may result in an adverse obstetric outcome [36].

When indicated for other reasons, cesarean section may also be an opportunity for the surgical 
management of adnexal masses. In patients who undergo vaginal delivery, and in whom surgery 
was not indicated antenatally, a repeat imaging should be performed 6–8 weeks post-partum [37].

6.7. Pregnancy outcome after surgical intervention during pregnancy

Surgery is considered safe in second trimester [38] before 23 weeks, yet the decision to pro-
ceed with surgical management should outweigh the risks of adverse perinatal outcomes. The 
incidences of congenital malformations and stillbirths were not increased in the offspring of 
women having surgery. The incidences of abortions; very-low and low birth weight infants 
were increased due to increase in the risk of prematurity and intrauterine growth retardation. 
[39]. The incidence of infants dying within 168 h was increased. No specific types of anesthe-
sia or operation were associated with adverse outcomes [40].

6.8. Oncologic outcome after surgical intervention in pregnancy

Majority of women at the time of diagnosis of ovarian tumors during pregnancy, have favor-
able results as most have low grade and early stage disease. It is appropriate to consider 
fertility sparing surgery in these young women. However, there are reports about the rapid 
growth and recurrence of ovarian germ cell tumors during pregnancy [28]. Hence, patients 
should undergo comprehensive surgical staging at the time of diagnosis.

6.9. Adjuvant therapy

Germ cell tumors are quite sensitive to chemo and radiotherapy. Chemotherapy usually is 
the adjuvant of choice to spare fertility. BEP (bleomycin, cisplatin, etoposide) is the standard 
adjuvant chemotherapy for 3–4 cycles [41]. Recommendations for chemotherapy are:

• Recurrence during observation (for stage IA dysgerminoma and stage IA grade 1 immature 
teratoma).

• Stage II–IV dysgerminoma.

• Stage II–IV teratoma or stage I grade 2–3.

• Embryonal or endodermal sinus tumor irrespective of stage [42].
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6.9.1. Chemotherapy

Chemotherapy should not be given during the first trimester due to high risk of fetal malfor-
mations. Fetal congenital malformation risk is 10% for single agent and 25% for combination 
chemotherapy in first trimester.

Bleomycin—it is a copper-chelating glycoprotein capable of inducing DNA strand scission 
breaks via oxidative processes. This drug is eliminated by the kidneys. Pulmonary function 
tests are recommended if bleomycin is considered.

Cisplatin—it inhibits DNA synthesis and, thus, cell proliferation, by causing DNA cross-links 
and denaturation of the double helix. Cisplatin is excreted by kidneys; those with impaired 
renal function should postpone therapy.

Carboplatin—carboplatin is an analog of cisplatin. Carboplatin has the same efficacy as cis-
platin but with a better toxicity profile. Its main advantages over cisplatin include less nephro-
toxicity and ototoxicity not requiring extensive pre-hydration and less likelihood of inducing 
nausea and vomiting, but it is more likely to induce myelotoxicity.

Etoposide—etoposide inhibits topoisomerase II and causes DNA strand breakage, causing 
cell proliferation to arrest in the late S or early G2 portion of the cell cycle.

BEP therapy: bleomycin 30 units/week IV on days 1, 8, and 15 plus etoposide 100 mg/m2/day 
IV and cisplatin 20 mg/m2/day IV on days 1 to 5. BEP is given every 21 days for three cycles 
(or four cycles if the patient had bulky residual disease after surgery).

In women with recurrence, confirmed residual disease, or raised tumor markers after first-
line chemotherapy, recommended treatment consists of paclitaxel-ifosfamide-cisplatin (TIP) 
or another acceptable regimen. TIP is given as follows: paclitaxel 250 mg/m2 IV infused over 
24 h on day 1 plus ifosfamide 1500 mg/m2/day IV and cisplatin 25 mg/m2/day IV on days 2 to 6.  
TIP is given every 21 days for four cycles [42].

6.9.1.1. Complications of chemotherapy

The most common medical complications from chemotherapy are bone marrow abnormali-
ties and renal toxicity. Care should be taken to monitor for signs of pulmonary toxicity in 
patients receiving bleomycin-containing regimens. Secondary malignancies are rare, but 
leukemias may occur in patients receiving etoposide, especially if doses exceed 2000 mg/m2  
(i.e., >4 cycles of standard BEP (bleomycin, etoposide, platinum) regimen. BEP treatment has 
been associated with ventriculomegaly, transient neonatal neutropenia and bilateral sensori-
neural hearing loss in few cases [43].

