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SUMMARY

Ovarian and testicular germ cell tumors of young adults are thought to arise from defects in germ 

cell development, but the molecular mechanisms underlying malignant transformation are poorly 

understood. In this review, we focus on the biology of germ cell tumor formation in the Drosophila 
ovary and the mouse testis, for which the evidence supports common underlying mechanisms such 

as blocking initiation into the differentiation pathway, impaired lineage progression, and sexual 

identity instability. We then discuss how these concepts inform our understanding of the disease in 

humans.
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INTRODUCTION

Germ cell tumors (GCTs) are a relatively rare form of cancer, yet testicular GCTs are the 

most frequent cause of cancer in men between the ages of 15 and 35 while ovarian GCTs 

represent the majority of ovarian malignancies in women under the age of 20. GCTs are 

generally considered derived from germ cells that fail to execute gametogenesis correctly, 

but the molecular mechanisms underlying malignant transformation are poorly understood.

Not surprisingly, some of the genes that regulate reproduction when mutated lead to GCTs. 

Drosophila melanogaster and mice are both established and suitable experimental organisms 

for investigating the genetic, developmental, and molecular mechanisms behind GCTs. In 

this review, we highlight recent work that illustrates how disruptions in the pathways 

necessary for gametogenesis lead to GCTs, first in the Drosophila ovary and then in the 

mouse testis. We then discuss how the concepts emerging from each of these experimental 

systems informs our current understanding of the disease in humans.
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Quote: [R]esearch in the fly and mouse experimental systems have revealed shared regulatory principles that have deepened our 
understanding of how GCTs form in humans.
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DROSOPHILA OVARIAN GCTS

Normal germ cell development

Gametogenesis begins early in embryogenesis, when primordial germ cells are specified as 

distinct from somatic cells. Specified primordial germ cells then migrate into the embryonic 

gonad, where the germ cells exhibit sex-specific division rates and expression programs. 

Initiation of the differentiation pathway leading to meiosis and egg development, however, 

only begins in adulthood.

An adult Drosophila female contains a pair of ovaries of simple organization, in which the 

different cell types can be identified unequivocally by their location, morphology, and 

expression of molecular markers (Fig. 1). Each ovary is composed of about 16 individual 

strands of progressively developing egg chambers called ovarioles. Continuous egg 

production is assured by the presence of a steady population of two to three germ-line stem 

cells located at the apical tip of the ovariole, in a structure called the germarium. When the 

stem cell divides, the anterior daughter cell retains contact with the somatic cap cells 

through adherens and gap junctions, thereby remaining a stem cell. The posterior daughter 

dissociates from the cap cells, becomes a cystoblast, and divides four more times to produce 

a cyst of 16 interconnected cells. One of the 16 cyst cells will become the oocyte and initiate 

meiosis, whereas the remaining 15 cells will become polyploid nurse cells. An egg chamber 

is formed as the somatic follicle cells surround the 16-cell cyst and bud off from the 

germarium. (For comprehensive reviews of fly oogenesis see Eliazer and Buszczak 2011; 

Spradling et al. 2011; Hudson and Cooley 2014; Slaidina and Lehmann 2014; Gilboa 2015; 

Greenspan et al. 2015).

Ovarian GCTs

The use of Drosophila as a genetic system to study the origin and biology of GCTs was first 

proposed in 1957 by King and Burnett, in a short publication in Science (King and Burnett 

1957). They noted that while flies rarely developed tumors spontaneously, an unusual 

mutation in the fused locus caused all females to develop tumors in their ovaries. Since that 

time, directed genetic screens for female-sterile alleles have identified well over 100 genes 

that, when mutated, produce GCTs (Gans et al. 1975; Mohler 1977; Perrimon et al. 1986; 

Schüpbach and Wieschaus 1989; Swan et al. 2001; Yan et al. 2014; Teixeira et al. 2015). 

Although only a small subset of these mutations was studied in detail, their analysis thus far 

has provided significant insight into the mechanisms underlying tumor formation (Table 1). 

As summarized below, the three major themes emerging from these studies suggest that 

GCTs arise when initiation into the differentiation pathway is blocked, when there are 

defects in the orderly progression of the steps leading to oocyte differentiation, and when 

germ cells fail to maintain their female identity.

