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Abstract

Testicular germ cell tumors (TGCTs) lie at the intersection of cancer and devel-
opmental biology. These tumors arise from defects in germ cell development,
pluripotent primordial germ cells that fail to develop into normal male gametes.
To understand the developmental defects that allow these tumors to form, we
must study the developmental biology surrounding embryonic germ cell devel-
opment, specifically during sex specification. Fortunately, excellent mouse
models are available that recapitulate the pathology of the human disease. In this
chapter, we focus on what has been learned by studying embryonic germ
cell development in the 129/Sv inbred mouse model, and how this model is
contributing to the study of human TGCTs.
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10.1 Pathogenesis of Human Testicular Germ Cell Tumors

TGCTs represent three of the five types of germ cell tumors, as described by
Oosterhuis and Looijenga (2005) and recognized by the World Health Organization
(Ulbright et al. 2016): (Type I) the teratomas and yolk-sac tumors of newborns and
infants; (Type II) the seminomatous and non-seminomatous tumors of adolescents
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and young adults; and (Type III) the spermatocytic seminomas of the elderly
(Oosterhuis et al. 1997; Looijenga and Oosterhuis 2002). These three types of
TGCTs are classified based on chromosomal constitution and genomic imprinting,
in addition to epidemiology and clinical presentation. Type I infantile germ cell
tumors and Type III spermatocytic tumors are rare, with incidences of 0.2—0.3 per
million and 0.4 per million individuals for each respective age group (Carriere
et al. 2007; Ulbright et al. 2016). Type Il TGCTs are the most frequent type of solid
tumor diagnosed in Caucasian males 20—40 years of age in industrialized nations,
with incidences in the range of 6-11 per 100,000 individuals; however, Type II
TGCT incidences are much lower among non-whites in developing countries
(Ulbright et al. 2016).

10.1.1 Cell of Origin and Pathology of Human TGCTs

All type I germ cell tumors are proposed to arise from primordial germ cells (PGCs)
that have undergone immediate transformation into pluripotent embryonal carci-
noma cells (ECCs) and clinically manifest before puberty. These germ cell tumors
most often arise in the gonads but can also develop extragonadally, and are histo-
logically classified as teratomas, yolk sac tumors, embryonal carcinomas, and
mixed tumors, such as teratocarcinomas (teratomas with ECC elements; Fig. 10.1)
(Oosterhuis et al. 1997; Oosterhuis and Looijenga 2005). In teratomas all three
germinal layers are present (endoderm, mesoderm, and ectoderm). Additionally,
teratomas may be composed exclusively of well differentiated, mature tissues that
are typically benign, or have immature, fetal-like tissues that can be highly malig-
nant (Ulbright et al. 2016). The most common testicular neoplasm in children are
yolk sac tumors, which contain tissues that recapitulate the yolk sac, allantois, and
other extra-embryonic lineages (Kaplan et al. 1988).

Type I TGCTs arise from a precursor lesion, termed germ cell neoplasia in situ
(GCNIS) of the seminiferous tubules (Skakkebaek 1978; Ulbright et al. 2016)
(Fig. 10.1). GCNIS cells are positive for the kit receptor (KIT) (Rajpert-De Meyts
and Skakkebaek 1994) and the pluripotency factor POUSF1 (OCT4) (Palumbo
et al. 2002). However, GCNIS cells appear to not express all factors necessary to
establish a pluripotent state.

Although GCNIS originates during embryogenesis, Type II TGCTs clinically
manifest at or after puberty and are histologically subclassified as seminomas,
non-seminomas, or tumors of mixed seminoma and non-seminomas components.
The default pathway of Type II TGCTs is hypothesized to be from GCNIS towards
the development of a seminoma, which consists of undifferentiated, KIT/OCT4-
positive cells morphologically similar to GCNIS. The development of a non-sem-
inoma requires activation (reprogramming) of pluripotency in either a GCNIS cell
or a seminoma cell to establish ECCs (Oosterhuis and Looijenga 2005). Non-
seminomas are found as pure tumor types (teratomas, embryonal carcinomas, yolk
sac tumors, and choriocarcinomas) or as mixed tumor types, either as mixed non-
seminoma (including teratocarcinomas) or as mixed seminoma and non-seminoma
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Fig. 10.1 Cells of origin and pathogenesis of Type I and II testicular germ cell tumors (TGCTs).
Both Type I and Type II TGCTS arise during embryogenesis from primordial germ cells (PGCs).
In Type I TGCTs, embryonic germ cells are proposed to directly transform into pluripotent embry-
onal carcinoma cells (ECCs) , which form pure ECC tumors or differentiate to form teratomas or
yolk sac tumors. Testicular teratomas in 129 inbred mice are also proposed to arise from gonocytes
that directly transform into ECCs. However, evidence from both human and mouse studies suggest
that a transient germ cell neoplasia in situ (GCNIS)-like state may occur prior to ECC formation.
In Type II TGCTs, GCNIS precursor cells have been identified as the cell-of-origin. These cells
give rise to either seminomatous or non-seminomatous tumors. Non-seminomas are the result of
reprogramming of GCNIS, or potentially seminomatous tumor cells, into pluripotent ECCs, which
form pure ECC tumors or differentiate to form teratoma, yolk sac tumor, or choriocarcinoma. Non-
seminomas are generally found in mixed tumors (i.e. seminoma and non-seminoma components),
however, pure forms are also observed. Of the type Il TGCTs, 50% are pure seminomas and 30%
are non-seminomas, with the remaining percentage of tumors a mix of seminoma and non-
seminoma (Horwich et al. 2006). Percentages for Type | TGCTs and Type II Non-seminomas were
collected from several references (Krag Jacobsen et al. 1984; Mostofi et al. 1988; Howlader et al.
2012; Ulbright et al. 2016)

(Bahrami et al. 2007). Pure form embryonal carcinomas comprise only 2—10%,
while more than 80% of mixed tumors have embryonal carcinoma as a component
(Mostofi et al. 1988). Yolk sac tumors in adults are more often seen in mixed non-
seminomas, occurring in about 40% of non-seminomas (Ulbright et al. 2016).
Pure choriocarcinoma represents less than 1% (0.19%) of TGCTs; choriocarci-
noma is also found mixed with other germ cell tumor elements in 8% of TGCTs
(Krag Jacobsen et al. 1984).

Genomic imprinting studies suggest Type I and Type II TGCTs originate from
PGCs at different stages of development (van Gurp et al. 1994; Ross et al. 1999;
Bussey et al. 2001; Schneider et al. 2001). Type I teratomas and yolk sac tumors of
infants show a slightly different pattern of genomic imprinting (Ross et al. 1999;
Schneider et al. 2001), supporting the model that these tumors originate from an
earlier stage of germ cell development than Type II TGCTs. Based on genomic
imprinting patterns Type I teratomas and yolk sac tumors have been postulated to
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originate from an early PGC that has retained biparental epigenetic marks
(Oosterhuis et al. 1997; Oosterhuis and Looijenga 2005). Type II TGCTs are most
likely derived from a PGC blocked or delayed in maturation and with erased
genomic imprinting (Oosterhuis and Looijenga 2005). Changes in DNA methyla-
tion is a hallmark of most cancers, and like developing PGCs, changes in DNA
methylation status may contribute to genome instability to promote transformation
to ECCs. Interestingly, a significant difference in genome methylation has been
reported between seminomas (hypomethylated) and non-seminomas (hypermethyl-
ated) (Gillis et al. 1997; Smiraglia et al. 2002). The difference in methylation status
could reflect the pluripotent potential of each subtype and the capacity of the non-
seminomas to mimic embryonal and extra-embryonal development. Gene expres-
sion patterns of OCT4 and X-inactivation status in TGCTs support this theory
(Looijenga et al. 1997; Palumbo et al. 2002).

There is conflicting data as to whether GCNIS exists in both Type I and Type II
TGCTs. Several groups have reported that GCNIS is not observed in Type I TGCTs
and therefore is not a precursor of these tumors; transformed PGCs progress directly
to ECCs (Koide et al. 1987; Manivel et al. 1988, 1989; Soosay et al. 1991). Other
studies provide evidence that TGCTs of infants and young men share a common
precursor, and have documented GCNIS in Type I infantile teratomas (Stamp et al.
1993; Stamp and Jacobsen 1995). It is possible that GCNIS is a transient state of
tumor progression in Type I TGCTs and is more difficult to observe clinically in
fully developed tumors (Fig. 10.1). The transient state model is similar to that pro-
posed for transition of seminomas to non-seminomas, where a clinically manifested
seminoma stage may not be observed (de Jong et al. 1990).

Type III spermatocytic tumors display paternal patterning of genomic imprint-
ing, and therefore most likely do not have an embryonic origin but instead develop
from spermatocytes (Looijenga et al. 2006, 2007). This chapter focuses on the
pathogenesis and genetics of Type I and Type II TGCTs, which initiate during
embryogenesis. A review on Type III spermatocytic tumors is available (Looijenga
et al. 1994).

10.1.2 Comparisons of Cell of Origin and Pathology of TGCTs
in 129 Inbred Mice to Human TGCTs

Considering the embryonic origins of Type I and II of TGCTs, animal models are
critical for the study of tumor initiation and pathogenesis. The 129/Sv inbred strain
of mice has a spontaneous TGCT incidence between 5 and 10%. These spontaneous
tumors closely resemble human Type I infantile teratomas and share many patho-
logical characteristics with adult Type II non-seminomas. However, an animal
model that fully recapitulates all of Type II TGCT pathology has not been estab-
lished. In this chapter, we focus on what has been learned by studying embryonic
germ cell development in the 129/Sv inbred mouse model, and how this model is
contributing to the study of human Type I and I TGCTs.