6.9.2. Radiation

Loss of fertility is a problem with radiation. Primary therapy with radiation is reserved for 
patients who are incapable of tolerating chemotherapy or surgical resection. It can be used 
in stage IB to stage III. Radiation is mostly used to treat periaortic and pelvic lymph node 
metastases [44].
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6.10. Follow up

Recurrence of dysgerminomas is most often seen in the first 2–3 years after treatment. 
Therefore, follow-up observation and a physical examination every 3–4 months for the first 
3 years, every 6 months during the fourth and fifth years, and annual surveillance thereafter 
is recommended [44].

CT imaging should be considered during months 6 and 12, especially if tumor markers were 
negative at the time of diagnosis [44].

Patients should be observed for up to 10 years, for late recurrences, although they are rare.

6.11. Prognosis

• The prognosis of OGCT is excellent, as most cases are benign. When malignant they are 
very aggressive, but the prognosis is still good provided it is treated without delay with 
combination chemotherapy [8].

• Most patients with mature teratomas show long survival times.

• The prognosis of immature teratomas is governed by grade and stage. Stage 1, grade 1 have 
100% survival rate, whereas stage III, grade 1 have only a 50% chance of survival.

• The survival rates for dysgerminomas presenting at early and advanced stages are 95 and 
>80%, respectively. In dysgerminoma stage 1a tumor after unilateral salpingo-oophorecto-
my as a fertility preserving surgery has a relapse rate ranging from 10 to 20%; the overall 
survival rate is 90–100% [45]. Patients who suffer relapses and undergo chemotherapy; the 
survival rate for such patients is greater than 90%.

• Endodermal sinus tumors of the ovary are particularly aggressive. The survival rates for 
stage I and II ESTs are reported to be 60–100%, whereas for those with stage III or IV disease 
the prognosis is less favorable (50–75%).

• Survival rates for embryonal carcinoma are slightly higher than those for ESTs.

• Prognosis is better for gestational choriocarcinoma than nongestational carcinoma.

• For mixed GCT, size and histology are the major factors determining prognosis for patients. 
Prognosis is poor for patients with large tumors when more than one-third of the tumor is 
composed of endodermal sinus elements, grade 3 immature teratoma or choriocarcinoma. 
When the tumor is smaller than 10 cm in diameter, the prognosis is good regardless of the 
composition of the tumor [46].

• Data from the Surveillance, Epidemiology and End Results program (1978–2010), investigators 
found a 97%, 5-year cause specific survival in those with ovarian dysgerminoma compared 
with a 92% for those with nondysgerminoma. Significant prognostic factors included age older 
than 40 years at diagnosis and metastatic disease. A second cancer occurred in 10% of all pa-
tients who survived 10 years and had received radiotherapy compared to 2% of those who had 
not received radiation treatment [47].
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7. Dysgerminoma

The most commonly occurring malignant GCT is dysgerminoma, which accounts for approx-
imately 2% of all ovarian cancers. It is the most common ovarian germ cell tumor coexisting 
with pregnancy, and constitutes 25–35% of all reported ovarian cancers. Mostly, it is diag-
nosed at an early stage, when disease is still confined to the ovary.

7.1. Etiology

The exact etiology of dysgerminomas is not identified, though recent molecular studies have 
implicated loss of function with potential tumor suppressor gene TRC8/RNF139 as a possible 
etiology [48]. Cytogenetics reveals 12p abnormalities in 81% of cases [9].

7.2. Pathology

Dysgerminomas are mostly unilateral (15% of dysgerminomas are bilateral), solid, nodular. 
They have a smooth, bosselated (knobby) external surface, is soft, fleshy, either cream-col-
ored, gray, pink or tan when cut. Hemorrhage and necrosis is common, but less prominent 
than other malignant tumors.

Histological examination of dysgerminomas show a proliferation of epithelioid cells admixed 
with mature lymphocytes arranged in sheets or small clusters which are separated by thin, 
fibrous septae resembling alveoli. The neoplastic cells are large and have moderate to high 
nucleus-to-cytoplasm ratios. Other features are round nuclei; vesicular chromatin; prominent 
nucleoli; clear to eosinophilic cytoplasm rich in glycogen and lipid; and distinct cell borders 
(Figure 1) [49].