Differentiation block

In the adult ovary, cell fate switching from a self-renewing stem cells to a differentiation-

competent cystoblast cell is initiated by expression of the key differentiation-promoting 

protein Bag of marbles (Bam). Loss of bam in germ cells leads to a GCT phenotype, 

whereas ubiquitous overexpression prevents stem cell self-renewal and forces all stem cells 
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to differentiate (Mckearin and Spradling 1990; Ohlstein and McKearin 1997). Accordingly, 

mutations in any number of genes that ultimately lead to the failure to activate bam 
transcription, or prevent the Bam protein from functioning appropriately, will display a GCT 

phenotype.

bam transcription is tightly regulated by bone morphogenetic (BMP) signaling emanating 

from the neighboring somatic gonadal cells (Xie and Spradling 1998; Chen and McKearin 

2003a; Chen and McKearin 2003b; Song et al. 2004). When signaling is high, as in the 

neighborhood of germ-line stem cells, bam transcription is repressed. The somatic cap cells 

secrete the BMP ligands Decapentaplegic (Dpp) and Glass-bottom boat (Gbb), which are 

received in the germ-line stem cells by the receptors Thickveins (Tkv), Saxophone (Sax), 

and Punt, and thus trigger phosphorylation of Mothers against Dpp (Mad). Phospho-Mad is 

then transported into the nucleus, where it associates with the bam promoter to repress 

transcription. Cystoblast cells are refractory to BMP signaling, which allows bam to be 

transcribed and differentiation to begin; however, GCTs can arise when cystoblast cells 

inappropriately respond to circulating BMP ligands. The first described GCT mutation in the 

fused locus falls into this category (King and Burnett 1957; Xia et al. 2010): Fused encodes 

a serine/threonine kinase that, in wild-type cystoblast cells, partners with the E3 ubiquitin 

ligase Smurf to antagonize BMP signaling by promoting the degradation of the receptor Tkv. 

Similarly, mutations in the microRNA mir-184, which in wild-type cystoblast cells inhibits 

translation of the receptor Sax, also lead to GCTs (Iovino et al. 2009).

Despite these safeguards, GCTs form when the neighboring somatic cells are forced to 

ectopically transcribe the BMP ligand-encoding dpp gene (Xie and Spradling 1998; Decotto 

and Spradling 2005; López-Onieva et al. 2008; Wang et al. 2008; Liu et al. 2010; Eliazer et 

al. 2011; Kirilly et al. 2011; Wang et al. 2011; Xuan et al. 2013; Jin et al. 2013; Eliazer et al. 

2014; Mottier-Pavie et al. 2016). GCTs can also form if cap cell-expressed Dpp ligand is 

able to reach the cystoblast cells. During normal development, somatic gonadal cells use two 

primary strategies to restrict how far Dpp can travel: In cap cells, the proteoglycan Division 

abnormally delayed (Dally) functions at the cell surface to limit the distribution of 

biologically active Dpp to the extracellular space adjacent to the germ-line stem cells (Guo 

and Wang 2009; Hayashi et al. 2009; Liu et al. 2010). In the adjoining escort cells, the cell-

surface Tkv receptor functions to remove Dpp from the extracellular space, thereby 

preventing Dpp from reaching the cystoblast cells (Luo et al. 2015). Accordingly, expanding 

Dpp’s range, by either forcing escort cells to ectopically express dally or by knocking down 

tkv expression in escort cells, leads to an increased number of stem-like cells, which fills the 

entire germarium as the animal ages.

Disrupting Bam function is another underlying cause of GCTs. Bam orchestrates the stem 

cell-to-cystoblast cell-fate switch by repressing stem cell-maintenance factors. Bam does not 

contain any sequence motifs that directly predict its biochemical function, although Bam’s 

interaction partners – Benign gonial cell neoplasm (Bgcn), Sex-lethal (Sxl), Mei-P26, and 

Twin – all have documented functions in RNA processing (Ohlstein et al. 2000; Chau et al. 

2009; Li et al. 2009; Chau et al. 2012; Li et al. 2013; Fu et al. 2015). Whether these Bam-

associated proteins form a single complex or form multiple Bam-containing complexes with 

distinct target specificities is unclear. Nevertheless, observation that the loss of each partner 
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individually gives rise to GCTs in which the Bam protein is present, but unable to drive 

differentiation, indicates an essential requirement for Bam function(s).