10 Testicular Germ Cell Tumors and Teratomas 229

TGCTs in 129/Sv mice are first evident microscopically at E15 as foci of EC
cells, and macroscopically at 3—4 weeks after birth. (Stevens 1962, 1967a, b; Vos
et al. 1990; Rodriguez et al. 1992; Looijenga et al. 1998). Tumors evolve in tissue
type from being mainly comprised of EC cells in embryonic and neonatal mice.
Shortly after birth, tumors will contain both differentiated and embryonal tissues,
comprising a teratocarcinoma (Pierce et al. 1967; Matin et al. 1998). Most adult
germ cell tumors in mice are benign teratomas, however ECCs can persist, as evi-
dent by the ability to transplant primary tumor cells to the testis of adult mice to
form new tumors (Stevens 1958, 1981). Seminal studies from Leroy Stevens dem-
onstrated the transplantability of genital ridges from E12.5129/Sv mice into adult
testes to form teratomas, demonstrating the PGC as the originating cell of teratomas
in mice (Stevens 1967b). Curiously, ECCs morphologically resemble totipotent
cells of normal embryos (Pierce et al. 1967) and have similar developmental poten-
tial (Kleinsmith and Pierce 1964). ECCs are also similar to ES cells obtained from
the inner cell mass of blastocysts of normal preimplantation mouse embryos;
depending on the microenvironment ECCs can participate in normal mouse devel-
opment (Martin 1981). Blastocysts injected with in vivo passaged ECCs give rise to
chimeric offspring, demonstrating that ECCs can revert to aspects of normal devel-
opment (Martin 1981; Rossant and Papaioannou 1984; Chadalavada et al. 2007).

It has been suggested that GCNIS is not the TGCT precursor lesion in 129/Sv
mice, and similar to Type I infantile teratomas, TGCTs in mice also develop directly
from the transformation of PGCs to ECCs (around E15) (Walt et al. 1993). However,
as suggested from the human Type I TGCTs data, GCNIS in mice may be a transient
stage that is not observed in developed tumors. Curiously, atypical gonocytes resem-
bling GCNIS of humans have been observed in mice (Stevens and Bunker 1964;
Walt et al. 1993). These abnormal cells have been disregarded as GCNIS because
they are present in both TGCT susceptible (129/Sv) and nonsusceptible mouse
strains, and in the nontumorigenic grafts of experimentally induced TGCT studies.
However, the pro-survival, anti-apoptotic environment of the 129/Sv background
may be required for tumor progression beyond GCNIS, which will be discussed in
detail later.

10.2 Human TGCT Chemoresistance

TGCTs are highly treatable (>95% cure rate) by surgery, radiation, and platinum-
based (e.g. cisplatin) chemotherapy, which induces apoptosis through DNA damage
(Bosl and Motzer 1997; Horwich et al. 2006). However, there are limited treatment
options for patients that demonstrate platinum resistance, a group for whom the long-
term survival rate decreases to 10-15% (Mayer et al. 2003; Horwich et al. 2006;
Nitzsche et al. 2012). Several hypotheses have been proposed to explain both the
exceptionally high sensitivity of TGCTs to platinum-based therapy and the evolution
of resistance in a small subset of tumors (Litchfield et al. 2016). One of the most
convincing models for TGCT hypersensitivity to platinum is active (or even upregu-
lated) TP53 mediating apoptotic responses to DNA damage (Gutekunst et al. 2011).
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Unlike most solid tumors, mutations in 7P53 are extremely rare in TGCTs (Litchfield
et al. 2016; Taylor-Weiner et al. 2016). The mechanisms driving platinum resistance
remain unclear and are likely to involve genetic and epigenetic changes. Targeted
analysis of mutational hotspots have identified chemoresistant-specific mutations in
PIK3CA, AKTI, RAS, and FGFR3 in a subset of tumors (Feldman et al. 2014).
Moreover, whole exome sequencing of two treatment resistant TGCTs identified
mutations in the DNA repair gene XRCC2, suggesting that activation of DNA repair
pathways and the corresponding suppression of apoptosis induced by DNA damage
may induce chemoresistance (Litchfield et al. 2015c). Finally, CCNDI overexpres-
sion in TGCTs, as well as other tumor types, has been associated with cisplatin resis-
tance (Noel et al. 2010). The role of CCND1 in promoting cell cycle progression and
suppression of apoptosis has been proposed to mediate resistance (Zhou et al. 2009).
Curiously, a recent analysis of teratomas and transformed carcinomas that devel-
oped chemoresistance revealed a loss of pluripotency marker expression (NANOG
and POUSFI), suggesting that tumor differentiation drives resistance (Taylor-
Weiner et al. 2016). In agreement with these genetic findings, in vitro studies
employing human EC cell lines demonstrated that retinoic acid-induced differentia-
tion, and the resulting loss of NANOG and POUSF 1 expression, increased cisplatin
resistance (Abada and Howell 2014). Moreover, cisplatin alone was sufficient to
reduce pluripotency gene expression and induce resistance to itself. Importantly,
this same study demonstrated that enforced expression of NANOG can suppress
cisplatin resistance. How differentiation facilitates chemoresistance has not been
directly tested. However, the link between differentiation and resistance to apopto-
sis in pluripotent cell types has been proposed as the underlying mechanism for
resistance (Abada and Howell 2014). Importantly, these findings may explain the
overall sensitivity of undifferentiated seminomas and resistance of differentiated
non-seminomas to systemic therapy (Oosterhuis and Looijenga 2005).

10.3 Genetic Contributions to TGCTs

10.3.1 Genetic Susceptibility and Human Genome-Wide
Association Studies

There is a strong genetic component of human TGCTs, indicated by a high familial
index (Lindelof and Eklund 2001) and significantly elevated relative risk of sons
and brothers of affected individuals (Heimdal et al. 1996; Bromen et al. 2004; Chia
et al. 2009). The heritability of TGCTs is third highest among all cancers, with
genetic effects accounting for nearly 50% of risk (Heimdal et al. 1997; Czene et al.
2002; Litchfield et al. 2015d). Traditional genetic studies of candidate gene
approaches and linkage analysis have been hampered by the genetic complexity of
TGCT development and the lack of multigenerational pedigrees with affected indi-
viduals (Rapley et al. 2000; Nathanson et al. 2005; Crockford et al. 2006). In con-
trast, recent genome-wide association studies (GWAS) have identified approximately
25 genomic intervals (loci) associated with TGCT risk (Kanetsky et al. 2009, 2011;
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Rapley et al. 2009; Turnbull et al. 2010; Kratz et al. 2011; Poynter et al. 2012;
Andreassen et al. 2013; Chung et al. 2013; Ruark et al. 2013; Litchfield et al. 2015a).
These loci have provided considerable new insights into testicular germ cell tumori-
genesis, implicating genes involved in PGC specification and/or sex differentiation
(DAZL, PRDM 14, HPGDS DMRTI, and ZFPM1), including the KIT-KITLG sig-
naling pathway (KITLG, SPRY4, BAKI, GAB2), and genes involved in microtubule
assembly (TEXI14, CENPE, PMF1, and MADILI), DNA repair (RAD51C and
RFWD3), apoptosis (BAKI, CLPTMIL, and GSPTI) and telomerase regulation
(TERT, ATF7IP, and PITX1I) (Litchfield et al. 2015a). The strong genetic compo-
nent to TGCTs is underlined by the per-allele odds ratios (ORs) for TGCT suscep-
tibility loci, which are often in excess of 2.5, among the highest reported in GWAS
of any cancer type (Chanock 2009). The TGCT-associated SNP rs995030 (in
KITLG) has the strongest effect of all common SNPs for which a statistically sig-
nificant association with a cancer phenotype has been reported (Welter et al. 2014).
Notably, TGCT susceptibility loci interact in an additive rather than epistatic man-
ner and are predominantly dominant; SNP variants identified often represent the
common allele in the population.

Historically, none of the loci identified in GWAS show significant differences in
effect on tumor risk when comparing Type II seminomas and non-seminomas
(Kanetsky et al. 2009; Rapley et al. 2009; Rapley and Nathanson 2010; Turnbull
et al. 2010; Ruark et al. 2013; Litchfield et al. 2015b). The absence of a difference
between seminoma and non-seminoma is rather remarkable, as additional GWAS
are conducted, sample sizes are now sufficiently powered to detect a difference in
these two subgroups (Litchfield et al. 2015b). Follow-up studies investigating risk
alleles have not yet identified associations with histological subtype (Karlsson et al.
2013). However, the absence of difference between seminoma and non-seminoma
for assessing risk with GWAS TGCT loci is not surprising, considering both tumor
types arise from the same cell of origin. Additionally, at least 10-15% of TGCT
tumors identified are of mixed pathology (Gori et al. 2005; Horwich et al. 2006) and
bilateral and familial cases do not show evidence of clustering within histological
subtype or display histological similarity greater than that expected by chance
(Forman et al. 1992; Mai et al. 2010). Despite the diversity in Type Il TGCT sub-
types, these findings provide further evidence that there is relative uniformity and
complexity in the genetics of susceptibility. The genetic similarity between TGCT
histological subtypes can most likely be attributed to the germ cell origin of TGCTs
and early pathogenesis of the disease.