Multinucleated forms may be present. Mitotic activity may be significant and may vary 
greatly, even within the same tumor; atypical mitoses may be seen. Noncaseating granulo-
mas, syncytiotrophoblast-like giant cells and germinal center formation are not uncommon. 
Additionally, foci of hemorrhage, necrosis, and small microcalcifications may also be identi-
fied [49, 50].

The neoplastic cells of dysgerminomas express placental alkaline phosphatase (PLAP), 
CD117 (c-kit), OCT 3/4, SALL4, and, variably, cytokeratin [49]. Positive stain for OCT4 (strong 
nuclear staining) in 90%+ cells is seen.

They do not express epithelial membrane antigen (EMA), S100 protein, CD45 (LCA), or alpha-
fetoprotein (AFP) [49]. Syncytiotrophoblast-like giant cells are the source of beta-hCG pro-
duction. A negative stain for CK7, CK20, HMW keratin, CD30 and vimentin is also found [51].

7.3. Imaging in dysgerminomas

In dysgerminoma, characteristic imaging findings include multilobulated solid masses 
with prominent fibrovascular septa. The anechoic, low-signal-intensity, or low-attenuation 
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area of the tumor represents necrosis and hemorrhage. Lobules are richly vascularized at 
color/power Doppler examination which show prominent arterial flow within the fibro 
vascular septa with a resistive index value ranging from 0.44 to 0.70 [52]. On MRI, dysger-
minomas are often seen divided into lobules by septa. Reported signal characteristics are 
hypointense or isointense septae on T2 weighted images. In T1 C+ (Gd) weighted images, 
the septae often show marked enhancement.

8. Teratoma

They represent 20% of all ovarian tumors, 75%, occur in first two decades of life, 12–15% are 
bilateral and 60–70% are diagnosed in stage 1.

Teratomas range from benign, well-differentiated (mature) cystic lesions to those that are solid 
and malignant (immature). Additionally, teratomas may be monodermal and highly special-
ized (struma ovarii, carcinoid). Rarely, in some mature teratomas containing certain elements 
(most commonly squamous components) undergo malignant transformation.

8.1. Mature cystic teratoma

Ovarian mature cystic teratomas, also called dermoid cysts, are the most common germ cell 
tumor, accounting for up to 70% of benign ovarian masses in the reproductive years and 20% 
in postmenopausal women [53, 54]. They maintain rather orderly arrangements, with well-
differentiated ectodermal and mesodermal tissues surrounding endodermal components, 
resembling any tissue of the body. Examples include hair, teeth, fat, skin, muscle, and endo-
crine tissue (Figure 2).

Figure 1. Dysgerminoma: Microsection showing tumor cells with vesicular nuclei.  Fibrous septa showing lymphocytic 
infiltrate (400×, H&E stain). (With permission from [21]).
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Monodermal teratoma comprise of mainly one tissue element. For example, the most com-
mon type of monodermal teratoma, Struma ovarii, is comprised of at least 50% mature thy-
roid tissue (Figures 3 and 4). Argentaffin cells in dermoid cysts are usually the site of origin 
for ovarian carcinoid tumor, although this is rare (Figure 5).

Tumor markers-Mature teratomas rarely produce alpha feto protein and CA125.Elevated AFP 
and HCG levels may be indicative of malignancy.

8.1.1. Imaging

In mature cystic teratoma, transvaginal ultrasound scan (TVS) has 85–98% accuracy [55, 56]. 
Sonographic features includes: diffusely or partially echogenic mass with posterior sound 
attenuation owing to sebaceous material and hair within the cyst cavity, an echogenic  
interface at the edge of mass that obscures deep structures: the tip of the iceberg sign, mural 
hyperechoic Rokitansky nodule: dermoid plug, echogenic shadowing, calcific or dental 

Figure 2. Dermoid cyst: cut section of dermoid cyst of ovary showing hairs and pultaceous material.

Figure 3. Struma ovarii: cut section of ovary containing pultaceous material along with gray white nodule measuring 
2.5 × 2 cm.
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(tooth) components, the presence of fluid levels, multiple thin echogenic bands caused by 
the hair in the cyst cavity: the dot-dash pattern. In color Doppler, no internal vascularity is 
seen [57].

Further workup is required if internal vascularity is found to exclude a malignant lesion. 
When ruptured, the characteristic hypoattenuating fatty fluid can be found in antidependant 
pockets, typically below the right hemidiaphragm, a pathognomonic finding [58].