One of Bam’s roles in cystoblast cells is to repress translation of the stem cell-maintenance 

factor Nanos (Li et al. 2009; Chau et al. 2012; Li et al. 2013). Nanos represses the 

translation of differentiation promoting mRNAs in stem cells (Forbes and Lehmann 1998; 

Gilboa and Lehmann 2004; Wang and Lin 2004; Harris et al. 2011). By preventing the 

accumulation of Nanos protein, Bam enables the stem cell-to-cystoblast cell switch. Yet, 

forcing Nanos protein expression in cystoblast cells does not interfere with gametogenesis 

(Li et al. 2009; Harris et al. 2011; Chau et al. 2012). Thus, nanos dysregulation does not 

drive GCT formation; instead, other pathways under Bam control are likely necessary to 

elicit GCTs. In this regard, it is intriguing that a number of studies documented the 

anomalous expression of testis-specific genes in bam GCTs (Wei et al. 1994; Chau et al. 

2009; Shapiro-Kulnane et al. 2015). Whether or not the global depression of testis genes 

observed in bam mutants is the driving force behind GCT formation is an open question.

Impaired lineage progression

Following commitment to the differentiation pathway, the cystoblast cell divides four times 

to form a 16-cell cyst. As the cysts divide, they exhibit distinct combinations of molecular 

markers, suggesting that differentiation requires passing through unique intermediate fates 

(Chau et al. 2009; Tastan et al. 2010; Carreira-Rosario et al. 2016). For example, the 

cystoblast and 2-cell cysts express both Sxl and Bam. In the 4- and 8- cell cysts, Sxl protein 

is not longer detectable whereas Bam protein continues to be present as a new protein 

marker, Rbfox1, is detectable. In the 16-cell cysts, Bam protein is absent, while the Rbfox1 

protein abundance is maintained until the germ cells make their final oocyte/nurse cell-fate 

choice. GCTs are formed when lineage progression is blocked by inactivating rbfox1 (Tastan 

et al. 2010; Carreira-Rosario et al. 2016). Interestingly, these mutant cysts break apart into 

single cells that express both Bam and Sxl, suggesting that the mutant cells have 

dedifferentiated towards a more immature cell fate. Furthermore, and unlike normal Sxl/

Bam-expressing germ cells, these mutant cells remain mitotically active. What distinguishes 

dedifferentiated Sxl/Bam-expressing cells from normal Sxl/Bam-expressing cells remains 

unknown.

Sexual cell fate instability

The sexual identity of both germ cells and somatic cells is first established early in 

embryogenesis. While somatic cells make a cell-autonomous decision based only on their 

chromosome constitution, the sex of the embryonic germ cells (called primordial germ cells) 

initially reflects the sex of the surrounding somatic cells. For example, the gene expression 

program and behavior of XX primordial germ cells is masculinized when placed in a male 

somatic environment (Horabin et al. 1995; Staab et al. 1996; Wawersik et al. 2005; Casper 

and van Doren 2009; Hashiyama et al. 2011). Dictation by somatic signals continues 

through the larval period, after which extrinsic control is lost and XX germ cells control 

their own sexual development in a cell-autonomous manner (Casper and van Doren 2009).
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Recent work established that the failure to maintain sexual identity in the adult female germ 

line leads to GCTs. Although expression of the female-specific Sxl protein is the central 

female-determination event in somatic cells, germ cell expression of Sxl is not required for 

establishing sexual identity in the female germ line (Salz and Erickson 2010; Salz 2011). In 

the absence of Sxl, female primordial germ cells develop normally through the end of the 

larval period (Steinmann-Zwicky 1994; Casper and van Doren 2009; Chau et al. 2009). Only 

in the adult does Sxl function become essential, when its loss leads to a global up-regulation 

of spermatogenesis genes and a GCT phenotype (Chau et al. 2009; Shapiro-Kulnane et al. 

2015).

The degree to which these GCTs are masculinized is illustrated by the sex-inappropriate 

presence of the testis-specific PHD finger 7 (Phf7) protein (Shapiro-Kulnane et al. 2015). 

Phf7 is a regulator of male germ cell fate (Yang et al. 2012). Accordingly, forced expression 

in adult germ cells also leads to GCTs (Shapiro-Kulnane et al. 2015). phf7 is reported to 

encode an H3K4me2-binding protein (Yang et al. 2012), thus Phf7 likely engages the 

spermatogenesis gene expression program by interpreting, or reading, the underlying histone 

code in the male germ line. How ectopic expression of this chromatin reader leads to the 

reprogramming of female germ cells towards a male fate remains an open question. One 

possibility is that ectopic Phf7 overrides female identity by recruiting chromatin remodelers 

to its target genes. Although entirely speculative at this time, a causal relationship between 

unscheduled chromatin remodeling and GCT formation is consistent with the results of a 

large-scale RNA-interference-based screen showing that germ cell-specific knockdowns of 

several different chromatin remodelers yield GCT phenotypes (Yan et al. 2014).