10.3.2 Genetic Susceptibility in 129/Sv Mice

The development of spontaneous TGCTs in 129/Sv mice but not in other inbred
mouse strains denotes the complex genetic component of TGCT susceptibility. Classic
genetic approaches, such as segregating crosses between 129/Sv and other strains,
have failed to identify susceptibility loci in 129 mice, due to the complex genetic
interactions required for tumor initiation (Matin et al. 1999; Muller et al. 2000;
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Table 10.1 Published genetic variants that affect TGCT susceptibility in 129/Sv mice

Gene/locus | Function in wild-type Mutation | TGCT (%) | Reference

129/Sv Unknown Control 3-10 Stevens and Hummel (1957)

Trp53 Cell cycle, apoptosis Knockout | 15, 35* Harvey et al. (1993)

MI19 SF1 deficiency; CSS 24, 802 Matin et al. (1999) and Zhu
unknown et al. (2010)

Pten Lipid phosphatase Knockout | 100° Kimura et al. (2003)

Dndl RNA binding and editing | Nonsense |17, 94* Youngren et al. (2005) and

Cook et al. (2011)

Kitl KIT receptor ligand Deletion | 14¢ Heaney et al. (2008)

Dmrtl Transcription factor Knockout |4, 90* Krentz et al. 2009)

Eif2s2 Translation initiation Deletion | 36°¢ Heaney et al. (2009)

MI8 Unknown CSS 0° Anderson et al. (2009)

Apobecl RNA binding and editing | Deletion | 4° Nelson et al. (2012)

Nanos3 RNA binding and editing | Deletion | 45¢ Schemmer et al. (2013)

Tfap2c Transcription factor Deletion | 82¢ Schemmer et al. (2013)

Ago2 RNA interference Knockout | 1-4¢ Carouge et al. (2016)

Alcf APOBECI1 Knockout | 2-5¢ Carouge et al. (2016)
complementation factor

Cendl Cell cycle regulator Knockout | 65,294 Lanza et al. (2016)

CSS, chromosome substitution strain
“Heterozygotes and homozygotes, respectively
"Homozygotes

‘Heterozygotes

dAllele surveyed on M19 CSS

Anderson et al. 2009; Zhu and Matin 2014). In segregating crosses between 129/Sv
and other strains, only 1 affected male was found among more than 11,000 progeny
tested, which is consistent with as many as 15 different genes that interact to control
TGCT susceptibility (Stevens and Mackensen 1961; Stevens 1967a, 1981; Matin
et al. 1998, 1999; Jiang and Nadeau 2001). The low frequency of affected males
(0.01%) in the segregating population precludes analysis of TGCT susceptibility with
standard genetic approaches. However, specific genetic mutations introduced on the
129/Sv background have been shown to modify TGCT susceptibility (Table 10.1). A
modifier gene, unlike a susceptibility gene, is not required or sufficient to induce a
phenotype, but instead interacts with susceptibility genes to alter the penetrance of a
phenotype (Heaney and Nadeau 2008). All of the genetic variants listed are at least
partially dependent on the 129/Sv background to modify TGCT incidence, and will
not cause TGCTs when congenic on other inbred mouse backgrounds. Modifier genes
allow researchers to explore the genetic basis for susceptibility and provide avenues to
characterize the genes and pathways involved in tumorigenesis.

The 129/Sv inbred strain has been used as a model of Type I TGCTs, considering
the similarities in tumor emergence, pathology, and the seeming lack of GCNIS.
However, parallels can be drawn between the spontaneous tumors observed in mice
and Type II non-seminomas. It is interesting to consider the susceptibility genes
KITLG and DMRTI identified in human GWAS susceptibility loci were first
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discovered to contribute to TGCT susceptibility in 129/Sv mice (Heaney et al. 2008;
Krentz et al. 2009). Additional studies in mice might be able to shed light to the
initial commonality and the eventual dichotomy in the evolution of Type I and Type
II TGCTs.

10.3.3 Chromosomal Abnormalities, Fusion Genes, and Single
Nucleotide Variants in Type | and Type Il TGCTs

As mentioned previously, human Type II TGCT GWAS have identified several sus-
ceptibility loci that harbor genes with roles in microtubule assembly, attachment of
chromosomes to spindle microtubules, and alignment of chromosomes at the meta-
phase plate (Litchfield et al. 2015b). Telomerase function and DNA damage repair
genes have also been identified in susceptibility loci of human TGCT GWAS
(Turnbull et al. 2010; Kanetsky et al. 2011; Chung et al. 2013; Ruark et al. 2013).
Together these observations implicate correct chromosomal segregation and desta-
bilization of the genome in TGCT pathogenesis and may explain the karyotype
evolution characteristic of TGCT progression.

A number of chromosomal abnormalities have been identified in different Type I
and Type Il TGCTs (Kraggerud et al. 2002; von Eyben 2004). Intriguingly, a pattern
begins to emerge while studying the different abnormalities identified between
TGCT types and subtypes. Foremost, Type I infantile teratomas (and coincidently
teratomas in 129 mice) are nearly diploid (Kommoss et al. 1990; Hoffner et al.
1994; Silver et al. 1994; Stock et al. 1994; Bussey et al. 1999, 2001; Mostert et al.
2000; Schneider et al. 2001). However, Type I yolk sac tumors are aneuploid and
have chromosomal abnormalities distinct from Type II TGCTs (Hoffner et al. 1994;
Silver et al. 1994; Stock et al. 1994; Bussey et al. 1999; Mostert et al. 2000).
Chromosomal aberrations often seen specifically in Type I yolk sac tumors include
overrepresentation of regions of chromosomes 1, 12, 20, and 22, and an underrep-
resentation of parts of chromosomes 1, 4, and 6 (Mostert et al. 2000; Schneider et al.
2001). However, the contribution of these chromosomal abnormalities to tumor ini-
tiation and progression are not known.

Ploidy of Type II seminomas and non-seminomas progresses from tetraploid (in
GCNIS), to hypertriploid (in seminomas) and finally hypotriploid (in non-
seminomas) (Oosterhuis et al. 1989; de Jong et al. 1990; Vos et al. 1990; de Graaff
et al. 1992; Bosl and Motzer 1997; von Eyben 2004). This karyotype evolution is
consistent with a model of multipolar cell division starting from a tetraploid tumor
stem cell population (Frigyesi et al. 2004). In both seminomas and non-seminomas,
loss of chromosomes 4, 5, 11, 13, 18, and Y, and gain of chromosomes 7, 8, 12, and
X are observed (Castedo et al. 1989; Rodriguez et al. 1993; van Echten 1995;
Ottesen et al. 1997; Summersgill et al. 1998; Looijenga et al. 2000; Kraggerud
et al. 2002). However, gains in chromosomes 15 and 22 are more specific to semi-
nomas, whereas gain of chromosome 17 and loss of chromosome 10 have been
more closely associated with non-seminomas, suggesting that particular chromo-
some losses or gains may be involved in establishing Type II TGCT subtypes
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(Kraggerud et al. 2002). Of all the chromosomal abnormalities observed in Type 11
TGCTs, gains in a region of chromosome 12 (12p) may be the most important to
TGCT progression, with at least one study showing that ~70% of TGCTs harbor
12p amplifications (Litchfield et al. 2015c¢; Taylor-Weiner et al. 2016). The vast
majority of these amplifications are due to one or more copies of isochromosome
12p (i(12p)) (Atkin and Baker 1983; Looijenga et al. 2003c). Importantly, most
studies have demonstrated that premalignant GCNIS with no adjacent invasive
tumor does not harbor 12p amplifications, in particular i(12p); however, malignant
GCNIS has been identified with 12p amplifications (Summersgill et al. 2001;
Ottesen et al. 2003). Therefore, i(12p) is not required for TGCT initiation, but plays
an important role in the transition from a noninvasive to invasive phenotype. Of
note, 12p harbors several candidate genes (e.g. KRAS, NANOG, and STELLAR)
whose roles as oncogenes and pluripotency/stem cell regulators may promote
tumorigenesis when overrepresented (Oosterhuis and Looijenga 2005).

Evidence for smaller somatic mutations such as fusion genes or transcripts, sin-
gle nucleotide variants (SNVs), and interval deletions contributing to TGCT patho-
genesis is beginning to emerge. Hoff et al. used next-generation RNA sequencing to
analyzed human EC cell lines and nonmalignant ES cell line controls for fusion
genes or aberrant fusion transcripts (Hoff et al. 2016). Eight novel fusion transcripts
and one gene with alternative promoter usage were identified in the EC cell lines.
Intriguingly, four of the nine transcripts were found to be recurrently expressed in
primary Type II TGCTs, including GCNIS and EC tumor stem cells, suggesting
putative roles as driver mutations. However, whether these fusions contribute to
germ cell transformation (tumor initiation), disease progression/metastasis, or both
remains to be determined. Litchfield et al. (2015¢) employed whole-exome sequenc-
ing of 42 Type Il TGCTs and matched normal blood samples to identify somatic
SNV and copy number driver mutations. Reoccurring SNV mutations were observed
in only two genes (KIT, 14% of TGCTs and CDC27, 11.9% of TGCTs). KIT muta-
tions were concentrated in seminomas (31%), which has been previously reported
in studies utilizing targeted sequencing (Kemmer et al. 2004; Mclntyre et al. 2005).
Overall, nonsynonymous mutation rates were found to be low compared to other
cancers. Two previously undescribed, reoccurring amplifications involving FSIP2
and a region of the X chromosome were also discovered with both occurring in 15%
of TGCTs. However, copy number gain in chromosome region 12p was by far the
most common amplification observed (71% of TGCTs). This dataset was subse-
quently used to determine whether somatic mutations reoccur in genes within four
TGCT susceptibility loci associated with inherited risk (Litchfield et al. 2015a).
Only reoccurring events within the susceptibility locus on chromosome 11 (dele-
tions encompassing GAB2 and USP35) were observed (7% of the TGCTs).
Therefore, even though TGCT susceptibility loci are important determinants of
inherited risk, somatic mutations within these loci appear to be rare.

Importantly, the whole-exome sequencing studies by Litchfield et al. were pow-
ered to detect recurrent mutations having a tumor-associated frequency greater than
15% (84% power) (Litchfield et al. 2015c). Therefore, it is unlikely that additional
high frequency driver mutations exist in TGCTs other than KIT SNVs or
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chromosome 12p amplifications. Two additional whole-exome sequencing studies
(Brabrand et al. 2015; Cutcutache et al. 2015), using smaller sample sizes, also
found a low incidence of nonsynonymous mutations in TGCTs with little evidence
for high frequency driver mutations. Therefore, most somatic mutations observed in
TGCTs are either passengers of the tumorigenic process or oncogenic factors in
only a small subset of TGCTs. Importantly, these mutations are likely to be drivers
of TGCT progression rather than initiation, as they most likely occur after the tumor
stem cell population is established. TGCT data are currently under analysis for The
Cancer Genome Atlas (TCGA) project (Chin et al. 2011). Once analysis of whole-
exome, whole-genome, copy number variation (CNV), and microarray data from a
larger cohort of patient tumor and control samples is complete, the mutational land-
scape of TGCTs will become more apparent.