Figure 5. Carcinoid tumor: cells arranged in parallel ribbon like manner. Nuclei have characteristic salt and pepper like 
chromatin (40× H&E).

Figure 4. Struma ovarii: microsection showing thyroid tubules containing colloid in lower part of image. Upper part 
shows carcinoid element in which tumor cells are arranged in nests (4× H&E).
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MR imaging is reported to have 99% accuracy. The sebaceous component of dermoid cysts 
has very high signal intensity on T1-weighted images similar to that of retroperitoneal fat. 
The signal intensity of the sebaceous component on T2-weighted images is variable, usually 
near that of fat [59].

8.1.2. Histology

Cyst cavity is often lined with keratinized squamous epithelium and usually contains abundant 
sebaceous and sweat glands (Figure 6). There is usually a raised protuberance projecting into the 
cyst cavity known as the Rokitansky nodule. Most of the hair typically arises from this protuber-
ance. When bone or teeth are present, they tend to be located within this nodule. Occasionally, 
the cyst wall is lined with bronchial or gastrointestinal epithelium. Foreign body giant cell reac-
tions may be seen in various parts of the tumor and may, in the case of intraperitoneal tera-
tomas, lead to formation of extensive adhesions if the tumor contents are spilled. Ectodermal 
tissue may include brain, glia, neural tissue, retina, choroids, and ganglia. Mesodermal tissue is 
represented by bone, cartilage, smooth muscle, and fibrous tissue (Figure 7) [60].

8.1.3. Complications in teratoma

Torsion is the most significant cause of morbidity, occurring in 3–11% of cases [61, 62]. Rupture 
may occur suddenly in 2.5% [63] leading to shock or hemorrhage with acute chemical perito-
nitis. Chronic leakage also may occur, with resultant granulomatous peritonitis. Infection is 
uncommon and occurs in less than 1–2% of cases [63].

Malignant transformation: seen in 1–2%, usually into squamous cell carcinoma [64, 65].

Figure 6. Mature cystic teratoma: microsection showing cystic lining with underlying sebaceous glands (40× H&E).
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In less than 1% autoimmune hemolytic anemia has been associated with mature cystic 
teratomas [66, 67]. Recently recognized encephalitis associated with antibodies against the 
N-methyl-D-aspartate receptor (NMDAR) is associated with ovarian mature teratomas. 
Substantial recovery is usually seen with tumor resection and immunotherapy [68].

8.1.4. Treatment

Mature ovarian teratomas are slow growing (1–2 mm a year) and, therefore, some advocate non-
surgical management. Larger lesions are often surgically removed. Many recommend annual fol-
low-up for lesions <7 cm to monitor growth, beyond which resection is advised. Mature cystic 
teratomas of the ovaries may be removed by simple cystectomy rather than salpingo-oophorectomy.

Although malignant degeneration is quite rare, the cyst should be removed in its entirety, and 
if immature elements are found, the patient should undergo a standard staging procedure.

Spillage is associated with increased risk of chemical peritonitis (estimated incidence of 0.2%) 
and increased risk of adhesion formation. The risks of recurrence (4%), as well as malignant 
degeneration (0.2–2%), should be discussed.

8.2. Immature teratoma

Immature cystic teratomas are rare (<3%) and usually occur in the postmenopausal age group 
[69]. Teratomas, specifically solid teratomas, are essentially devoid of organization. Immature 
teratomas account for approximately 20% of all malignant GCT. Immature teratomas are solid 
tumors containing immature or embryonal tissues (Figure 8). It is found either in pure form 
or as a component of a mixed germ cell tumor.

Immature neuroepithelium is the predominant immature tissue found. Grade is based upon 
the proportion of tissue containing immature neural elements and is considered an important 
prognostic factor that predicts extra ovarian spread and overall survival. They are classified as 
Grade I, II, or III if they have 0 or 1, 3 or less, or 4 or more low-power fields (x-40) containing 
immature neuroepithelium per slide, respectively [50].

Figure 7. Dermoid cyst: microsection showing cartilaginous element (10× H&E).
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8.2.1. Imaging

Immature teratomas have prominent solid components and may demonstrate internal necro-
sis or hemorrhage. Mature tissue elements similar to those seen in mature cystic teratoma are 
invariably present. Radiologic examination reveals a large, complex mass with cystic, solid 
components, and scattered calcifications; in contrast, calcification in mature teratomas is local-
ized to mural nodules. Small foci of fat are also seen in immature teratomas. These tumors 
grow rapidly and frequently demonstrate perforation of the capsule. The tumor capsule is not 
always well defined.