One of the male-like characteristics acquired by GCTs lacking Sxl protein is aberrant 

activation of the Janus kinase/Signal transducer and activator of transcription (Jak/Stat) 

signaling pathway (Shapiro-Kulnane et al. 2015). In the testis, secretion of the Unpaired 

family of cytokines from the somatic gonadal cells activates Jak/Stat signaling in 

neighboring somatic and germ cells (Kiger et al. 2001; Tulina and Matunis 2001; 

Leatherman and DiNardo 2008; Leatherman and DiNardo 2010). The situation is different in 

the ovary, where somatic cytokine production activates Jak/Stat signaling in cap and escort 

cells, but not in the adjacent germ cells (Decotto and Spradling 2005; López-Onieva et al. 

2008; Wang et al. 2008). Yet, depleting just one of the somatically derived ligands in GCTs 

reverts the tumor phenotype (Shapiro-Kulnane et al. 2015), suggesting that the mutant germ 

cells respond to the circulating ligands in their environment as if they were male, leading to 

sex-inappropriate Jak/Stat activation. Some intriguing questions remain, including: How do 

these mutant cells acquire the male-like ability to receive activating signals from the 

surrounding somatic cells? Once they receive those signals, why does activation of the Jak/

Stat pathway lead to GCT formation? In the testis, Jak/Stat signaling is only needed for 

adhesion to the somatic hub cells (Leatherman and DiNardo 2010). Perhaps the mutant germ 

cells express a Stat-regulated pathway that is unrelated to the pathway normally expressed in 

male germ cells.

The importance of sex-concordant interactions between germ cells and the adjacent somatic 

cells is further highlighted by a study showing that reprogramming the sexual identity of 

escort cells in the adult ovary leads to GCTs (Ma et al. 2016). In these studies, female-to-
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male reprogramming was caused by ectopic expression of the transcription factor 

Chronologically inappropriate morphogenesis (Chinmo) in escort cells of the adult ovary. 

Whether the resulting GCTs exhibit a global depression of spermatogenesis genes on the 

scale observed in GCTs caused by the absence of Sxl or Bam remains to be determined.

MURINE TESTICULAR GCTS

Normal germ cell development

Germ cells are specified in mice from the proximal epiblast during embryogenesis. These 

nascent germ cells, which express the core pluripotency genes (Nanog, Sox2, and Oct3/4 
[also known as Pou5f1]), migrate from the base of the allantois, through the hindgut, into the 

developing gonad. Once they reach the genital ridge, at around embryonic day (E) 10.5–

11.5, the primordial germ cells continue to proliferate to establish a population of 

approximately 25,000 cells. Sex-specific differentiation, leading to either sperm or egg 

development, takes place shortly thereafter, at around E12–13.5 (Fig. 2). This cell-fate 

decision is called the mitotic-meiotic switch because the female germ cells initiate meiosis, 

whereas the male germ cells (called gonocytes) cease to divide and remain quiescent until 

after birth. Shortly after birth the gonocytes re-enter mitosis, forming a large pool of 

undifferentiated germ cells, referred to as spermatogonia stem cells, that provide continuous 

sperm production throughout the majority of postnatal life by dividing asymmetrically to 

produce one daughter cell that remains a spermatogonia stem cell and a second daughter cell 

that enters meiosis to begin the process of spermatogenesis. (For comprehensive reviews of 

mouse spermatogenesis, see Oatley and Brinster 2012; Saitou and Yamaji 2012; Kanatsu-

Shinohara and Shinohara 2013; Yang and Oatley 2014; Boitani et al. 2016).