Based on the strong heritable component, the evolving genome, and the low
somatic mutation rates observed in TGCTs, a model of tumor susceptibility (initia-
tion) and progression is beginning to emerge. TGCT initiation appears to be primar-
ily caused by genetic factors inherited through the germline (i.e. common SNP
variants) working in combination possibly with environmental factors, which pre-
disposes embryonic germ cell transformation into ECCs. Once ECCs are estab-
lished, the TGCT genome can evolve over time, gaining or losing chromosomal
components and accumulating SNVs and gene/transcript fusions. Together these
somatic mutations influence disease progression (e.g. development of a specific
tumor subtype) and metastasis. Such a model can explain the higher incidence of
aneuploidy and somatic mutations observed in post-pubertal Type II TGCTs com-
pared to infantile Type I TGCTs. Type II TGCTs may simply accumulate more
genetic abnormalities during the latency period between tumor stem cell develop-
ment in the embryo and tumor expansion after puberty. Importantly, inherited
genetic factors within TGCT susceptibility loci harbor genes associated with chro-
mosome segregation and DNA repair. These risk alleles may be the cause of the
evolving karyotypes and infrequent somatic mutations of TGCTs. Importantly, this
tumor initiation/progression model contrasts those for spontaneous cancers in other
tissues, such as the colon (Davies et al. 2005), in which accumulation of somatic
mutations are the primary drivers of tumor initiation and progression, and inherited
genetic factors modulate disease risk and severity.

The evolving model of tumor susceptibility has been largely supported by data
uncovered in GWAS. These studies provide ample opportunity for identifying risk
loci, but fail to provide an avenue for validation. As mentioned previously, two
genes first characterized as modifiers of TGCT incidence in 129/Sv mice, Kitl and
Dmrt1 (Heaney et al. 2008; Krentz et al. 2009), were also later identified as suscep-
tibility loci in human GWAS (Kanetsky et al. 2009, 2011). This overlap highlights
the similarity between mouse and human TGCT genetic susceptibility and patho-
genesis, and suggests that additional genes in susceptibility loci identified in human
TGCT GWAS may also be modeled as modifiers of TGCT incidence in mice. The
ultimate goal of mouse models of human disease is to translate genetic alterations
in mice to identical alterations in humans. To study tumor development in mice, a
basic understanding of the normal developmental biology is critical to place in
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Fig. 10.2 (a) Schematic of the development of mouse PGCs through the four major phases:
Specification, migration, licensing, and sex specification. EXE, extra-embryonic ectoderm; Epi,
epiblast; Al, allantois. (b) Temporal expression patterns of key genes and developmental events
involved in specification and epigenetic reprogramming of mouse PGCs. The green bars represent
the expression of indicated genes associated with PGC specification; orange bars represent the
expression of the chromatin modifiers and methylation status; light blue bars represent the expres-
sion of pluripotency genes; pink and dark blue bars indicate female and male specific events,
respectively. Figure adapted from several references (Saitou et al. 2012; Bustamante-Marin et al.
2013; Moshfegh et al. 2016; Saitou and Miyauchi 2016), data as revealed by immunohistochemis-
try and other methods (Seki et al. 2005, 2007; Hajkova et al. 2008; Popp et al. 2010). Extensive
remodeling of additional histone modifications occurs in the genital ridges at around E11.5, during
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context the defects leading to tumorigenesis. We will present an overview of germ
cell development, and then discuss the key disruptions in male germ cell develop-
ment that contribute to testicular germ cell tumorigenesis.

10.4 Mouse Germ Cell Development and the Embryonic
Origins of Tumorigenesis

For reference, Fig. 10.2 summarizes the main developmental time points and key
gene expression patterns associated with mouse germ cell development. Additionally,
time points associated with published deficiencies associated with tumor formation
and the potential formative windows for TGCT development are also illustrated.

10.4.1 Primordial Germ Cells

PGCs originate from the proximal epiblast cells of the mouse at embryonic day (E)
6.5, in response to bone morphogenetic protein (BMP)4 signaling from the extra-
embryonic ectoderm at ~E6.0 (Lawson et al. 1999; McLaren 2000; Surani 2001).
BMP4 pathway signaling induces the expression of Fragilis, defining the portion of

PR
<

Fig. 10.2 (continued) the rapid genome demethylation (Hajkova et al. 2008; Hajkova et al. 2010).
Interestingly, Oct4 (Pou5f1) has continuous RNA expression even beyond E15.5, while Sox2 and
Nanog are reactivated during GC specification and downregulated again starting at E14.5.
However, OCT4 protein is not detected by immunofluorescence in gonocytes by E15.5 (Western
et al. 2010). Blimpl (Prdml), PR domain containing 1, with ZNF domain; Prdmi4, PR domain
containing 14; Dppa3 (Stella), developmental pluripotency-associated 3. (¢) Expression patterns
of key genes in XY germ cells during male sex specification. Purple bars indicates concomitant
expression in both sexes, dark blue bars, male, and pink bars, female. Licensing of PGCs by Daz/
is a key event (Lin and Page 2005; Gill et al. 2011) for upregulation of genes involved in the male
specification pathway, such as Nanos2 (Tsuda et al. 2003; Suzuki and Saga 2008) and Dnmt3]
(Bourc'his et al. 2001), or female specification pathway (Stra8, Rec8) (Menke et al. 2003; Koubova
et al. 2014). Other factors produced from somatic cells serve to initiate expression of key genes for
sex specification, such as Fgf9 expression in males and Wn#4 in females, starting at E11.5 (Lin and
Capel 2015). Somatic signaling from the Tgfp pathway, including Activin, serves to initiate mitotic
arrest and induces male fate in XY germ cells through p38 MAPK and SMAD2 (Miles et al. 2012;
Wau et al. 2013, 2015). The black boxes with red outline indicate published defects observed in
TGCT-susceptible gonocytes during sex specification (Kimura et al. 2003; Krentz et al. 2009;
Cook et al. 2011; Heaney et al. 2012; Lanza et al. 2016); see text for in-depth discussion. (d)
Postulated windows during which defects could accumulate to initiate tumorigenesis at E15.5. For
example, defects during migration are known to occur, through the presence of extragonadal
tumors observed in human neonates and children. Kit and Kit/ are critical components to the migra-
tion of PGCs from the primary streak through the hindgut to the genital ridge (Mahakali Zama
et al. 2005; Kunwar et al. 2006). GWAS have implicated several variants in or around KITLG
(Kanetsky et al. 2009; Rapley et al. 2009; Kratz et al. 2011). Epigenetic abnormalities could occur
during PGC migration or pre-sex specification, which could result in the misexpression of genes
during the wrong developmental window. Altered microenvironments within the gonad during
male specification, such as inappropriate exposure to meiosis-promoting factors or insufficient
expression of meiosis-inhibiting factors, could also provide avenues for TGCT initiating events
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embryonic mesoderm with germ cell competence (Saitou et al. 2002). During PGC
specification, the majority of epiblast cells are being pushed towards somatic fates
and losing pluripotency (Kurimoto et al. 2008). High Fragilis-expressing cells
induce Stella, to repress Homeobox gene expression and differentiate themselves
from their somatic neighbors (Saitou et al. 2002). However, subsequent studies have
demonstrated that neither Stella nor Fragilis are required for PGC specification
(Payer et al. 2003; Lange et al. 2008; Saitou 2009).

BMP4 signaling also induces the expression of two transcriptional regulators,
Prdml (also known as Blimpl, PR domain containing 1, with ZNF domain) and
Prdml4, in the most proximal epiblasts at ~E6.25 and E6.5, respectively. BLIMP1-
and PRDM 14-positive cells progress to form a cluster of ~40 alkaline phosphatase
(AP)-positive PGCs at the base of the incipient allantois at ~E7.25 (Ginsburg et al.
1990; Ohinata et al. 2005, 2009; Vincent et al. 2005; Yamaji et al. 2008). Blimp1 is
exclusively expressed in founder PGCs and required for PGC specification (Ohinata
et al. 2005; Vincent et al. 2005). BLIMP1 and PRDM 14 work in concert to achieve
repression of the somatic program, genome-wide epigenetic reprograming, and re-
acquisition of potential pluripotency in PGCs (Saitou et al. 2008; Yamayji et al. 2008;
Saitou 2009).

Epigenetic reprogramming in newly specified PGCs goes beyond suppression of
the somatic program by BLIMP1 and PRDM14. In early PGCs, histone methylation
markers and de novo methylases Dnmt3b, Dnmt3a and UhrfI are transcriptionally
repressed (Kurimoto et al. 2008; Sasaki and Matsui 2008). Changes in genome-
wide DNA methylation, removal of histone H3 lysine9 dimethylation (H3K9me2),
and acquisition of high levels of tri-methylation of H3K27 (H3K27me3) occur just
prior and continue throughout PGC migration, processes that might be crucial for
the maintenance of potency in the germline (Seki et al. 2005). During migration,
PGC methylation sites at imprinted loci are maintained (Hajkova et al. 2002; Lee
et al. 2002), however, other studies have identified a heterogeneous “reprogram-
ming” in a cell-by-cell manner (Hajkova et al. 2002; Lee et al. 2002; Lane et al.
2003; Seki et al. 2007; Hajkova et al. 2008). After arriving at the genital ridge PGCs
undergo rapid genome-wide demethylation to cause reactivation of the inactivated
X-chromosome in females, imprinted loci no longer retain methylation marks, and
most transposable elements are demethylated by E13.5 (Surani 2001; Hajkova et al.
2002; Li 2002; McLaren 2003; Hayashi and Surani 2009). Extensive reviews on
epigenetic reprogramming in PGC specification and maintenance have been pub-
lished (Surani et al. 2007; Sasaki and Matsui 2008; Saitou et al. 2012).

Pluripotency is maintained in PGCs through approximately E13.5 (Yamaguchi
et al. 2005; Western et al. 2010), which is evident from the ability to generate
embryonal germ cells (EGCs) and ES cells from PGCs in vitro (Matsui et al. 1992;
Pesce and Scholer 2000). At E12.5 PGCs can be cultured to generate alkaline
phosphatase-positive, specific embryonic antigen 1 (SSEA1)-positive cells resem-
bling undifferentiated embryonic stem cells that can be transplanted to form terato-
mas in nude mice (Matsui et al. 1992). Critical to the maintenance of pluripotency
PGCs express the gene Pou5fl (Oct4), which is expressed exclusively in PGCs
starting at E7.5 through spermatogenesis up to the onset of spermatogenic
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differentiation (Scholer 1991; Pesce et al. 1998; Pesce and Scholer 2000). BMP4
signaling also controls the activity of the Oct4 distal enhancer in founder PGCs dur-
ing germ cell specification (Yeom et al. 1996; McLaren 1999; Pesce and Scholer
2000). Oct4 expression is also necessary for survival of migrating PGCs in later
stage embryos (Kehler et al. 2004).