8.2.2. Management of immature teratoma

Fertility-sparing surgery should be offered when detected during pregnancy with surgical 
staging. Thus unilateral salpingo-oophorectomy with preservation of contralateral ovary 
with uterus is the appropriate treatment in most cases. If metastatic disease is found dur-
ing surgery, cytoreductive surgery is recommended. Stage 1a/G1 does not require adjunct 
treatment and can be observed. Chemotherapy is recommended when extra-ovarian disease 
exists, stage I grade 2–3. BEP is the most commonly used combination every 3 weeks for 3–4 
courses.

8.2.3. Prognosis

The prognosis of immature teratomas is governed by grade and stage. Cases of grade 1 in 
stage I might have up to a 94% survival rate, whereas cases of grade 2 or 3 in stage I might 
drop to an 82% chance of survival. Grade also contributes to the recurrence rate, with higher 
grades having a higher recurrence rate [70, 71].

Figure 8. Immature teratoma of ovary: Irregular, partially encapsulated, solid tumor measuring 9 × 6 × 4 cm. Cut surface 
is grayish white with areas of hemorrhage and foci of necrosis.
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9. Endodermal sinus tumor or yolk sac tumor

Endodermal sinus tumor (EST), also known as yolk sac tumor, is a rare malignant ovarian 
tumor that usually occurs in the second decade of life. The tumor manifests as a large, complex 
pelvic mass that extends into the abdomen and contains both solid and cystic components. 
The cystic areas are composed of epithelial line cysts produced by the tumor or of co-existing 
mature teratomas. These tumors grow rapidly and have a poor prognosis. Affected patients 
have an elevated serum α-fetoprotein level, alpha 1 antitrypsin.

Gross examination of EST demonstrates smooth, glistening, hemorrhagic, and necrotic sur-
faces. Histology reveals a wide range of patterns (microcystic endodermal sinus, solid, alve-
olar-glandular, papillary, macrocystic, hepatoid, and primitive endodermal). On microscopic 
examination, it contains Schiller-Duval bodies (central capillary surrounded by simple papil-
lae) and eosinophilic globules containing AFP (Figure 9). Intracellular and extracellular hya-
line droplets (periodic acid-Schiff positive) are also seen in EST.

When diagnosed during pregnancy, it is often possible to continue the pregnancy after sur-
gical staging and tumor debulking. For metastatic disease, the principles of cytoreductive 
surgery also apply, and the goal is the resection of all lesions to a minimal residual volume.

10. Non-gestational choriocarcinoma

In reproductive age group, the symptoms could resemble pregnancy with amenorrhoea and 
positive urine pregnancy test. The predominant presenting symptoms are lower abdomi-
nal pain, genital bleeding, amenorrhea, nausea and vomiting because of high levels of 
hCG. Choriocarcinoma is often diagnosed by finding an elevated hCG level in association 
with metastatic lesion detected radiographically. The levels of serum/urine beta hCG are 
good tumor marker for the progression or remission of disease. Paternal contribution pres-
ent in the genome of the tumor is necessary to differentiate gestational from nongestational 
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tumors. Serum β2 microglobulin may be used as a marker for non-gestational choriocarci-
noma, though the cause of β2 microglobulin expression in non-gestational choriocarcinoma 
is unknown [72].

11. Pure embryonal carcinoma

It is rare in the ovary, may secrete estrogen, with patient exhibiting symptoms and signs of 
precocious puberty or irregular vaginal bleeding. Embryonal cell carcinoma has more nuclear 
hyperchromasia and nuclear pleomorphism, amphophilic cytoplasm, high mitotic index, and 
necrosis. Often, a glandular or papillary architecture is present. The cells of embryonal carci-
noma express CD30 and cytokeratin (strong, diffuse), whereas those of dysgerminoma do not.

12. Mixed germ cell tumors

These are rare germ cell tumors. A mixture of dysgerminoma and endodermal sinus tumor 
is the most common combination accounting for one-third of mixed germ cell tumors [73]. 
Combination of embryonal carcinoma and choriocarcinoma is very rare. The prognosis of 
patients with a mixed MGCT usually reflects that of its most malignant component. Therefore, 
it is important to sample these tumors extensively, particularly areas with different gross 
appearance. One section per every centimeter in tumor diameter is recommended [74].
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