Testicular GCTs

In the 1950’s, Leroy Stevens identified an inbred mouse strain, 129/Sv, that spontaneously 

develops testicular teratomas (Stevens and Little 1954). Teratomas are GCTs that contain 

patches of somatic tissues, such as hair, bone, teeth, and neurons. The first sign of 

tumorigenesis, however, is during embryogenesis (starting around E15.5), when germ cells 

transform into embryonal carcinoma cells, the proliferative and pluripotent stem cells of 

teratomas (Stevens and Hummel 1957; Stevens 1962). Although the incidence of teratoma 

formation is only 1–10% in the “wild-type” 129 family of inbred strains, there are a number 

of mutations that, when crossed into this background, substantially increase teratoma 

frequency (Table 2) (Heaney and Nadeau 2008; Bustamante-Marin et al. 2013); however, 

these mutations only influence risk in 129 males, implying that there are as-yet-unidentified 

strain-specific variants that influence tumorigenesis. Despite this genetic complexity, studies 

focused on the 129/Sv family of inbred mice suggest that blocking the first differentiation 

step (mitotic arrest), impaired lineage progression, and sexual identity instability all underlie 

GCT formation, as they do in the fly ovary.

Differentiation block

The testicular differentiation program begins during embryogenesis, when primordial germ 

cells enter into a state of mitotic quiescence. The link between the failure to arrest the cell 

cycle on schedule and GCT formation was first suggested by the observation that an actively 
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dividing population of germ cells were present in the 129 strain past E15.5 (Stevens 1964; 

Stevens 1967; Noguchi and Stevens 1982; Matin et al. 1999). Additional studies with two 

129/Sv-derivative strains with different frequencies of teratoma incidence firmly established 

a correlation between prolonged gonocyte proliferation in the embryo with teratoma 

incidence in the adult (Heaney et al. 2012). Finally, prolonged gonocyte proliferation is 

always correlated with increased teratoma incidence on the 129 background (Noguchi and 

Stevens 1982; Kimura et al. 2003; Heaney et al. 2009; Cook et al. 2011; Krentz et al. 2011; 

Lanza et al. 2016).

The mechanism that underlies the failure to execute the decision to exit the cell cycle has 

only recently begun to be revealed. Profiling experiments show that gonocytes isolated from 

the 129 strain aberrantly express a number of genes, including the Cyclin D1-encoding gene 

Ccnd1 (Cook et al. 2011; Heaney et al. 2012). Cyclin D1 is known to be a general driver of 

mitotic divisions, and is normally first expressed in male germ cells shortly after birth, when 

mitosis resumes (Beumer et al. 2000). Cyclin D1 is also observed in the teratoma-

susceptible gonocytes. Although not the only mis-expressed cell cycle regulator, Cyclin D1 

appears to have an outsized role in misdirecting germ cell development. In fact, eliminating 

Ccnd1 expression in teratoma-susceptible mice permits gonocytes to arrest on schedule and 

to significantly reduce the risk of teratoma incidence in the adult (Lanza et al. 2016). 

Importantly, the ability of a Ccnd1 deficiency to reduce, but not prevent, teratoma 

occurrence suggests that it is but one essential component of a larger tumorigenic network. 

Nevertheless, these studies establish that circumventing mitotic arrest is a key driver of GCT 

initiation.

Impaired lineage progression

GCT-susceptible gonocytes are thought to have retained or regained pluripotent potential, 

allowing the formation of teratomas. Transplantation and cell culture experiments revealed 

that both male and female primordial germ cells are capable of forming teratomas prior to 

E13.5 (Stevens 1964; Matsui et al. 1991; Resnick 1992; Labosky et al. 1994; Chuma et al. 

2005). This property is lost, however, once germ cells enter their respective differentiation 

pathways. Although differentiation is normally accompanied by down-regulation of Nanog, 
Sox2, and Oct3/4, abnormally proliferating GCT-susceptible gonocytes continue to express 

these markers into adulthood (Krentz et al. 2009; Cook et al. 2011; Heaney et al. 2012; 

Schemmer et al. 2013; Lanza et al. 2016). Interestingly, whether GCT-susceptible gonocytes 

arise from a bona fide germ cell or from a precursor cell that has failed to adopt a complete 

germ cell fate is still debated. Despite the fact that primordial germ cells continue to express 

pluripotency markers until sex differentiation begins, the prevailing school of thought is that 

primordial germ cells are lineage-restricted (Magnúsdóttir et al. 2012). If correct, then 

primordial germ cells must undergo de-differentiation in order to give rise to GCT-

susceptible gonocytes and teratomas. On the other hand, emerging evidence indicates that 

primordial germ cells are not locked into a germ cell fate until they begin to both express the 

cell identity licensing factor DAZL and down-regulate the pluripotency markers (Chuma et 

al. 2005; Gill et al. 2011). Thus, GCT-susceptible gonocytes appears to arise from primordial 

germ cells that have failed to adopt a complete germ cell fate, and that a prolonged, 

immature, proliferative and pluripotent cell state in the embryo permits inappropriate 
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execution of the somatic differentiation pathway and teratoma formation. The molecular 

mechanism that impairs lineage progression and leads to a teratoma remains to be 

elucidated. One important driver may be the failure to enter mitotic arrest because the 

regulation of pluripotency is tied to cell cycle control (Filipczyk et al. 2007; Singh and 