10.4.2 PGC Migration

Beginning around E10.5-E11.5, PGCs complete their migration along the midline
through the hindgut to arrive at the genital ridge (McLaren 2000). While migrating,
the PGCs greatly increase in number by proliferating, relying on the c-kit/stem cell
factor signal transduction pathway for continued proliferation and migratory guid-
ance to the genital ridge (Matsui et al. 1990; Sutton 2000). Correspondingly,
embryos homozygous for mutations in genes coding for either the receptor (W) or
the ligand (Steel) are deficient in PGCs (McLaren 2000). By E11.5, the genital ridge
is clearly defined from the mesonephros, thereby preventing any subsequent
migration.

10.4.3 Sex Specification and the Mitotic: Meiotic Switch

After arriving in the genital ridge, PGCs continue proliferating for the next 2-3 days
to expand the germ cell pool, going from tens to hundreds at their inception in the
primary streak to over 12,000 PGCs per colonized gonad at E13.5 (Mintz and
Russell 1957; Tam and Snow 1981). It is during this time period that germ cells,
now termed gonocytes or oogonia, commit to either a male or female fate (respec-
tively) and enter G1/GO mitotic arrest or initiate meiosis (the mitotic:meiotic
switch), respectively (McLaren 1984). These sex-specific developmental events are
controlled by cues from the somatic environment. In normal development, Sry
expression in somatic cells at E10.5 causes the upregulation of Fgf9 and Sox9 to
signal XY PCGs to begin suppression of the female pathway (Kim et al. 2006;
Sekido and Lovell-Badge 2008). Somatic cells increase proliferation during this
peak of Sry expression (Hacker et al. 1995). Blocking this somatic proliferation
disrupts the male pathway of development (Schmahl et al. 2000; Schmahl and Capel
2003) and inhibits the survival of the XY PGCs by preventing the eventual enclo-
sure of germ cells and somatic cells in specific germ cell compartments (Byskov
1986). This chapter does not go into the differentiation of supporting somatic cells
outside the context of male germ cell specification. For more information, excellent
reviews have been published on cell fate commitment during sex determination
(Park and Jameson 2005; Lin and Capel 2015).

FGF9 signaling from somatic cells induces the upregulation of the Nodal/Activin
pathway in PGCs around E12.5 (Spiller et al. 2012; Wu et al. 2013). Activins and
Nodal are members of the transforming growth factor p (TGFp) superfamily of
morphogens (Oshimori and Fuchs 2012). TGFp family members play important
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roles in gonadal development in both sexes (Munsterberg and Lovell-Badge 1991;
Yi et al. 2001; Nicholls et al. 2009; Moreno et al. 2010; Mendis et al. 2011). Activins
and Nodal, with co-receptor CRIPTO, can signal through the same receptors and
effectors to regulate transcription (Pauklin and Vallier 2015). In gonocytes co-
expression of Cripto and Nodal generate a positive feedback loop to sustain NODAL
signaling and expression of downstream targets Leftyl and Lefty2, which display
peak expression at E13.5 (Spiller et al. 2013). Expression of Nodal and Cripto at
this time serves to maintain pluripotency in the XY germ cell population, and in the
absence of NODAL/CRIPTO signaling, pluripotency potential of the gonocytes is
reduced (Spiller et al. 2012). FGF9 signaling from Sertoli cells to gonocytes also
helps to transiently maintain expression of pluripotency genes Oct4 and Sox2, prior
to mitotic arrest (Bowles et al. 2010). Nodal has previously been shown to maintain
Nanog expression in early embryos and pluripotent cells (Mesnard et al. 2006;
Vallier et al. 2009). Recent studies have also indicated a role of NODAL signaling,
and its activation of SMAD2 and p38 MAPK pathways, in promoting male differ-
entiation through the induction of Nanos2 expression (Wu et al. 2013). In the
absence of NODAL/Activin signaling, XY germ cells will enter meiosis (Souquet
et al. 2012; Miles et al. 2013). TGFp and Activin signaling are required to ensure
correct mitotic arrest in XY germ cells (Moreno et al. 2010; Mendis et al. 2011;
Miles et al. 2013; Wu et al. 2015).

Germ cells activate the G1-S phase cell cycle checkpoint in a gradual and unsyn-
chronized manner due to a shift in the expression of positive and negative regulators
of the G1-S phase transition. Prior to entry into mitotic arrest, germ cells express
cyclins E1 and E2 (CCNE1/2) and cyclin D3 (CCND3), which form complexes
with cyclin dependent kinases 2 (CDK?2) and 4 or 6 (CDK4/6), respectively (Western
et al. 2008). These cyclin-CDK complexes hyperphosphorylate (inactivate) retino-
blastoma protein 1 (pRB1), leading to de-repression of E2F transcription factors
and activation of genes required for progression into S phase (Deshpande et al.
2005; Western et al. 2008; Spiller et al. 2010). Cyclin D-CDK4/6 complexes also
promote the G1-S transition through the sequestration of cyclin E-CDK2 inhibitors
p27%¥®! (CDKNI1B) and p21¢®*! (CDKN1A) (Deshpande et al. 2005). Mitotic arrest
is initiated around E13.5 through decreases in expression of CCNE1/2 and CCND3
and increases in expression of p27%¥"! and cyclin D-CDK4/6 inhibitors p15™kB
(CDKN2B) and p16™&4A (CDKN2A), which result in hypophosphorylation (activa-
tion) of pRB1, suppression of E2F transcriptional activity, and gonocyte transition
into G1/GO arrest (Western et al. 2008). These negative regulators of the cell cycle,
in addition to TGF/Activin signaling and Prostaglandin D, signaling (Moniot et al.
2014) ensure the proper mitotic arrest in male gonocytes. Additional factors or a
master regulator may be in control of the switch between mitotic arrest and meiosis
(Adamah et al. 2006; Feng et al. 2014).

In addition to proper signaling to initiate mitotic arrest, checks and balances exist
in the male gonad to prevent premature meiosis. Sertoli cell differentiation and the
establishment of testis cords are critical to prevent XY germ cells from entering
meiosis (Byskov 1978). If a male genital ridge is disaggregated and reaggregated at
E11.5, testis cords do not develop and all the PGCs enter the oogenesis pathway
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(McLaren and Southee 1997; Adams and McLaren 2002). These studies investigat-
ing sex specification in the mouse ovary and testis postulated a “meiosis inducing
substance” to be responsible for the initiation of meiosis, which was subsequently
blocked in the testis around E12.5-E13.5, when germ cells commit to a sex specific
pathway (McLaren and Southee 1997). Subsequent studies would identify this
meiosis-inducing substance as retinoic acid, which normally induces genes such as
Stra8 to initiate meiosis in the XX fetal ovary (Bowles et al. 2006; Koubova et al.
2006; Koubova et al. 2014) and is sufficient to initiate meiosis in the fetal testis
ex vivo (Trautmann et al. 2008). An extensive review on the influence of retinoic
acid in sex specification of embryonic germ cells was presented by Bowles and
Koopman (2010).

Exposure to retinoic acid is a tightly regulated process in the developing mouse
gonad, critical for the mitotic:meiotic switch in gonocytes between E13.5 and
E15.5. During this time period, female oogonia are exposed to a wave of retinoic
acid to induce expression of Stra8, which mirrors the anterior-to-posterior wave of
retinoic acid and initiates meiotic differentiation that lasts for 4 days (E12.5-E16.5)
(Menke et al. 2003). During the same developmental period in male gonocytes,
CYP26B1 degrades retinoic acid, thereby blocking STRAS8 expression to prevent
the initiation of meiosis (Menke and Page 2002; Bowles et al. 2006; Koubova et al.
2006; Vernet et al. 2006; MacLean et al. 2007). To further inhibit Stra8 expression
as CYP26B1 levels begin to decline and to promote the male germ cell differentia-
tion program, Nanos2 expression is activated in male gonocytes at E14.5 (Suzuki
and Saga 2008; Barrios et al. 2010; Bowles et al. 2010). NANOS?2 represses meiosis
and the female differentiation pathway in embryonic male germ cells independent
of the expression of Nanos3 (Suzuki et al. 2007; Suzuki and Saga 2008; Barrios
et al. 2010). NANOS proteins are evolutionary conserved RNA-binding proteins,
involved in post-transcriptional RNA metabolism via their binding to target mRNAs
in germ cells (Kadyrova et al. 2007). Interestingly, Nanos2 is required for normal
male germ cell differentiation, as evident by the lack of rescue of male differentia-
tion gene expression at E15.5 in Nanos2/Stra8 double knockout mice (Saba et al.
2014a). These data suggest that Nanos2 plays larger role in male germ cell develop-
ment than inhibiting retinoic acid.