Dalton 2009; Kareta et al. 2015). Indeed, Ccnd1 deficiency not only facilitates proper 

gonocyte cell cycle arrest in teratoma-susceptible mice, it also suppresses gonocyte retention 

of pluripotency (Lanza et al. 2016).

Sexual fate instability

Several lines of evidence suggest that the failure to execute male-specific programming on 

schedule is accompanied by embryonic female-like behaviors. For example, teratoma-

susceptible gonocytes inappropriately express meiotic genes, including Stimulated by 

retinoic acid 8 (Stra8) and Synaptonemal complex protein 3 (Sycp3) (Cook et al. 2011; 

Heaney et al. 2012). In rare instances, these gonocytes prematurely enter meiosis, 

progressing through the leptotene to early zygotene prophase stages. Like Cyclin D1, 
embryonic germ cell expression of these meiotic markers is normally restricted to pre-

meiotic oocytes (Beumer et al. 2000; Menke et al. 2003; Heaney et al. 2012). Deletion of 

Stra8 significantly reduces tumor incidence in 129 mice, further suggesting that unscheduled 

female-like gene expression plays a central role in GCT formation (Heaney et al. 2012).

The idea that the sexual identity of teratoma-susceptible gonocytes is compromised is further 

supported by the observation that several key male germ cell fate markers are absent (Cook 

et al. 2011). One of these markers is the male-specific transcription factor Doublesex and 

mab-3 related transcription factor 1 (DMRT1). Germ cells that lack Dmrt1 precociously 

enter meiosis in the embryo and form teratomas in adult 129 mice (Krentz et al. 2009; 

Krentz et al. 2013). Another example is NANOS2, a male-specific RNA-binding protein that 

plays an important role in achieving mitotic quiescence by repressing the meiotic gene 

expression program during embryogenesis (Suzuki and Saga 2008; Saba et al. 2014). In the 

absence of Nanos2, embryonic gonocytes abnormally enter meiosis – yet, no teratomas are 

observed in the adult, most likely because the analysis was carried out in the tumor-resistant 

C57BL/6J background. Whether or not teratomas form when the Nanos2 mutant allele is 

bred onto the 129/Sv background remains to be determined. In this regard, we find it 

intriguing that the NANOS2 protein physically interacts with Dead end1 (DND1) (Suzuki et 

al. 2016) because mutations in Dnd1 significant increase the rate of teratoma incidence in 

the 129/Sv background (Noguchi and Noguchi 1985; Youngren et al. 2005). Furthermore, 

expression of the autocrine factor NODAL, a TGF-β superfamily member and key inducer 

of Nanos2 expression in germ cells, is significantly reduced in 129/Sv gonocytes when 

compared to C57BL/6J gonocytes (Cook et al. 2011).

WHAT CAN THE FLY AND MOUSE STUDIES TELL US ABOUT HUMAN 

GCTS?

In humans, GCTs can arise in both the ovary and the testis, but malignant tumors occur 

much more frequently in males than in females. Indeed, testicular GCTs are among the most 

frequent malignancies in young men. Testicular GCTs represent 98% of all testicular cancer 
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cases, whereas ovarian GCTs account for only 1–3% of all ovarian malignancies. 

Gonadoblastoma, another rare type of GCTs, occurs in individuals with disorders of sex 

development. (For comprehensive reviews of germ cell malignancies in humans, see Dolci et 

al. 2015; Jørgensen et al. 2015; Gonzalez-Exposito et al. 2016; Litchfield et al. 2016; 

Rajpert-De Meyts et al. 2016).

Most testicular tumors can be classified either as a seminoma or non-seminoma. Seminoma 

is a homogeneous tumor composed of mitotically active, undifferentiated cells whereas non-

seminoma is a heterogeneous tumor composed of undifferentiated and differentiated cells. 