By E15.5 male gonocytes should have committed to mitotic arrest and should be
expressing genes associated with male germ cell differentiation (e.g., Nanos2,
Dnmit3l, Piwil4/Miwi2, Tdrd9, and Mili) (Shovlin et al. 2007; Aravin et al. 2008;
Shoji et al. 2009). Following initiation of mitotic arrest at E13.5, male gonocytes
normally downregulate expression of pluripotency factors (e.g. Oct4, Nanog, and
Sox2) (Pesce et al. 1998; Avilion et al. 2003; Yamaguchi et al. 2005; Western et al.
2010). Accordingly, downregulation of Nodal expression is observed starting at
E14.5 (Spiller et al. 2012), which supports the role of Nodal expression in transiently
maintaining pluripotency. From the misregulation of mitotic arrest and the failure to
downregulate pluripotency, male gonocytes in the 129 mouse strain are susceptible
to develop into TGCTs. To note, misregulation of mitotic arrest and retention of
pluripotency have also been proposed to cause TGCTs in humans (Palumbo et al.
2002; Looijenga et al. 2003b; Rajpert-De Meyts et al. 2004; Spiller et al. 2012).
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10.5 TGCTumorigenesis in the 129 Inbred Strain of Mice:
Dysfunctional Germ Cell Development

10.5.1 Failure to Enter into Mitotic Arrest

Delayed entry into G1/G0 mitotic arrest has been linked with susceptibility to tera-
toma formation in the 129/Sv inbred strain of mice (Stevens 1964, 1967a; Noguchi
and Stevens 1982; Matin et al. 1998). Many of the genetic modifiers that increase
129/Sv tumor incidence of 129/Sv characterize this failure to enter mitotic arrest as
sustained proliferation through the mitotic:meiotic switch to E15.5: Noguchi and
Stevens identified in genital ridge grafting experiments that sub-strains of 129/Sv
with increased incidence of teratoma formation also exhibited a longer period of
proliferation compared to 129/Sv sub-strains with lower teratoma frequency
(Noguchi and Stevens 1982). Populations of germ cells in males of the 129-Chr19MOLF
Ei (M19) chromosome substitution strain, which has a tenfold tumor incidence com-
pared to wild-type 129/Sv mice (Matin et al. 1999), still proliferate at E15.5, as
evident by KI67 expression (Heaney et al. 2012). Mice with homozygous deletions
of Trp53 and Pten also exhibit increased TGCT incidence, which underlies the role
of cell cycle control in TGCT tumorigenesis (Harvey et al. 1993; Kimura et al.
2003; Western 2009). Importantly, several other genes that regulate male germ cell
entry into mitotic arrest may influence TGCT susceptibility. Mice deficient for Dazl,
a gene critical for germ cell development and survival of XY germ cells, have a few
surviving germ cells that display sustained proliferation and retained pluripotency
(Lin and Page 2005). Of note, DAZL is located near one of the TGCT risk loci iden-
tified in human TGCT GWAS. Mice deficient for genes involved in prostaglandin
D, synthesis, Ptgds and Hpgds, show increased proliferation of gonocytes at E13.5
through E15.5, compared to wild-type controls (Moniot et al. 2014). HPDGS is also
located near a human TGCT GWAS risk locus. Therefore, in both mice and humans,
a pro-proliferative germ cell program appears to be a central component of TGCT
initiation.

Germ cell entry into G1/GO mitotic arrest during the mitotic:meiotic switch is
dependent on coordinated alterations in the expression of positive and negative reg-
ulators of the G1-S phase transition (Western et al. 2008). During embryogenesis,
D-type cyclin expression is primarily restricted to CCND3 in male germ cells
(Beumer et al. 2000; Western et al. 2008). Curiously, even though its expression
decreases during the mitotic:meiotic switch, CCND3 protein persisted in FVB
gonocytes through at least E17.5, a time point at which these cells are quiescent.
Thus, expression of negative regulators of the G1-S transition must be sufficient to
counteract residual D-type cyclin expression to induce G1/S mitotic arrest (Beumer
et al. 2000). A sufficient increase in the ratio of positive to negative regulators of
G1-S cell cycle progression during the mitotic:meiotic switch might tip the balance
toward proliferation rather than mitotic arrest. It has been previously demonstrated
that Ccndl expression levels are significantly higher in TGCT-susceptible gonocytes
(Heaney et al. 2012); Ccndl expression is normally restricted to differentiating
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postnatal spermatogonia (Beumer et al. 2000). Furthermore, more recent data has
revealed that Ccndl is the only G1-S phase cyclin upregulated in TGCT-susceptible
gonocytes at E15.5, the time point at which ECCs are first evident (Lanza et al.
2016). Ccndl-deficiency permitted TGCT-susceptible gonocytes to activate the
G1-S cell cycle checkpoint and induce G1/G0 mitotic arrest in a more developmen-
tal stage-appropriate manner, as evident by phospho-pRB1 and KI67 immunostain-
ing of E14.5 and E15.5 gonocytes. Thus, cyclin D1 appears to be the G1-S phase
cyclin delaying mitotic arrest of TGCT-susceptible gonocytes. While Ccndl-
deficiency was not sufficient to prevent tumor initiation in TGCT-susceptible gono-
cytes, the misexpression of CCND1 in embryonic germ cells represents a severe
consequence of the larger developmental defect present in 129/Sv mice, which per-
mits spontaneous germ cell tumorigenesis.

Mutations of other genetic modifiers of the 129/Sv background, in addition to
delayed mitotic entry, also display alterations in genes controlling the G1-S check-
point. Dnd1™”%" mutants on a 129/Sv background fail to express the negative regu-
lators of the cell cycle p275F! and p21¢"" at E14.5, while expression of both proteins
is detected in wild-type littermates (Western et al. 2008, 2011; Cook et al. 2011).
DNDI1 has been postulated to promote translation of P27%! | in addition to NANOS2,
which would directly link Dndl to male differentiation and cell cycle control
(Western 2009; Cook et al. 2011). DmrtI null mutants on the 129/Sv background
have decreased expression of the negative regulators of the cell cycle, p18™&%* and
pl19™# and DMRTI has been shown to bind to the promoter of p79™%* in E13.5
testes (Krentz et al. 2009). Therefore, misregulation of entry into mitotic arrest is
affected in multiple modifiers of TGCT incidence, highlighting this checkpoint as a
critical step in tumorigenesis.

10.5.2 Failure to Repress Pluripotency

Retention of pluripotency has been shown to play an important role in TGCT initia-
tion. In normal PGCs of both TGCT-resistant and susceptible mice, pluripotency is
maintained through E13.5, as evident by the expression of NANOG and other plu-
ripotency genes (Heaney et al. 2012). In TGCT-susceptible mice, gonocytes that fail
to enter mitotic arrest continue to express pluripotency factors through the transition
to ECCs (Kimura et al. 2003; Krentz et al. 2009; Cook et al. 2011). TGCT-susceptible
gonocytes have significantly increased expression levels of NANOG at E15.5
(Heaney et al. 2012). Importantly, signaling pathways involving OCT4 and NANOG
have been implicated in TGCT initiation in humans (Looijenga et al. 2003a; Clark
et al. 2004; Oosterhuis and Looijenga 2005).

The germ cell specification gene DAZL has been shown to regulate pluripotency
in both mouse and human. Forced overexpression of Dazl in ES cells, in the absense
of LIF, promotes germ cell differentation and in germ cells meiotic induction; Dazl
deficiency results in germ cell apoptosis and infertility (Lin and Page 2005; Kee
etal. 2009; Yu et al. 2009; Medrano et al. 2012). Another gene involved in regulating
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pluripotency in mouse embryonic germ cells, PRDM 14, has also been shown to
regulate the expression of OCT4, NANOG, and SOX2 in human embryonic stem
cells (Tsuneyoshi et al. 2008; Chia et al. 2010). Both DAZL and PRDM 14 have been
identified in LD with risk loci from human TGCT GWAS (Ruark et al. 2013).

The maintenance of pluripotency in germ cells has also been linked to tumor
susceptibility in mice. The transcription factor Dmrt1 (doublesex and mab-3 related)
has been shown to control pluripotency by regulating transcription of several genes,
including Sox2 (Krentz et al. 2013), and its deficiency is sufficient to induce tumors
on the 129/Sv inbred background (Krentz et al. 2009). Studies have also demon-
strated a direct relationship of the maintenance of pluripotency to active NODAL/
CRIPTO signaling, and an overexpression of Nodal signaling components in
TGCTs (Spiller et al. 2012, 2013). In normal development, NODAL/Activin signal-
ing directly affects pluripotency, male differentiation, and entry into meiosis in XY
germ cells (Mendis et al. 2011; Souquet et al. 2012; Spiller et al. 2012; Miles et al.
2013; Wu et al. 2013). Decreased NODAL/CRIPTO signaling leads to significant
increases expression of male differentiation makers, such as pl5™#* and Dnmt3l
(Spiller et al. 2012). Notably, CRIPTO was first identified in a human EC cell line
(Ciccodicola et al. 1989), and NODAL signaling components are overexpressed in
human TGCTs (Spiller et al. 2012).

It has not been determined whether retention of pluripotency is regulated inde-
pendently of failed mitotic arrest in TGCT-susceptible gonocytes. The tumor initia-
tion capacity of ECCs is dependent upon their pluripotent capacity (Gidekel et al.
2003). Retention of both proliferation and pluripotency therefore appear to be nec-
essary for germ cell transformation into ECCs. There are varying data in normal
gonocytes as to whether mitotic arrest and downregulation of pluripotency in gono-
cytes are linked or independently regulated. Miles et al. previously demonstrated
that Activin signaling from somatic cells and autocrine NODAL signaling induces
gonocytes to enter into mitotic arrest and transiently maintain pluripotency, respec-
tively (Miles et al. 2013). Separate studies showed that subsequent loss of NODAL
expression by gonocytes facilitates suppression of pluripotency (Spiller et al. 2012).
Thus, aspects of mitotic arrest and suppression of pluripotency are independently
regulated.