Non-seminomas can be further subdivided into teratomas (with differentiated somatic 

tissues) or yolk-sac tumors (with differentiated extra-embryonic tissues). Despite their 

differences, testicular seminomas and non-seminomas likely share a common etiology 

because they evolve from the same precursor cell, called germ cell neoplasia in situ 

(GCNIS); carcinoma in situ (CIS); intratubular germ cell neoplasia, unclassified (IGCNU); 

or testicular intraepithelial neoplasia (TIN) (Berney et al. 2016; Moch et al. 2016). GCNIS 

cells retain a number of characteristics of embryonic germ cells, including expression of the 

stem cell markers Nanog and Oct3/4 (Looijenga et al. 2003; Almstrup et al. 2004; Sonne et 

al. 2009; Alagaratnam et al. 2011), further suggesting that, as in mice and flies, 

dysregulation of the earliest steps of pre-meiotic germ cell development underlie 

tumorigenesis. Genome-wide association studies have also consistently noted that testicular 

GCT risk tracks with pathways required for germ cell development (Rapley et al. 2009; 

Kanetsky et al. 2009; Turnbull et al. 2010; Kanetsky et al. 2011; Kratz et al. 2011; Poynter et 

al. 2012; Chung et al. 2013; Ruark et al. 2013; Koster et al. 2014; Litchfield et al. 2015).

Several gene polymorphisms associated with an increased risk of testicular GCTs fall within 

the DMRT1 locus, in which defects were previously shown to cause GCTs in male mice. 

Sex-specific Dmrt1 expression in mice is necessary for controlling the timing of the mitotic-

meiotic switch, and is likely to play a similar role in humans (Jørgensen et al. 2012). An 

examination of DMRT1 and other sex-specific markers in human testicular GCNIS cells 

provides evidence that the sexual identity of these cells is compromised, and suggests that 

the failure to execute male-specific programming on schedule drives tumor initiation 

(Jørgensen et al. 2013). Thus, aberrant sexually dimorphic gene expression programming 

may be a critical feature of GCT initiation shared by flies, mice, and humans.

The risk for GCTs is greatest for individuals with gonadal dysgenesis (Jørgensen et al. 

2015), a term used for a unique set of disorders characterized by incomplete or defective 

formation of the testis or ovary. The most severe cases occur in individuals with disorders of 

sex development (DSD), who display genital ambiguity or are sex-reversed in relation to 

their chromosomal sex. At the other end of the spectrum are chromosomal and phenotypic 

males with testicular dysgenesis syndrome (TDS), a group of urogenital abnormalities 

including undescended testis and testicular atrophy. The strong association between gonadal 

dysgenesis and GCT risk suggests that disturbances in the surrounding somatic environment 

are responsible. This is certainly the case in Drosophila, where genetic studies have 

established that GCT formation can be caused by defective somatic-germ line 

communication. One of the key functions of the somatic gonadal cells in the mouse is to 

provide the sex-specific instructions to germ cells poised to either enter meiosis or mitotic 
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arrest. Thus, disturbances of the somatic environment during fetal development could disrupt 

the mitotic-meiotic switch, leading to GCT formation in humans, as it does in the mouse.

The risk for GCTs is lowest in women. Like their male counterparts, ovarian GCTs originate 

from GCNIS cells that retain characteristics of undifferentiated primordial germ cells, 

including continued expression of embryonic Nanog and Oct3/4 (Kraggerud et al. 2013). 

The presumed common cell-of-origin in males and females suggests that parallel 

mechanisms are responsible for oncogenic transformation. Why then are testicular GCTs 

significantly more frequent than ovarian GCTs? Once germ cells successfully enter meiosis 

in Drosophila, they are no longer able to dedifferentiate (Brawley and Matunis 2004; Kai 

and Spradling 2004), suggesting that this decision branch point imposes a developmental 

barrier to tumor formation. If the same is true for human germ cells, then GCTs might occur 

less frequently in females than in males because female germ cells enter meiosis during 

embryogenesis. Male germ cells, on the other hand, are not exposed to meiotic-inducing 

signals in utero; instead, the process of entering into mitotic arrest is thought to be gradual 

and asynchronous, as it is in the mouse (Western et al. 2008). This may leave male germ 

cells more vulnerable to oncogenic transformation for an extended period of time.