Importantly, retention of pluripotency is, at least in part, dependent on the misex-
pression of genes that promote G1-S cell cycle progression, such as Cendl. Cendl-
deficiency suppressed TGCT-susceptible gonocyte pluripotency during the
mitotic:meiotic switch (Lanza et al. 2016). In both ES and ECCs, rapid transition
through G1 into S phase facilitates the maintenance of pluripotency (Filipczyk et al.
2007; Singh and Dalton 2009). A short G1 and long S phase promotes the euchro-
matic state of chromatin and suppresses differentiation, which preferentially occurs
during the G1 phase in pluripotent cells (Mummery et al. 1987; Jonk et al. 1992;
Herrera et al. 1996). Moreover, recent data demonstrate that pRB1 directly binds to
the regulatory regions the core components of pluripotency (Oct4, Nanog, Sox2)
and suppresses their expression (Kareta et al. 2015). Therefore, regulation of the
cell cycle may contribute to retention of pluripotency observed in TGCT-susceptible
gonocytes.
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10.5.3 Pro-survival, Anti-apoptotic Microenvironment
for Aberrant Germ Cell Proliferation

By E15.5 all male gonocytes should have entered mitotic quiescence, to eventually
reinitiate proliferation and differentiate to form the spermatogonial lineage after
birth (McLaren 1984). As previously discussed, TGCT susceptibility is only
observed in mice on the 129 inbred background. To date, it is unclear as to why
TGC tumorigenesis is possible on the 129 strain, but not other inbred mouse strains.
This sensitivity issue has been addressed using the 7er mutation in Dndl (dead end
homolog 1) on both 129/Sv and non-TGCT susceptible strains. The increase in the
occurrence of teratomas in 129 mice caused by the 7er mutation was first reported
in 1973 (Stevens 1973). Intriguingly, the Ter mutation also causes a dramatic loss of
germ cells in both sexes in all genetic backgrounds, which led eventually research-
ers to identify 7er as a nonsense mutation in the gene Dndl (Asada et al. 1994;
Youngren et al. 2005). The loss of germ cells in Dnd1™”%" mice is consistent with
the early defect in germ cell specification (Noguchi et al. 1996).

It has been postulated that more efficient cell death pathways might protect cer-
tain strains by eliminating errant germ cells prior to tumor initiation (Bustamante-
Marin et al. 2013). Apoptosis of fetal germ cells through a BAX-dependent
mechanism has been postulated in the absence of teratomas in C57BL/6 mice with
mutations in known 129 susceptibility genes (Cook et al. 2009). To test this hypoth-
esis, a mutation in the pro-apoptotic gene Bax was introduced into mice of several
genetic backgrounds carrying the Dnd1™" mutation. Bax-deficient mice had partial
rescue of the germ cell loss phenotype in all strains (Cook et al. 2009) and a high
incidence of teratomas was detected in double mutant Dnd 17", Bax~~ and Dnd1""”
Tr. Bax™* mice on mixed genetic backgrounds, where teratomas were not seen in
the absence of the Bax mutation. However, on a pure C57BL/6 background where
~50% of germ cells were rescued, no teratomas were seen, even in double mutants
(Cook et al. 2011). These data underlie the complex control needed in the regulation
of apoptosis in male germ cell development.

The anti-apoptosis phenotype is involved in the pathology of human TGCTs as
well. Human GWAS have identified a susceptibility locus in humans that falls
within an intron of the gene BAKI (BCL2-antagonist/killer 1). BAK1 promotes
apoptosis by antagonizing the apoptosis repressor activity of BCL2 and other anti-
apoptotic proteins (Yan et al. 2000; Rapley et al. 2009). Therefore, a direct link
between TGCT susceptibility in mouse and humans can be established by the appar-
ent need to establish a pro-survival environment for transformed germ cells to
evolve into TGCTs.

Additional studies in mice sampling gene expression differences in E14.5 XY
gonocytes identified cell cycle regulators, apoptotic pathways, and tumor suppres-
sors to be among the genes enriched in C57BL/6 compared to 129/Sv (Cook et al.
2011). These findings suggest that increased expression of factors that promote cell
cycle arrest or apoptotic pathways prior to mitotic arrest in gonocytes may be suf-
ficient to prevent teratoma formation, even in the presence of mutations that pro-
mote the transformation of germ cells. A better understanding of the genetic basis
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for the pro-survival phenotype in 129/Sv tumor susceptibility versus the apoptosis-
driven C57BL/6 TGCT resistance could lead to the identification of additional
genetic factors/modifiers that contribute to the developmental defects in 129/Sv
mice that permit testicular germ cell tumorigenesis.

10.5.4 Altered Epigenetic States

As previously described, Blimpl, Prdmi4, and a third transcriptional regulator,
Tfap2c (also known as AP2y or Tcfap2c), specify PGCs by inducing DNA demeth-
ylation and histone remodeling, repressing the somatic cell program, and establish-
ing a naive pluripotent expression profile (Saitou and Yamaji 2010). Expression of
Blimpl ceases at E11.0 as PGCs migrate into the gonad, whereas expression of
Prdml14 and Tfap2c continues through the mitotic:meiotic switch (E13.5-14.5)
(Yamaji et al. 2008; Weber et al. 2010). Blimp1, Prdmi4, and Tfap2c expression is
observed during comparable developmental periods in humans (Saitou and Yamaji
2010). Genetic experiments indicate that each factor is essential for germ cell speci-
fication (Saitou et al. 2003; Yamaji et al. 2008; Weber et al. 2010). Additionally,
Prdmi4 suppress early somatic tissue specification genes (e.g. Fgfrl and Fgfr2),
DNA methyltransferases (e.g. Dnmt3a and Dnmrt3b), and mediators of G1-S phase
transition (e.g. Ccndl), and activates germ cell specification genes (e.g. Nanos3,
Dmrtl, & Tfap2c) and mitotic arrest factors (e.g. Dnd1) (Yamaji et al. 2008; Grabole
et al. 2013; Magnusdottir et al. 2013; Yamaji et al. 2013). PRDM 14 has also been
identified in linkage disequilibrium with risk loci from human TGCT GWAS (Ruark
et al. 2013). A recent study showed that Tfap2c haploinsufficiency increases TGCT
incidence in 129/Sv mice by tenfold (Schemmer et al. 2013). Historically, Tfap2c
haploinsufficiency does not cause TGCTs in C57B1/6 mice (Werling and Schorle
2002; Weber et al. 2010). These results suggest that haploinsufficiency for Tfap2c
has phenotypic consequences only in the context of 129 developmental defects that
cause TGCT initiation.

Genome-wide demethylation of 5-methylcytosine sites occurs during normal
PGC development. Interestingly, expression of de novo Dnmt3A and Dnmt3L meth-
yltransferases are required for germ cell viability; Male mice that lack Dnmt3L are
viable but sterile, with a complete absence of germ cells in adult males (Bourc'his
et al. 2001). Additionally, Dnmt3L is required for normal imprinting of male germ
cells, and normal male meiosis, but is not expressed in spermatocytes (Bourc'his
and Bestor 2004). There is some evidence that there are strain-specific differences
in the establishment of new methylation imprints, 129/Sv mice have been shown to
establish new imprints more slowly than C57BL/6 mice (Davis et al. 2000; Durcova-
Hills et al. 2006). While it remains to be elucidated whether the methylation states
merely reflects the pluripotency of TGCTs or are part of the changes leading to
tumorigenesis, it is interesting to consider epigenetic changes contributing to TGCT
formation.
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10.6 Remaining Questions

TGCTs are highly treatable with platinum-based chemotherapy. However, current
treatment regimens cause long-term side effects including hearing loss, cardiovas-
cular disease, cognitive impairment, and infertility (Horwich et al. 2006; Oldenburg
et al. 2007b; Kraggerud et al. 2013). Moreover, long-term prognosis markedly
worsens as the disease progresses with the potential for metastasis and there are
limited alternative treatment options for patients that demonstrate platinum resis-
tance. Thus, improvements in risk assessment, screening, and alternative treatment
options remain important and the social, emotional, and medical costs remain high.
Over the last decade, significant improvements in our understanding of the develop-
mental origins, inherited risk factors, and somatic mutations that contribute to
TGCT initiation and progression have been made. However, despite these advances
several important questions remain to be answered regarding TGCT pathogenesis.
The answers to these questions will not only provide us with a clearer understanding
of the basic biology and genetics of TGCTs, but also may provide targets for more
efficacious screening and treatment paradigms.

What are the genetic risk factors for chemoresistance and the morbidities of
platinum treatment? As previously discussed, a subset of TGCTs are resistant to
platinum-based chemotherapy agents and the long-term outlook for individuals
with these tumors is bleak. By contrast, for those patients whose tumors do respond
to treatment, there are significant long-term survivorship issues (associated mor-
bidities) resulting from platinum-based treatment (Singhera et al. 2012; Bujan et al.
2013; de Haas et al. 2013). Although evidence is beginning to emerge for inherited
genetic risk factors and somatic mutations that determine chemoresistance
(Litchfield et al. 2016; Taylor-Weiner et al. 2016) and predisposition to treatment
morbidities (Peters et al. 2000; Oldenburg et al. 2007a), much still remains to be
learned.

How does genomic instability start? Although the karyotypes of developed
TGCTs have been well characterized, the origin and progression of chromosomal
abnormalities is unclear. What promotes nuclear instability, when do chromosomal
abnormalities first evolve, and how do karyotypic abnormalities contribute to tumor
progression remain unanswered questions. Unfortunately, it is difficult to study
human TGCTs during the early stages of tumorigenesis; such studies are possible in
mice.

Observations from investigations using both human tissue samples from TGCTs
and ECC lines have led researchers to suggest that the polyploidization observed in
GCNIS and TGCT (Atkin and Baker 1983; Kraggerud et al. 2002; Skotheim et al.
2002; Adamah et al. 2006; Rajpert-De Meyts 2006; Rajpert-de Meyts and Hoei-
Hansen 2007) might be a result of confused meiosis signaling (Adamabh et al. 2006;
Jorgensen et al. 2013). Additionally, Jorgensen et al. hypothesize that germ cells
with highly expressed genes located on 12p and 17q (human) that are frequently
amplified in TGCT, especially in non-seminomas, could be among the genetic
abnormalities that escape normal DNA repair checkpoints. GCNIS cells and TGCT
cells do not complete meiosis, which could be the result of concurrent expression of
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CYP26B1 and NANOS?2 in addition to the high expression of pluripotency factors.
Again, germ cells may be responding to the conflicting signals present in the sur-
rounding microenvironment after ensuing genomic instability, as postulated in the
mouse (Bustamante-Marin et al. 2013).

Sexual disorders in humans, conditions that often blur morphological differences
between testis and ovary (Hughes et al. 2006), increase the risk of an individual
developing TGCTs (Muller et al. 1985; Looijenga et al. 2010; Pleskacova et al.
2010; Cools et al. 2011; Jorgensen et al. 2015). In the gonads of patients with sexual
development disorders, immature germ cells persist as the supporting niche is not
able to provide the appropriate environment for germ cell development. Based on
evidence in mice, under-development of the somatic niche in the testis has also been
associated with increased frequency of GCNIS (Skakkebaek et al. 2001; Hoei-
Hansen et al. 2003).

The dysregulation of the mitotic:meiotic switch and inappropriate exposure of
male gonocytes to retinoic acid has influenced researchers to screen for
GCNIS. These studies utilize human tissue samples from adult testes and testicular
tumors, and diagnostic biopsies from young boys with sex chromosome aneu-
ploidy to monitor for GCNIS. Several human studies have also demonstrated the
role of retinoic acid and its contribution to the disruption of meiosis regulation in
the progress towards TGCT development (Childs et al. 2011; Jorgensen et al. 2012,
2013, 2015).

How do defects at the mitotic:meiotic switch interplay to promote tumorigene-
sis? The concurrent timing of aberrant proliferation, the mitotic:meiotic switch, and
sex specification may provide clues to what signals are dysregulating the
mitotic:meiotic switch and driving TGCT initiation in 129 mice. It has been previ-
ously shown that oogonia in both TGCT-resistant and susceptible mouse strains
transiently express Ccndl from E12.5 to E15.5, just prior to initiating meiosis.
Ccndl misexpression in TGCT-susceptible gonocytes occurs at the same develop-
mental time-points that Ccndl is normally expressed in pre-meiotic oogonia
(Heaney et al. 2012). These observations suggest that either a signal normally
restricted to the developing ovary is aberrantly active or that activation of genes
important to male gonocyte specification is delayed in the TGCT-susceptible testis.
In the ovary, oogonia expression of Ccndl coincides with RA induction of Stra8
expression and the meiotic program from E13.5 to E15.5 (Koubova et al. 2006). In
the embryonic testis RA is normally degraded by CYP26B1 expressed by Sertoli
cells, prevents Stra8 induction and inhibits meiosis in gonocytes. However, recent
evidence from Cyp26b1 and Stra8 double knockout mice, in which RA signaling is
constitutively active in the embryonic testis but meiosis cannot be initiated, demon-
strated that RA also has a Stra8-independent, pro-proliferative influence on gono-
cytes (Saba et al. 2014b). Importantly, this same study revealed that RA induced the
expression of several genes normally restricted to pre-meiotic oogonia and adult
spermatogonia, including Ccndl, Ngn3, and Stra8. It has been previously demon-
strated that these same genes are misexpressed by TGCT-susceptible gonocytes
(Heaney et al. 2012). Furthermore, p15™&* which is downregulated in TGCT-
susceptible gonocytes, was found to be inhibited in the gonocytes of Cyp26b1 and
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Stra8 double knockout mice (Cook et al. 2011; Saba et al. 2014b). Thus, an aberrant
RA signal could be altering the expression of positive and negative regulators of the
G1-S transition and delay the mitotic arrest of gonocytes in 129/Sv testes.

Interestingly, Cyp26b1/Stra8 double knockout mice have rescued initiation of
male differentiation, but still fail to enter mitotic arrest, similar to Cyp26b1 single
knockout mice (Saba et al. 2014b). Therefore, the failure to enter mitotic arrest is
not linked to an alternate pathway to initiate meiosis through the activation of StraS.
Intrinsic male gonocyte differentiation factors acting together with aberrant RA
may be sufficient in the Cyp26b1/Stra8 double knockout mice to cause a failure of
mitotic arrest. Convincingly, overexpression of NANOS?2 in XX germ cells is suf-
ficient to suppress meiosis and induce male specification (Suzuki and Saga 2008).
In XY germ cells that are deficient for both Nanos2 and Stra8, normal male germ
cell development is not rescued (Saba et al. 2014a), suggesting a possible role for
Nanos?2 in several aspects of sex specification in male gonocytes, in addition to the
suppression of meiosis.

As alluded earlier, sex specification is intimately related with the developmental
defects that contribute to the initiation of TGCTs in mice. The male or female speci-
fication pathways direct signaling from the microenvironment to control PGC spec-
ification, from E10.5, through the mitotic:meiotic switch starting at E13.5 to E15.5.
The antagonism between signaling from female pathways for the induction of meio-
sis and normal male differentiation has been suggested for several decades (Wai-
Sum and Baker 1976; McLaren 1984; Vigier et al. 1987; Yao et al. 2003; Kim et al.
2006). Additionally, studies in the mouse have postulated that decreased efficiency
of intercellular somatic-germ cell signaling may lead to decreased activation of the
male specification pathway and escape from induction of apoptosis. This hypothesis
is exemplified in the reported differences in morphology of testis cords between
TGCT-susceptible and resistant mouse strains; the 129 testes displayed large testis
cords containing numerous germ cells, while C57Bl/6 testes had significantly
smaller testis cords and fewer germ cells per cord (Western et al. 2011). Ideally,
germ cells that are exposed to any aberrant signal are most likely removed by apop-
tosis. However, if the timing and the environment are just right, perhaps these
mixed-up gonocytes initiate TGCTs.

As previously discussed, FGF9 signaling is also essential for XY germ cell sur-
vival and commitment to male specification (DiNapoli et al. 2006). Fgf9-null mice
undergo sex reversal (Colvin et al. 2001; Schmahl et al. 2004; Bowles et al. 2010),
but normal male differentiation can be rescued by deleting Wnt4 (Colvin et al. 2001;
Kim et al. 2006). Conversely, loss of Wnt4 creates a partial sex reversal in XX
gonads, and is not rescued by deleting Fgf9, indicating that FGF signaling is not
necessary for the partial male characteristics developed in XX Wn#4-null gonads
(Jameson et al. 2012). Thus, the pathways are not simply in opposition of each
other, secondary components act in the male lineage to downregulate female path-
ways and promote male differentiation. This may provide insight as to how the “just
right” condition comes about to promote tumor development in the face of preexist-
ing developmental abnormalities.
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Why has there been such an increase in TGCTs in the last 50 years? In this chap-
ter, there has been a lengthy discussion of the genetic and developmental defects
that give rise to TGCTs. But is there an environmental component that increases the
prevalence of TGCTs? Studies have also found increased male reproductive health
risks of undescended testis and hypospadias, and deteriorating semen quality in
certain demographics and geographical regions (Skakkebaek et al. 2001).
Xenoestrogens and other endocrine disrupting compounds may be to blame.
Furthermore, the development of TGCTs has been linked to several disorders of
gonadal development and sexual differentiation, which hints back to dysregulation
of germ cell development. With a steady increase in incidence of Type Il TGCTs in
the last 40 years (Bernstein et al. 1999), in utero exposure to environmental factors
may be interacting with genetic predispositions to disrupt normal germ cell devel-
opment. (For more information on the discussion of the environment and hormone
disruptors in spermatogonial development, refer to the chapter by Pat Hunt).
Considering the large genetic component of developing TGCTs and the limited
number of studies available to elucidate environmental risk, one could speculate
that even a low risk of genetic susceptibility to developing TGCTs could interact
with increased exposure to environmental triggers to increase rates of TGCTs.

How does epigenetics contribute to tumorigenesis? One of the areas that remains
to be explored in the mouse model is the contribution of epigenetic changes to the
genomic instability interacting with the developmental defects in the 129 back-
ground. There is evidence to reduced methylation contributing to increased malig-
nancy of tumors in mice (Fraga et al. 2004), which may be the result of chromosomal
instability. Reduced methylation has been shown to result in chromosomal instabil-
ity in human glioblastomas (Cadieux et al. 2006) and colon cancers (Rodriguez
et al. 2006). Hypomethylation of specific DNA sites is also associated with an
erased (removed) pattern of genomic imprinting, found to be able to induce cancers
in mice, related to the TRP53 and TGFp pathway (Holm et al. 2005). Curiously, a
few of the genes in susceptibility loci identified by GWAS, Dmrtl and Prdmi4,
function to maintain epigenetic states in the developing PGC. DMRT1 functions as
a DNA methylase (Krentz et al. 2009) and PRDM 14 maintains a naive pluripotent
state by regulating DNA methylation (Leitch et al. 2013; Okashita et al. 2014).
Considering the genome-wide demethylation that occurs during PGC specification,
changes in methylation may be the initial instability that goes on to interact with the
developmental defects, ultimately giving rise to TGCTs in 129 mice.

Germ cells that transform into ECCs, what switch is thrown? As PGCs begin sex
specification around E11.5, these pluripotent cells have an increased capacity for
teratoma formation. Seminal studies from Leroy Stevens demonstrated the high
success rate (75-80%) in grafting genital ridges from E11.5 or E12.5129 mice into
adult testes to form teratomas. As development progresses, however, the incidence
of teratoma formation steeply declines as the age of the genital ridge increases.
Grafted genital ridges from E13.5 embryos results in 16% teratoma incidence, and
incidence falls to <10% from E14.5 or later (Stevens 1966). What signals can be
received by nearly all E11.5 PGCs to transform these cells to ECCs, but can only
transform a fraction of E13.5 gonocytes? From Steven’s studies, the window for
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exposing germ cells with developmental defects to the adult male signaling environ-
ment to induce tumor formation occurs prior to E13.5; starting at E13.5 gonocytes
are refractory to ECCs transformation in an altered signaling environment. The tim-
ing of the mitotic:meiotic switch in this same developmental window has lead
researchers to explore altered male and female germ cell specification as clues to
inducing tumorigenesis.

10.7 Conclusion

The 129 inbred mouse model has provided a generous amount of insight to the
pathology and etiology of TGCTs. There has been debate as to the applicability of
this mouse model to the most common cancer in adolescent and young adult human
males, considering the relatively young age of tumor presentation in mice compared
to the activation of dormant GCNIS at puberty in humans. However, considering
that the same genes in susceptibility loci induce tumors and that the first two loci
were first identified as susceptibility genes on the 129/Sv background, the pathol-
ogy of the disease may progress similarly between mouse and Type II TGCTs. The
technology is available to understand the genetic susceptibility in humans and vali-
date these findings in a suitable model. From human GWAS to the interplay between
genetics and environmental exposures, future studies using mouse models are stra-
tegically poised to begin deconvoluting the tough questions at the intersection of
cancer and developmental biology.
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