CONCLUDING REMARKS

Given the large evolutionary distances that separate humans, mice, and flies, it is not 

surprising that the tumors in the Drosophila ovary and the mouse testis do not fully 

recapitulate human GCTs; nevertheless, research in the fly and mouse experimental systems 

have revealed shared regulatory principles that have deepened our understanding of how 

GCTs form in humans. Yet, many important questions remain: Why are pre-meiotic germ 

cells uniquely vulnerable to oncogenic transformation? What are the steps in the germ cell-

to-tumor cell conversion pathway? What signals emanate from the somatic gonad to 

contribute to tumor initiation and/or progression? The answers to these, and other questions, 

will continue to provide the foundation needed for understanding GCT initiation in humans, 

and may, in the future, aid in their prevention, early detection, and treatment.
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Figure 1. 
Germ cell development in the Drosophila ovary. In the adult ovary, two to three germ-line 

stem cells (GSCs) give rise to cytoblasts (CBs), then divide four times to form 16-cell cysts. 

One cell within the 16-cell cyst undergoes meiosis and differentiates into an oocyte (not 

shown). The level of key regulatory proteins (illustrated as high or low) changes rapidly as 

the germ cell passes through each stage. Bam, Bag of marbles; pMad, phosphorylated 

Mothers against Decapentaplegic; Sxl, Sex-lethal.
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Figure 2. 
Germ cell development in the mouse testis. In the male embryo, the primordial germ cells 

(PCGs) give rise to quiescent gonocytes. At birth, the gonocytes give rise to spermatogonia 

stem cells (SSCs) that proliferate, enter meiosis, and differentiate into spermatids. The level 

of key regulatory proteins (illustrated as high or low) changes as the germ cell passes 

through each stage. Stra8, Stimulated by retinoic acid 8; Sycp3, Synaptonemal complex 

protein 3.
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Table 1

Drosophila GCT genes discussed in this review

Gene Function Select references

tkv Control of Dpp diffusion Luo et al. 2015

fused Control of BMP signaling Xia et al. 2010

smurf Control of BMP signaling Xia et al. 2010

mir-184 Control of BMP signaling Iovino et al. 2009

bam Differentiation
Sexual identity

McKearin and Spradling 1990
Shapiro-Kulnane et al. 2015

bgcn Required for bam function Ohlstein et al. 2000

mei-P26 Required for bam function Li et al. 2013

twin Required for bam function Fu et al. 2015

Sxl Required for bam function
Sexual identity

Chau et al. 2009
Shapiro-Kulnane et al., 2015

rbfox1 lineage progression towards oocyte/nurse cell choice Carreira-Rosario et al., 2016
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Table 2

Genetic variants that affect GCT incidence in the 129/Sv mouse

Gene Type of Variant

Increase vs 
Decrease 
incidence Function (in wild-type) References

Ago2Gt(XE344)Byg/Mmucd Engineered Knockout Increase Biogenesis of non-coding 
RNAs

Carouge et al. 2016

Apobec1tm1Ddsn Engineered Knockout Increase Cytidine deaminase Nelson et al. 2012

Chr19MOLF/Ei 

(Sf1Gt(XD130)Byg and 
unknown genes)

Chromosome substitution (Genetrap) Increase Sf1, pre-mRNA splicing Matin et al. 1999
Zhu et al. 2010

Dmrt1tm1.1Zark Engineered Knockout Increase Transcription factor Krentz et al., 2013

Dnd1Ter Spontaneous Point Mutation Increase RNA-binding protein Noguchi and Stevens 
1982 Youngren et al. 
2005

KitSl, KitSl-J, KitSl-gb Spontaneous Deletions Increase Ligand for KIT receptor Stevens 1967
Heaney et al. 2008

Nanos3tm2.1(cre)Ysa Cre Knockin Increase RNA binding protein Schemmer et al. 2013

Ptentm1Ppp & 
Ptentm2Mak floxed

Engineered Knockouts Increase Lipid phosphatase Di Cristofano et al 
1998
Kimura et al. 2003

Tfap2ctm1Hsc Engineered Knockout Increase Transcription factor Schemmer et al. 2013

Trp53tm1Brd Engineered Knockout Increase Tumor suppressor Harvey et al. 1993

Ay (Eif2s2Gt(XH413)Byg) Spontaneous Deletion (Genetrap) Decrease Translation initiation Stevens 1967
Heaney et al. 2009

A1cftm1Ddsn Engineered Knockout Decrease RNA binding co-factor of 
APOBEC1

Carouge et al. 2016

Ccnd1tm1Wbg Engineered Knockout Decrease Cell cycle, oncogene Lanza et al. 2016
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